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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

Thomas W. Henry, Bruce R. Wardlaw, Betty Skipp,
Richard P, Major, and Joshua I. Tracey, Jr.

U.S. Geological Survey

INTRODUCTION

From mid-1984 through mid-1985, the United States Geological Survey
(USGS) engaged in an investigation of two craters formed from high-yield,
near—-surface nuclear bursts in the Marshall Islands at Enewetak Atoll (figures
1 and 2). Supported by the Defense Nuclear Agency (DNA), this cooperative
venture is referred to by the acronym PEACE, derived from its official name,
Pacific Enewetak Atoll Crater Exploration Program.

The craters studied, KOA and OAK, resulted from l.4-— and 8.9-megaton,
near-surface bursts detonated near the northern perimeter of the Enewetak
lagoon on May 12 and June 28, 1958, respectively. At that time, Enewetak was
administered by the United States Government under the auspices of the Trust
Territories of the Pacific Islands (TTPI) and formed a part of the Pacific
Proving Grounds (PPG). OAK and KOA are among the only high-yield nuclear
craters available for studies of cratering processes and crater-related
effects.

General Objectives of PEACE Program

The objectives of the PEACE Program were: (1) to identify major crater
dimensions, morphology, and structures; (2) to provide a data base for
material-properties, shock-metamorphic, and other types of related studies;
and (3) to gain a better understanding of both the proceses that formed the
excavational crater and that altered that initial feature to its present
form. These data from the Enewetak craters are needed for verification of
cratering prediction models (code validation), which is important to the
analysis of survivability of various strategic defense systems.

Overview of USGS Role in PEACE Program

The major role of the U.S. Geological Survey in the PEACE Program was
conduct multidisciplinary geologic and geophysical investigations of the
present—day crater features and to collaborate with the Defense Nuclear Agency
and its contractors on certain aspects of the material-properties studies
(i.e., mineralogic data, borehole gravimetry) and the analysis of the downhole
geophysical logging.
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FIGURE 1. -- Location map of the Marshall Islands.
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Participation of the USGS in field work for the PEACE Program on Enewetak
was divided into two major phases. Phase I, the so-called Marine Phase, was
conducted from June 17 to September 20, 1984, and consisted of a geophysical
/geologic assessment of surface and subsurface characteristics of the craters
and environs. (The Phase I field work actually was preceeded by a successful
pilot borehole-gravimetry study conducted by the USGS and a DNA contractor on
one of the southern islands of the atoll in April of 1984.) Phase II, also
known as the Drilling Phase, ran from January 14 through July 25, 1985, and
consisted of complementary geologic/geophysical assessments of borehole
data.

The Marine Phase was conducted principally by personnel from the Office
of Energy and Marine Geology (OEMG) of the USGS, but involved onsite observers
from DNA and substantial logistic support from the Pacific Area Support Office
(PASO) of the Department of Energy (DOE). Phase I was designed to study both
seafloor and subbottom characteristics of KOA and OAK by using overwater
geophysical techniques and scuba and submersible surveys. Most of the Phase I
analyses are reported in Folger (1986a) which includes chapters by various
investigators on (1) the bathymetry, physiography, and character and
distribution of bottom or near-subsurface materials and (2) the depth,
distribution and extent, continuity, and seismic velocity of acoustic
reflectors in the craters and their proximity. These geophysical studies
incorporate data from sidescan-sonar, single- and multichannel-seismic, and
refraction surveys; the geologic studies include data from seafloor
observations, benthic samples (in part), and six shallow (<40 ft deep)
boreholes drilled by scuba teams.

The information obtained during Phase II from the deep boreholes provided
the stratigraphic or geologic framework for the program and the ground-truth
or verification for the subbottom single- and multichannel seismic profiles
and other complementary investigations conducted during Phase I. Phase II had
two primary objectives: (1) to obtain samples of rock and sediment in as
undisturbed condition as possible for litho- and biostratigraphic (geologic)
analysis and for material-properties (engineering) studies and (2) to conduct
downhole geophysical logging to provide additional geologic, material-
properties, and radiologic information on the two craters. In addition to the
integrated suite of conventional geophysical logs that was run, the first
successful shallow overwater borehole-gravimetry study was executed in a
selected number of boreholes on the southwestern transect of OAK crater.

Due to the highly successful operation of the submersible Delta during
the first phase of the PEACE Program, this vessel was recontracted for
additional seafloor investigations during the summer of 1985.

USGS Reports

The data and some of the conclusions for the PEACE Program will be
presented by the USGS and DNA in a series of reports. As mentioned
previously, most of the investigations included in Phase I are summarized in
USGS Bulletin 1678, edited by Folger (1986a). The component chapters (capital
letters designate chapters), authors for these sections, and reference
citations used in the current USGS Open-~File Report are:



Introduction —— by D.W. Folger [cited as Folger (1986b)].

A: Bathymetry of OAK and KOA craters -- by D.W. Folger, J.C.
Hampson, J.M. Robb, R.A. Woellner, D.S. Foster, and L.A. Tavares
[cited as Folger, Hampson, and others, 1986];

B: Side-scan-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 [cited as Folger, Robb, and others, 1986];

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
[cited as Robb and others (1986)1];

D: Multichannel seismic-reflection survey of KOA and OAK craters
~- by J.A. Grow, M.W. Lee, J.J. Miller, W.F. Agena, J.C.
Hampson, D.S. Foster, and R.A. Woellner [cited as Grow and
others (1986)];

E: Seismic-refraction survey of OAK crater —-- by H.D. Ackermann,
J+A. Grow, and J.M. Williams [cited as Ackermann, Grow, and
Williams (1986)];

F: Observations of OAK and KOA craters from the submersible -- by
R.B. Halley, R.A. Slater, E.A. Shinn, D.W. Folger, J.H. Hudson,
J.L. Kindinger, and D.J. Roddy {cited as Halley, Slater, and
others, 1986];

G: Preliminary analyses of OAK debris samples -- by R.B. Halley,
R.P. Major, K.R. Ludwig, Z.L. Peterman, and R.K. Matthews [cited
as Halley, Major, and others, 1986];

H: Scuba observations of OAK and KOA craters -- by E.A. Shinn, J.L.
Kindinger, R.B. Halley, and J.H. Hudson [cited as Shinn and
others, 1986].

The current Open-File Report is the first of an anticipated sequence
of companion reports by the USGS presenting the geologic and geophysical
portions of Phase II. The results of the material-properties studies and
investigations of the crater-development processes and dynamic phenomena
associated with the nuclear explosions will be published separately by the
DNA and its contractors.

Three major USGS Open-File Reports on Phase II are planned. The first
report is the current one, the purpose of which is threefold: (1) to
discuss the procedures and drilling operations conducted during phase II on
Enewetak Atoll; (2) to present the lithic descriptions of the core and
samples obtained from the boreholes drilled from the Knut Constructor
during Phase II; and (3) to make available to the public those drilling
statistics and related data that are relevant to current and future
investigations of the core and sample materials. The second report
(Cronin and others, 1986) is the paleontologic and the biostratigraphic
analysis of these boreholes. The third report (Henry and Wardlaw, eds.,

in preparation) will present (1) the lithostratigraphic framework;
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(2) analysis of the downhole geophysical logs; (3) the results of the
borehole-gravimetry studies, including the pilot study conducted in April
of 1984 on the southern part of the atoll; (4) the studies on the isotopic
dating of the Enewetak stratigraphic section and selected material from the
crater region; (5) the mineralogic analyses; (6), the results of the
radiation-chemistry studies; (6) the results of the organic analyses of
selected boreholes; (7) additional seafloor and subbottom characteristics
of the two craters concentrating on the information obtained during Phase
IT of the PEACE Program; (8) an analysis of the bottom (benthic) samples
collected during Phase I; and (9) a comprehensive summary and geologic
interpretation of the craters.

Phase II Participants and Roles

Phase Il was a cooperative effort between three Federal agencies, the
U.S. Geological Survey, the Defense Nuclear Agency (and its contractors),
and the Department of Energy (and its contractors). Most of the USGS
personnel involved in Phase II are from the Office of Regional Geology
(ORG)

Lt. Col. R.F. Couch, Jr., Defense Nuclear Agency (PEACE Program
Manager for DNA); B.L. Ristvet and E.L. Tremba, S-Cubed Division of Maxwell
Laboratories; and S.L. Melzer, Science Applications International, all
acted as program coordinators and chief scientists for the DNA during
various stages of the active drilling operations (table 1). Ristvet also
was an active participant in the borehole-gravimetry program (including the
pre-Phase I pilot study) and assisted in reestablishing the navigational
network onsite prior to arrival of the drill ship. Melzer was DNA’s
borehole logging specialist and coordinator between the drilling operations
and the material-properties community. Couch, Ristvet, and Tremba were also
observers and consultants during the field work for Phase I. Tour dates on
Enewetak for these individuals for Phase II of the program is shown in
Table 1.

Although the USGS essentially played a scientific role during Phase
II, the Survey supported and assisted the DNA in the development of the
drilling plan and was involved with DNA and DOE in constant onsite
decisions modifying that plan, including borehole siting, sampling, and
downhole geophysical logging and borehole gravimetry. Scientifically, the
USGS was solely responsible for the stratigraphic analysis of the borehole
data, including the description and paleontologic analysis of the core and
samples, and was jointly responsible with DNA for the interpretation of the
downhole geophysical logging and the borehole gravimetry. USGS personnel
who served tours of duty on Enewetak during Phase II of the PEACE Program,
their responsibilities, and their tour dates are included in Table 2. 1In
addition, T.W. Henry and B.R. Wardlaw collected benthic samples from the
Enewetak lagoon during Phase I from September 4 - 19, 1984; R.B. Halley,
E.A. Shinn, and J.J. Miller were extensively involved in Phase I field work
as well.

The role of the Department of Energy is explained in detail in DOE
Publication (NVO-294), released in September 1985. Through DOE’s
contractors Holmes and Narver, Inc. (H&N), and Fenix and Sisson (F&S),



DEFENSE NUCLEAR AGENCY FIELD PERSONNEL

- - - - - - - - - - - - - - - -

NAME AFFILIATION/ADDRESS RESPONSIBILITY TOUR DATE(S)
R. F. Couch, Jr. Headquarters, DNA PEACE Program Feb. 05 - Mar. 15
Defense Nuclear Agency, Manager May 24 - Jun. 21
Alexandria, VA Jul. 17 - Jul. 27
B. L. Ristvet S-Cubed Science Advisor, Jan. 10 - Feb, 01
Albuquerque, NM Gravimetery and Feb. 16 - Mar. 03
Navigation Specialist, Apr. 10 - Apr. 24
Historian dun. 18 - Jul. 25
E. L. Tremba S-Cubed Science Advisor, Mar. 14 - Apr. 10
Albuquerque, NM Geophysicist,
Geochemist
L. S. Melzer Science Applications Science Advisor, Apr. 10 - May 24
International Geophysical Logging &
Midland, TX Material-Properties
Specialist

TABLE 1. -- DNA field personnel, affiliation, onsite responsibilities, and
tour dates (Enewetak time) for Phase II of PEACE Program.



NAME AFFILIATION RESPONSIBILITY TOUR DATE(S)

E. H. Roseboom ORG, Reston, VA USGS PEACE Program Manager Jun. 19 -"Jun. 20

T. H. Henry O0RG, Reston, YA DRG Program Cocrdinator, Feb. 10 - Mar. 07

Chief Geologist, Petrographer Apr. 10 - May 11

Jun. 19 - Jul. 18

B. R. Wardlaw P&S Chief Geologist, Petrographer Feb. 10 - Apr. 13

Washington, DC May 10 - Jun. 20

Betty Skipp Petrographer Mar. 13 - Apr. 13

: May 10 - Jun. 05

J. I. Tracey, dJdr. ETR, Reston, VA Petrographer Apr. 10 - May 11

R. P. Major 0GR, Denver, CO Petrographer June 05 - Jul. 25

T. 4. Cronin P&S, Reston, VA Chief Paleontologist Feb. 14 - Mar. 04

Jun. 05 - Jun. 20

R. Margerum P&S Paléontologist Mar. 13 - Apr. 13

Washington, DC

E. M. Brouwers P&S, Denver, CO Paleontologist Apr. 10 - May 11

dJun. 19 - Jul. 22

T. G. Gibson P&S, Reston, VA “Paleontologist May 10 - Jun. 05

R. Z. Pogre P&S, Reston, VA Paleontologist Jun. 05 - Jun. 20

W. E. Martin P&S Physical Science Technician, Feb. 10 - Mar. 02

Washington, OC Petrographer, Mobilization- Jun. 05 - Jul. 25

Demcbilization Specialist .

R. G. Stamm P&sS Physical Science Technician, Mar. 02 - Mar. 27

Washington, DC Paleontologist Apr. 24 - Jun. 05

E. E. Compten P&S, Reston, VA Physical Science Technician, Mar. 27 - Apr. 24
Paleontologist

R. B. Halley 0GR, Denver, CO Geologist, Submersible Jun. 19 - Jul. 03

Operations Specialist
M. W. Lee 0GR, Denver, CO Geophysicist, Observer for Feb. 22 - Mar. 07
Downhole Logging Operations
J. J. Miller 0GR, Denver, CO Geophysicist, Observer for Feb. 22 - Mar. 07
Downhole Logging Operaticns .

£. A. Shinn QGR, Fisher Geologist, Documentary Jul. 03 - Jul. 10

Island Sta., FL Film Producer
TABLE 2, -- USGS field personnel, affiliations, onsite responsibilities, and tour

U. S. GEOLOGICAL SURYEY FIELD PERSONNEL

dates (Enewetak time) for Phase II of PEACE Program.

as follows:

Abbreviations

Paleontology and Stratigraphy), 0GR (Branch of 0il1 and Gas
Rescurces), ETR (Branch
ship, Knut Constructor,

Feb. 17, an

arrivec

m

of Eastern Technical Reports).

ORG {Office of Regional Geology), P&S (Branch of

The drill
actually departed Kwajalein Atoll on
Znewetak iagoon on Feb. 17, 1985.



the drilling, downhole geophysical logging, borehole gravimetry,
navigation, submersible, and communications were subcontracted. The DOE
also arranged for the radiologic monitoring, contracted the logistics
(supply/ resupply, personnel transportation, and core shipment) and
provided both Government and DOE-contractor personnel to the program.
H.U. Brown, DOE Pacific Area Support Office (PASO) in Honolulu, was the
Project Manager for the DOE. Petroleum engineers R.D. Clarke and F.R.
Huckabee, Nevada Operations Office (NVO) of the DOE, served as program
monitors for the DOE and technical advisors aboard the drilling ship.
E.L. Herbst and J.H. Matthewman (both H&N) acted as site managers aboard
the Knut Constructor.

McClelland Engineering, Inc. (MEI), was the drilling subcontractor and
provided the multinational drilling and drilling-support crews, the
drilling equipment, and the drill ship, the Knut Constructor. C. Rivette
and Leon Holloway served as Chief Engineers, and Glenn Mooney and Charlie
Peltier were the Chief Drillers during operations on Enewetak. The
Captains of the Knut Constructor were Magne Loevland and Odd Stenersen;
the First Officer was Roberto Escaro. The drilling crew and ships crew
provided continuous support throughout the program, including crane
operations and machine-shop work.

The conventional downhole geophysical logging was subcontracted to BPB
Instruments, Inc., and the borehole gravimetry to EDCON, Inc. Logging
operators were Andrew Reynolds, Al LeBreton, Michael Beales, and Charles
Novinskie for BPB and Douglas Joiner and L. Prado for EDCON.

Meridian Ocean Systems, Inc. (MOS), was awarded the subcontract for
the Phase II navigation by the DOE. The same equipment and navigation
towers, emplaced by MOS for the USGS during Phase I, were used during the
summer of 1985. Phase I returnee R.F. Johnson and newcomer Steven Petersen
were navigators for MOS during Phase II.

Additional geodetic surveys were requested by the DNA (1) to properly
locate four MOS transponder towers relative to the original IVY-grid and
Enewetak-Wake datum (1960) and to the World Geodetic System datum (1972)
and (2) to position five underwater points (cultural features) that had
known positions prior to the atomic-test explosions. These surveys were
performed in January of 1985 by H.V. Woodworth and B.W. Crothers of the
Defense Mapping Agency (DMA). The results of these surveys are reported in
Woodworth and Crothers (1985). The submersible (two-man submarine) Delta,
also under contract to the USGS during Phase I, returned to Enewetak during
Phase II. D.N. Privitt and Leroy Johnson of MARFAB, Inc., and R.A. Slater of
GEOCUBIC, Inc., operated this vessel from mid-June to early July. Additiomal
dives and observations particularly in the vicinity of OAK crater were
conducted, and many observers from the Defense and cratering communities made
orientation dives in the submersible during the middle part of June.
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them and with other members of the cratering community, including D.J.
Roddy, USGS Flagstaff, and R.W. Henny of the Air Force Weapons Laboratory
(AFWL) in Albuquerque also helped us improve this document.

T.C. Michalski, W. Linenberger, and the staff of the USGS Core Library
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logistics wizard for the USGS, insuring that our participants got to Honolulu
on time to meet the ever-changing transportation schedules to Enewetak.

Location and Setting

Enewetak and Bikini are "coral" atolls that lie in the equatorial
Pacific Ocean roughly 2,500 nautical miles (nmi) southwest of the Hawaiian
Islands (figures 1 and 2). Until very recently a part of the Trust
Territories of the Pacific Islands (TTPI), administered by the United
States Government, both now are now part of the Republic of the Marshall
Islands (RMI), the capitol of which is Majero. The approximate center of
Enewetak Atoll is 11 degrees, 30 minutes north latitude and 162 degrees, 15
minutes east longitude; Bikini’s center is about 11 degrees, 35 minutes
north and 165 degrees 23 minutes east. Enewetak is about 220 nmi west of
Bikini.

Primarily, the Marshall Islands are composed of two subparallel chains
of atolls, guyots, and islands that trend southeast-northwest (figure 2).
The framework of these chains consists of volcanic islands and guyots that
formed as the Pacific tectonic plate moved northwestward over a "hot spot"
in the earth’s crust (known as the Darwin Rise). Coral-coralgal reefs were
established on the volcanic bases and, in the cases of atolls such as
Enewetak and Bikini, reef growth generally kept pace with subsidence and/or
eustatic sea-level changes.

Enewetak Atoll is shaped like a slightly elliptical acorn with a longer
axis that is approximately 22 nmi long and is oriented in a northwesterly
direction; the shorter axis is about 17 nmi long (figure 3).

Like most of the Marshall Islands, Enewetak’s approximately 40 islands
are very low-lying (maximum elevation about 13 ft above sea level) and
restricted to the atoll margin. Enewetak thus is dominated by the lagoon,
which has three principal outlets to the open ocean (figure 3). The
islands constitute only about 2.75 square nautical miles (sq nmi) of the
atoll’s almost 300 sq nmi and are concentrated primarily on Enewetak’s
northeastern margin facing the prevailing trade winds. The islands have
been called by different names. For some, as many as four '"native" names
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or variations of English spelling have been applied. To alleviate this
potentially confusing situation, most of the islands were given a military
site name. In both Folger‘s (1986b) report and the current one, the native
Marshallese names identified by Tobin (1973) and reported in Freisen (1982)
are utilized to the maximum extent possible (see Folger, 1986b, table 1).
In succeeding discussions, the military site names also are cited in
parenthesis in capital letters after the preferred island name. In cases
where a specific cited report refers to a different name or spelling, the
preferred spelling is given first outside of the parenthesis, and both the
spelling used in the cited reference and the site name follow inside the
parenthesis—e.g., Enewetak (Enewetok, FRED).

The lagoon attains a maximum depth of about 210 ft and is divisible
into two major physiographic features (Emery, Tracey, and Ladd, 1954;
Folger, Robb, and others, 1986), as follows: (1) a wide terrace that rims
the lagoon and that attains a maximum width of about 2.6 nmi on the western
side of the atoll; (2) and an elliptical, flat-floored basin. About 2,300
pinnacle reefs or coral knolls rise often abruptly from the floor of the
lagoon. According to Emery (1948) and Emery, Tracey, and Ladd (1954), most
of these rise to depths shallower than 120 ft. Several break water at
lowest tides. Two prominent pinnacle reefs that do break the surface are
called OSCAR and MACK on many of the military and navigation maps (figure
3), and a photographic observation tower stood for many years on OSCAR.
OSCAR was established as the origin (100,000 ft North, 100,000 ft East) of
the planar IVY-grid by Holmes and Narver and the U.S. Coast and Geodetic
Survey early in the period of nuclear testing. As a result of satellite
observations requested by Folger (1986b), OSCAR was relocated geodetically
by the Defense Mapping Agency (DMA) at 11 degrees, 32 minutes, 7.432
seconds north and 162 degrees, 16 minutes, 49.408 seconds east.

Brief History of Enewetak

The native peoples of Enewetak, the rest of the Marshall Islands, and
the other islands of Micronesia, are descendants of the people who, centuries
ago and over hundreds of years, migrated from the Malayasian-Indonesian area
into Oceania and the more remote areas of the Pacific Ocean. Several atolls
of the Marshall Islands including Enewetak were "discovered" by the Spanish
explorers in the early to mid-1500°s. Enewetak Atoll apparently was first
sighted in 1526, and the Spaniard Alvaro de Saavedra is credited with being
the first westerner to land there (1529). After the Englishman’s Drake’s
historic voyage on the Golden Hind in 1579, almost two centuries elapsed
before the tiny islands and atolls began to be widely noted and accurately
placed on western maritime charts. Enewetak was resighted in 1794 by Captain
Thomas Butler, who commanded the British sloop Walpole, which was engaged in
the China trade. Bikini was resighted in 1825 by Otto von Kotzebue, an
officer in the Russian navy.

Until the latter part of the ninteenth century, the peoples of the
Marshall Islands effectively had little contact with westermers; they were
self-governing with each individual atoll or island ruled by one or more
hereditary chiefs. In 1886, Germany established a formal protectorate
over the Marshall Islands during her brief period of colonial expansion,
introduced copra production, and established a whaling base.
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In 1914, Japan seized Enewetak and Bikini, the remainder of the Marshall
Islands, and all of the rest of the German Micronesian possessions. At the
end of World War I, the newly formed League of Nations awarded Japan a mandate
to rule the former German Pacific possessions located north of the equator.
Several years later, contrary to the terms of that mandate, Japan began to
fortify Enewetak and a number of the other atolls of the Marshall Islands as
strategic bases for their planned conquest of the Pacific.

In early 1944, the United States military forces attacked Japanese
bases on Kwajalein and Enewetak. Enewetak was captured in February after a
bloody three-day battle, and Japanese rule of the Marshall Islands was
effectively ended. The Marshall Islands were governed by the U.S. Navy
from then until 1947. In April of 1947, the United Nations Security
Council established the Trust Territory of the Pacific Islands (TITPI) and
authorized the United States to govern as a strategic area trusteeship the
islands that Japan had administered under the League of Nations mandate.
Under the terms of this agreement approved by the President of the United
States on July 18, 1947, the U.S. was authorized to establish military
bases in the TTPI.

In August of 1986, with the approval of the United Nations Security
Council, the TTPI will be dissolved, and the new Republic of the Marshall
Islands (RMI) will be formed from part of the TTPI. The new republic will
be independent except for maters of defense.

Pacific Proving Grounds and Enewetak Nuclear Testing

The U.S. Government conducted atmospheric nuclear tests in the Pacific
from 1946 through 1962, before the Limited Test-Ban Treaty (1963) with the
Soviet Union mandated all further nuclear testing be conducted underground.
Enewetak and Bikini Atolls together constituted the western part of the
Pacific Proving Grounds, created in 1948. The PPG and Amchitka in the
Aleutian Islands were the only sites where the U.S. Government tested megaton-
range nuclear devices. After the native Enewetak and Bikini peoples were
moved to nearby atolls, twenty-six nuclear shots were conducted on Bikini
Atoll from 1946 through 1958, and 43 were detonated on or in the vicinity of
Enewetak Atoll from 1948 through 1958 (Hines, 1962; Bliss, 1982, DNA, 1981).
On October 31, 1958, the United States and the Soviet Union began a joint
moratorium on atmospheric testing of nuclear weapons. In the fall of 1961,
however, the Soviets resumed nuclear testing. The United States responded
with a series of 34 nuclear tests in the vicinity of Johnston Atoll and
Christmas Island in the central Pacific in 1962.

The first nuclear tests on Bikini Atoll in 1946 were conducted under
Operation Crossroads. According to Hines (1962, p. 31-40) and Bliss (1982,
p. 1), these tests were to determine the effects of the explosion of
nuclear weapons on military hardware. The first nuclear test on Enewetak
Atoll was on April 14, 1948, as a part of Operation SANDSTONE, a three-shot
program staged from 200-ft tall, island-based towers. The nuclear tests on
Enewetak were primarily weapons-related, although attempts were made to
understand explosion phenomenon and the blast effects on various types of
manmade structures. Additional studies were conducted to measure biologic
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exposure and responses, to evaluate detection instruments, to compare
nuclear-yield determinations, etc. (Bliss, 1982, p. 1).

Table 3 is a list of the nuclear tests conducted on Enewetak Atoll.
All but three of the Enewetak detonations occurred on or in the vicinity of
the northeastern band of islands on the atoll (figure 4), and most of the
nuclear testing was concentrated on or near the islands of Runit (YVONNE;
16 shots), Enjebi (JANET; 10 shots), Aomon (SALLY; 3 shots), and Eleleron
(RUBY, 2 shots). Of the forty-three nuclear experiments, thirteen were
detonated from towers, two were airdrops, two others were submarine shots,
and the remainder were detonated from barges or landing craft (LCU’s) in
the lagoon (table 3). One of the two submarine shots was conducted in the
ocean outside of the main reef on the southwestern part of the atoll, and
the other (UMBRELLA) was shot in the lagoon near Ikuren (GLENN). Most of
the surface and barge shots produced craters. A number of these explosions
had common or approximately common surface ground zeros (figure 4 and
table 3).

History of Previous Geologic Investigations

Sporadic scientific studies were conducted in the Marshall Islands
prior to the end of World War II (for details, see Emery, Tracey, and Ladd,
1954, p. 3-8, and Hines, 1962). Extensive geologic and other scientific
investigations of the Marshall Islands essentially began with the nuclear
age.

Studies from 1946-1952

Operation Crossroads was initiated by the U.S. Government in 1946 just
before atmospheric nuclear testing began in what was to become the Pacific
Proving Grounds (PPG). To paraphrase Hines (1962, p. 31-32), Operation
Crossroads was unquestionably the most thoroughly documented, reported, and
publicized peacetime military/scientific program in history. Operation
Crossroads set the stage for the extensive scientific investigations that
rapidly followed. Those of geologic and geophysical importance are: the
Bikini Resurvey (1947), the Mid-Pacific Expedition (1950), the Atomic
Energy Commission (AEC) Drilling Program (1950-51), and the USGS/AEC
Drilling Program (1951-52). Under these programs from 1946 to 1952,
extensive geologic, paleontologic, geophysical, biologic, radiologic, and
oceanographic studies were conducted by the the Department of Defense, the
USGS, the U.S. Fish and Wildlife Service, the Atomic Energy Commission (AEC),
the Los Alamos Scientific Laboratory (LASL),the Woods Hole Oceanographic
Institution, the Scripps Instution of Oceanography, the Smithsonian
Institution, other Federal agencies, the Bishop Museum, and various American
universities. Summaries of these investigations were published as the 35-
component USGS Professional Paper 260, beginning in 1954 (Emery, Tracey, and
Ladd, 1954, Professional Paper 260-A) and ending in 1969 (Leopold, 1969,
Professional Paper 260-II1).

First Boreholes. -- The first geologic boreholes in the Marshall
Islands were drilled on Bikini Island in 1947 (published in Ladd, Tracey,
and Lill, 1948; in Ladd and others, 1948; and in Emery, Tracey, and Ladd,
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NUCLEAR EYENTS AT ENEWETAK ATOLL
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EVENT NAME DATE (GMC) BURST TYPE/HEIGHT YIELD GENERAL LOCATION IVY-GRID COORDINATES
X-RAY 04/14/1948 Tower 200 ft 37 kt JANET 147,330 N; 083,569
YOKE 04/30/1948 Tower 200 ft 49 kt SALLY 130,907 N; 111,993
ZEBRA 05/14/1948 Tower 200 ft 18 kt YVONNE 106,120 N; 124,364
DOG 04/07/1951 Tower 300 ft Class. YVONNE 106,178 N; 124,318
EASY 04/20/1951 Tower 300 ft 47 kt JANET 147,382 N; 083,515
GEORGE 05/08/1951 Tower 200 ft Class. RUBY 130,947 N; 111,929
ITEM 05/24/1951 Tower 200 ft Class. JANET 148,985 N; 086,450
MIKE 10/31/1962 Surface 10.4 mt* FLORA 147,754 N; 067,789
KING 11/15/1952 Airdrop 500 kt YVONNE 108,150 N; 124,130
1,500 ft
NECTAR 05/13/1954 Barge 1.69 mt MIKE crater area 147,750 N; 067,790
LACROSSE 05/04/1956 Surface 40 kt YVONNE n. end 106,885 N; 124,515
YUMA 05/27/1956 Tower 200 ft Class. SALLY 130,603 N; 112,155
ERIE 05/30/1956 Tower 300 ft Class. YVONNE 102,060 N; 127,930
SEMINOLE 06/06/1956 Surface 13.7 xt  IRENE 149,897 N; 075,237
BLACKFOOT 06/11/1956 Tower 200 ft Class. YVONNE 104,435 N; 126,080
KICKAPQO 06/13/1956 Tower 30C ft Class. SALLY 132,295 N; 114,018
0SAGE 06/16/1956 Airdrop Class. YVONNE 102,851 N; 126,647
INCA 06/21/1956 Tower 200 ft Class. PEARL 133,540 N; 105,300
MOHAWK 07/02/1956 Tower 300 ft Class. RUBY 132,165 N; 109,737
APACHE 07/08/19%6 Barge Class. MIKE crater area 148,063 N; 069,227
HURON 07/21/1956 Barge Class. MIKE crater area 148,304 §; 070,015
CACTUS 05/05/1958 Surface 18 kt YVOMNE n. end 106,370 N; 124,215
BUTTERNUT 05/11/1958 Barge Class. YVONNE 4,000 ft N 100,812 N; 123,319
KOA 05/12/1958 Surface 1.37 mt* GENE 149,360 N; 071,120
WAHOQ 05/16/1958 Underwater Class. HENRY, Ocean-side 029,550 N; 061,515
500 ft (9,000 ft SSW of IRWIN)
HOLLY 05/20/1958 Barge -- YVONNE 2,075 ft SW 101,834 N; 124,943
YELLOWWOOD 05/26/1958 Barge Class. JANET 6,000 ft SW 143,994 N; 078,161
MAGNOLIA 05/26/1958 Barge Class. YVONNE 3,000 ft SW 101,344 N, 124,161
TOBACCO 05/30/1958 Barge Class. JANET 4,000 ft SW 145,137 N; 079,779
ROSE 06/02/1958 Barge Class. YVONNE 4,000 ft SW 100,811 N; 123,315
UMBRELLA 06/08/1958 Underwater** Class. GLENN, 1.4 mi N 042,615 N; 076,029
WALNUT 06/14/1958 Barge Class. JANET 6,000 ft SW 143,996 N; 078,168
LINDEN 06/18/1958 Barge Class. YVONNE 2,000 ft SW 101,877 N; 125,012
ELDER 06/27/1958 Barge Class. JANET 4,000 ft SW 145,136 N; 079,79¢C
0AK 06/28/1958 ‘Barge 8.9 mt* ALICE 3 mi SW 124,981 N; 036,108
SEQUOIA 07/01/1958 LCU Class. YVONNE 2,000 ft SW 101,871 N; 125,000
DOGWO0D 07/05/19%8 Lcy Class. JANET 4,000 ft SW 145,135 N; 079,786
SCAEVOLA 07/14/1958 Barge . Class.  YVONNE 560 ft SW 102,638 N; 126,227
PISONIA 07/17/1958 Barge Class. YYONNE 12,000 ft W 103,212 N; 114,678
OLIVE 07/22/1958 LCU Class. JANET 4,000 ft SW - 145,138 N; 079,790
PINE 07/26/1958 Barge Class. JANET 8,500 ft SW 142,549 N; 076,110
QUINCE 08/06/1958 Surface Class. YVONNE, middle 103,950 N; 126,185
FIG 08/18/1958 Surface Class. YVONNE, middle 103,950 N; 126,185
* thermonuclear device ** shot 5 ft off bottom in 150 ft of water
TABLE 3. -- List of Enewetak nuclear events cited in text and other island-surface and 1agoon

(barge or landing-craft, LCU shots, including date (Greenwich Mean Time) of
detonation, shot type, yield (where not classified), and location. Note that
MIKE/NECTAR, TOBACCO/ELDER/DOGWOO0/OLIVE, and YELLOWWOOD/WALNUT had common
ground-zero points. Yield given in kt {kiloton, defined as energy equivalent to
1,000 tons of TNT) and mt (megaton, equals 1,000 kt), except where classified
(Class.). Modified from Bliss (1982, tbl. 1), DNA (1981, p. 56, fig. 1-54, and
Freisen (1982; tbl. 1-3); IVY-grid locations from B.L. Ristvet and E.L. Tremba
(oral communication, 04/16/1986). See Figqure 3B for location map.
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1954). The deepest two of these (2-A and 2-B) were drilled to 1,346 and
2,556 ft, respectively. In 1950, a few deep-sea cores were obtained from
the southeastern flank and lower slope of Bikini and one of the adjoining
guyotse.

AEC-LASL Drilling (1950-51). -- Drilling on Enewetak Atoll also
commenced in 1950, with four very shallow boreholes (maximum depth 15.9 ft)
drilled under the sponsorship of the AEC and LASL and supervision of the
USGS. These holes were drilled on the seaward side of Enjebi (Engebi,
JANET) to determine the degree and extent of cementation beneath the reef
plate (figure 5). The following year, 29 boreholes were drilled to depths
ranging from 43 to 200 ft on Bokoluo (Bogallua, ALICE), Enjebi (Engebi,
JANET), Mijikadrek (Mujinkariikku, KATE), Eleleron (Eberiru, RUBY), Aomon
(Aranit, SALLY), and Runit (YVONNE) on the northern side of the atoll
(figure 5). Seventeen of these holes were described in Ladd and Schlanger
(1960).

USGS—AEC Drilling (1951-52). -- Three deep holes were drilled on
Enewetak Atoll in 1951 and 1952 by the USGS and the AEC (figure 5) from
heavy, truck- and trailer-mounted rotary rigs: K-1B was drilled on Enjebi
(JANET) to a depth of 1,280 ft; F-1 penetrated to 4,630 ft on Elugelab
(FLORA); and E-1 was drilled to 4,222 ft on Medren (Parry, ELMER) (Ladd and
others, 1953; Ladd and Schlanger, 1960). Boreholes E-1 and F-1 penetrated
through the limestone cap of the atoll into the volcanic, olivine-basalt
"basement" at depths of 4,610 and 4,158 ft, respectively (figure 6). About
15 ft of the basalt was recovered in the latter borehole. In general,
recovery was poor in these boreholes (see figure 6), and only relatively
small portions of F-1 and E-1 were actually cored. However, cuttings were
carefully evaluated and provided invaluable information on the stratigraphy.
Of these three deep holes, only E-1 was not destroyed by the direct effects of
nuclear testing (Couch and others, 1975).

E-1 and F-1 were the first boreholes to reach the volcanic "basement"
of any Pacific atoll, providing confirmation of a major tenet of Charles
Darwin’s (1837, 1842) theory of atoll origin and evolution as a function of
volcanism and subsequent sea-floor instability and subsidence. The three
deep Enewetak holes and the two deep Bikini holes, mentioned in a
preceding section, provided the first general litho- and biostratigraphic
framework for these atolls and demonstrated that they had remarkably
similar geologic histories. The subsurface sedimentary geology of both
Enewetak and Bikini is characterized by relatively thick intervals of
leached, altered, cemented, calcite-rich carbonate rock (predominantly
limestone) alternating with generally thick intervals of unleached,
unaltered, uncemented (unlithified), aragonite-rich carbonate sediments
(figure 6). The cemented, altered zones grade downward into unaltered,
uncemented zones that in turn sharply overlie another cemented interval.
Because the tops of the leached and cemented zones are sharp and rocks
immediately underlying them commonly contain dissolution features, they
were referred to by Schlanger (1963, p. 994) as "solution unconformities",
formed during periods when sea-level was lower and the atolls emergent
(Ladd, Tracey, and Lill, 1948; Emery, Tracey, and Ladd, 1954; Schlanger,
1963)« That these unconformities generally coincide with major microfaunal
breaks (figure 6) indicated to these geologists that periods of
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nondeposition or perhaps even erosion had interrupted the formation of the
carbonate section.

Interim Period (1952-1970)

Between 1952 and 1970, after the flurry of geologic studies in the
early post—-World War II period, several major problems surfaced that
required additional geologic information from the PPG. Specifically,
additional data were needed to better understand crater geometry, material
properties (including geologic heterogeneity in a coral atoll), and
ground-shock phenomena associated with high-yield explosions (see Circeo
and Nordyke, 1964; Henny, Mercer, and Zbur, 1974a, Couch and others, 1975;
Ristvet and others, 1978; Tremba, Jones, and Henny, 1981; Tremba, Couch, and
Ristvet, 1982; and Tremba, 1984).

Fewer geologic environments are more heterogenous than a "coral”
atoll. The analogy between a Pacific atoll and a bucket of sand is
appropriate. The reef facies is a hard, competent, cemented exterior
formed by an organic framework dominated by coralline algae and corals.
The backreef environment, where the islands are generally located, consists
of a spectrum of materials ranging from uncemented to well-cemented; in the
backreef environment, a set of generally inorganic (marine) processes acts
to cement the sediment in selected areas and form what generally is
referred to as "beachrock”. Thus, the reef and backreef environments act
as the rim of the bucket. The inside of the bucket is filled with
finer-grained, lagoonal sediment that is generally much less cemented and
competent than the rim. Also scattered at any time throughout the lagoon
of any atoll the size of Enewetak or Bikini are as many as two-thousand
patch reefs or pinnacle reefs. Many of these rise hundreds of feet from
the lagoon floor to near sea level, and a few actually will break water at
low tide. These lagoonal reefs are structurally competent edifices.

Even within the material inside the bucket that is dominated by the
finer-grained sediments are layers that have been more or less cemented by
nonmarine (groundwater) geochemical processes during periods of atoll
emergence. These layers extend some distance inward toward the center of
the lagoon. This heterogeneity needed to be understood better before
widely applying the results of computer modeling to crater phenomenology.

In addition to the geological concerns mentioned above, concern also
was focused partly on the major problem that the PPG high-yield nuclear
craters appear anomolously broad and shallow scaled to their counterparts
formed by high-explosives and by low—-yield nuclear devices at other test sites
and with some meteor-impact craters (e.g., Barringer Crater in Arizona) (see
particularly figs. 5 and 6 of Cooper, 1977). It was postulated by some
investigators that some of these deviations result from fundamental
differences in the material properties of the test-site environment. The PPG
craters were formed in generally water—-saturated, carbonate sediments and
rock, whereas the craters at the other test sites were formed in predominantly
non-water-saturated, silicate sediments and/or rock. Other workers favored
explaining the deviations primarily as functions of the yield of the source,
the manner in which the energy source was coupled to the ground, massive wash
back of water excavated by the explosion in the lagoon, or failure of the weak

geologic matrix induced by the ground shock.
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New studies were envisioned to not only improve the knowledge of the
material-properties differences between the two major types of media just
mentioned but also to better understand the geologic heterogeneity inherent
in any explosion or impact site of strategic interest.

Studies from 1970 - 1981

The concerns outlined in the preceeding section resulted in the PACE,
EXPOE, and EASI Programs (see Pyrz, 1973; Henny, Mercer, and Zbur, 1974a,
1974b; Couch and others, 1975; Tremba, 1984), funded by the DNA and
directed by the Air Force Weapons Laboratory (AFWL).

PACE Program (1970-72). -- As originally formulated, the PACE Program
consisted of two interrelated subprograms, termed PACE 1 and PACE 2
(Tremba, Couch, and Ristvet, 1982). PACE 1 was designed to examine the
nuclear craters at Enewetak and to provide information on the near-surface
geology of the atoll and the physical and structural characteristics of
selected craters and related ejecta fields. PACE 2 was to concentrate on
the cratering and ground-motion response of the water-saturated carbonate
sands to a series of high-explosive (TNT) tests. However, the overall
program was terminated prematurely through legal and political action
before all of the objectives of the program were attained (see Tremba,
Jones, and Henny, 1981, for discussion). Consequently, PACE 2 yielded
little valuable new geologic information.

Field work for PACE 1 was conducted in 1971 (Couch and others, 1975)
when 128 shallow boreholes (total of 8,200 linear ft of hole) were drilled
on the islands of Runit (YVONNE), Lojwa (Rojoa, URSULA), Bijile (Biijiri,

TILDA), Aomon (Aranit, SALLY), Eleleron (Eberiru, RUBY), Bokaidrik
(Bogairikk, HELEN), and Boken (Bogon, IRENE) (figure 7). Most of the
boreholes were concentrated on the islands of Runit (35 holes) and Aomon
(80 holes). In addition to the drilling program, 60 shallow trenches were
dug to determine the extent and distribution of the beachrock beneath six
of the islands, and 50,000 ft of land-based, seismic-refraction surveys
were run, mainly in the Aomon (SALLY) area and on Runit Island (YVONNE)

. (Henny, Mercer, and Zbur, 1974a, 1974b).

EXPOE Program (1973-74). -- To model the geologic and material-properties
heterogeneity of the subsurface of Enewetak Atoll, the strategy of EXPOE (the
successor of PACE 1) was to (1) delimit the general geologic differences
between the leeward, windward, and transitional islands (figure 8) and (2) to
drill sets of holes both parallel and perpendicular to the reef front in the
areas of interest to the craters. According to Couch and others (1975, p.
23), (1) the general lack of lithofacies variation in the transects parallel
to the reef front and (2) the marked lateral facies changes between the
transects perpendicular to the reef front indicated the validity of modeling
the entire atoll subsurface on the basis of a few sections perpendicular to
the reef trend and by comparing reefward to lagoonward geologies.

During the EXPOE Program, 46 additional shallow boreholes were drilled
(8,413 linear ft of hole) in 1973 and 1974 with truck-mounted, rotary rigs
on the islands of Enewetak (Eniwetok, FRED), Medren (Parry, ELMER), Japtan
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(DAVID), Runit (YVONNE), Lojwa (Rojoa, URSULA), Aomon (Aranit, SALLY),
Enjebi (Engebi, JANET), Boken (Bogon, IRENE), Bokaidrik (Bogariik, HELEN),
Sanildefowso (Sanildefonso, EDNA), Kirunu (Ruchi, CLARA), Bokombako
(Bogombogo, BELLE), and Rigili (LEROY) (figure 8). The deepest of these
holes, 298 ft, is XEN-3, located on Enjebi Island, and is a part of the
first reefward to lagoonward, geologic cross-section of an atoll island
extending to depths of about 300 ft below sea level (figure 9). Similar
lagoon-to-reef cross sections for Boken (Bogon, IRENE) and for Aomon
(Aranit, SALLY) appear in Ristvet and others (1978, p. 167, fig. 6.5) and in
Szabo, Tracey, and Goter (1985, p. 56, fig. 2), respectively.

Because of improved core and sample recovery (approximately 80%) and
more detailed analysis, five major, gently lagoonward-dipping
unconformities were identified in the upper 300 ft of section on Enewetak
in the EXPOE/PACE stratigraphic synthesis (Ristvet and others, 1974; Tracey
and Ladd, 1974; Couch and others, 1975). After analysis of subsequent
seismic work, Ristvet, Couch, and Tremba (1980) were able to confirm a
sixth solution unconformity, corresponding to a major one postulated by
Schlanger (1963) and by Tracey and Ladd (1974) at a depth of about 300 ft.
Like the earlier studies, these unconformities were interpreted as former
subaerial-exposure horizons marked by terra-rosa types of paleosols
(reddish-brown stain, reddish-brown fine silty clay, light-brown laminated
crusts), black managanese coatings in pores and cavities, and dissolution
features. The unconformities were thought to be correlatable with similar
ones produced during glacial lowstands of sea level in other carbonate
sections of late Cenozoic age elsewhere in the world.

The first attempts to drill overwater boreholes in nuclear craters
also were made during EXPOE (Couch and others, 1975; Ristvet and others,
1978). Although sample recovery was poor, two small, water-filled craters
were successfully probed to depths of 153.3 and 200.0 ft from a Failing-314
drilling rig mounted on an anchored pontoon barge. The craters, SEMINOLE
and CACTUS (figure 8), resulted (respectively) from surface bursts of 13.7 and
18 kilotons (kt) on Boken (Bogon, IRENE) and Runit (YVONNE) in 1956 and 1958
(table 3). An attempt was made to drill the much larger crater KOA, which
resulted from a 1.37 megaton (mt) device detonated in a water tank in 1958
(figure 8 and table 3). Although water-filled, SEMINOLE and CACTUS are
essentially landlocked craters, but KOA is in (now) much deeper water and
exposed to waves and currents generated in the open atoll lagoon. The EXPOE
drilling barge in KOA proved to be unstable and unsafe a drilling platform,
and the effort was abandoned after only setting surface casing (Couch and
others, 1975, p. 38).

Geophysical studies also were an integral part of EXPOE (Pyrz, 1973).
As summarized by Ristvet and others (1978), EXPOE obtained about 280,000
linear feet of seismic-refraction profiles for the near-surface (<200 ft)
from the islands, about 100,000 ft of overwater seismic-refraction lines
for the near-surface (<300 ft) areas of the large craters 0AK, KOA, and
MIKE, an overwater seismic-refraction and -reflection profile for the
noncratered areas of the lagoon, and downhole geophysical logs for many of
the boreholes drilled during the program. Unfortunately, the
seismic-reflection data from the lagoon were not good quality due to high
noise levels aboard the ship, the data-reduction techniques, and
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TYPES OF DRILLING MODS AND ADDITIVES

ABBREVIATION TRADE NAME TECHNICAL NAME PURPOSE
BAR Barite Barite (BaS0,) (mineral) Weighting agent
BVS Baravis Hydroxyethylcellulose Viscosifier
DFM Bara—Defcam 1 Alcohol Compound Surface—Active
Defoamer
GAL Galactosol Galactomannan Viscosifier
GRM Guar Gum Polysaccaride Viscosifier
LCM Various Shredded Paper Lost Circulation
and Cellulose Materials
MLP Milipac Polyanionic Cellulose Viscosifier
PAD PolyAd—-3358 Polyacrylamide Lubricant/Penetrant
POP Polypac Polvanionic Cellulose Viscosifier
SEP Sepiolite Sepiolite (Mineral) Base Mud
SGL Salt Gel Attapulgite Base Mud

TABLE 4. — Types of drilling mud and additives used in boreholes during
PEACE Program. Abbreviations are those used in Descriptions
of Boreholes section.
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SAMPLING TECHNIQUES

ABBREV-— SAMPLE MAX.' HAMMER
TECHNIQUE TYPE IATION DIAMETER SAMPLE WEIGHT
(in.) LENGTH (1lbs)
Core Longyear CHD-134 LY 3-3/8 10 ft N/A
Core Christensen MK=-II CH 3 10 ft N/A
Core Christensen (Conventional)* CH 4 20 fc N/A
Hammer 2=1/4~in. Thin-Walled Shelby Tube* SH 2-1/8 30~1/2 in. 175
Hammer 3-in. Thin-Walled Shelby Tube SH 2-7/8 30 in. 300
Hammer 3-in. Thick-Walled Shelby Tube SH 2-1/2 30 in. 300
Hammer 2-in. Split~Spoon* SS 1-1/2 18-1/2 in. 175
Hammer 3-in. Split~-Spoon SS 2=1/2 23=1/2 in. 300
* rarely used. . ** equipped with core catcher.

TABLE 5. ==~ Summary of bore hole sampling techniques used for PEACE Program with sample
diameters, maximum sample length, and hammer weight (1f applicable). The
diameters used as descriptors with the Shelby tubes and split-spoon (split-
barrel) samplers are outside diameters. The abbreviations used in the
section on Borehole Descriptions are also given.




























after each description session. This information was the basis for the
physical stratigraphic framework used during the Enewetak field program. The
geologic descriptions of the boreholes are included in the section Borehole
Descriptions in the current report.

Next, the working half of the core was sampled by USGS personnel (figure
14) both for onsite micropaleontologic investigation and to obtain samples for
subsequent processing and biostratigraphic analysis in the USGS facilities in
Reston, Virginia (for a more detailed discussion of the paleontologic
procedures and analyses, refer to Cronin and others, 1986).

Wherever petrographic, radiation, paleontologic, and other types of
geologic samples were taken, appropriately marked styrofoam blocks were
inserted into the D-tubes of the working half of the core/sample for future
identification purposes and to protect the integrity of the core by preventing
it from shifting around and mixing in the D-tubes during subsequent handling
and shipping.

After shipboard sampling was completed, the sleeves of the working
half of the core/samples were reinserted into to their D-tubes, the end
caps placed over the open end and sealed with tape, the D-tubes were
replaced in their marked cardboard boxes, the boxes inserted into their
wooden shipping crates (figure 17), and the crates moved to a staging area and
loaded onto pallets for shipment (figure 14).

Shipment of the core/sample material stateside was the responsibility of
H&N. The core was shipped from Enewetak to the U.S. Army facility at
Kwajalein Atoll by a variety of means described in detail in DOE publication
NV0-294 (1985). From Kwajalein, it was routed either directly to San Diego,
CA, or to Honolulu, HI, for transshipment to San Diego. From there, all core
and sample materials was trucked to the USGS Core Library in Denver, CO, for
subsequent analysis.

Downhole Geophysical Logs

The geophysical logging was conducted by BPB Instruments, Ltd.,
subcontracted by MEI for the PEACE Program. A more detailed discussion
of the borehole logging conducted on Enewetak will be presented in Part 3
of the current set of reports. The borehole logs were obtained for geologic
(stratigraphic) correlation, refinement of the processing of the single- and
multichannel-seismic data gathered during Phase I of the program, material-
properties studies, and for drilling and engineering purposes. A selected
set of holes was drilled specifically for borehole-gravimetry measurements.
A combination of conventional downhole logs was run in most of the boreholes
drilled in both OAK and KOA, including the gravimetry boreholes. These log
types and their abbreviations used in this report are given in Table 6; the
same set of abbreviations also is used in Table 7, which is a log summary for
the boreholes, and in the introductory sections for each of the boreholes
given in the section on Borehole Descriptions in this report.
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ABBREVIATIONS FOR DOWNHOLE GEOPHYSICAL LOGS

ABBREVIATION
Borehole Gravimetry BHG
Gamma-Ray / Caliper GR/CP

Gamma-Ray / Density / Caliper GR/DN/CP
Gamma-Ray / Neutron-Neutron GR/NU
Multi-Channel Sonic * MCS
Seismic Reference Survey ** SRS
Three-Arm Caliper TAC

TABLE 6. -- Types of downhole geophysical logs and abbreviations
used in section Description of Boreholes. * The
multi-channel sonic 1og also is called a sonic
or accoustic log; ** the seismic reference survey
also is commonly referred to as a downhole
velocity survey or check-shot velocity survey log.
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TABLES OF DOWNHOLE GEOPHYSICAL LOGS

LOG TYPE
BOREHOLE = cecccmcc e e e
MCS GR/NU** GR/DN/CP TAC SRS GR/CP BHG
KAR-1 X X X - X - -
KAM-2 - - - - - - -
KAM-2A/KAP-3 - X - - - - -
KBZ-4 X X X - X - -
KCT-5 X X X - X - -
KDT-6 - X X - X - -
KET-7 - - - - - - -
KFT-8 - X X - X - -
0AM-1/0AR-2 - X X - -
0AR-2A X X X - - - -
0AM-3 - X X - - - -
OBZ-4 X xX* X - X - -
0CT-5 X xX* X - X - -
0DT-6 - - - - - - -
OET-7 X X X - -
OFT-8 X ** X - - - -
0GT-9 - X - - - - -
OHT-10 - X - - - - -
0IT-11 X X X - - - -
0JT-12 - X - - - - -
0KT-13 X xX* X - - - -
0LT-14 - - - - - - -
OMT-15 - X - - - - -
ONT-16 - X - - - -
00R-17 X X X - - X+
0PZ-18 - X* X - - - X+
0QT-19 X X* X - - X+
ORT-20 - - X - - - X+
OSR-21 - - X - - - X+
0SM-22 - - - - - - -
0TG-23 - - - - - X+ X+
0UT-24 - X - - - - -
* Run in open hole only. + Run in casing. ** Run in drill pipe only.

TABLE 7. -- Types of downhole geophysical logs used in Enewetak
boreholes; abbreviations as used in Table 6. Symbol
"x" denotes presence of log, "-" absence.
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Borehole Nomenclature

A standard nomenclature was established for the boreholes drilled
during Phase II of the PEACE Program on Enewetak. This borehole code was
used on all cores/samples, on all material-properties, geologic, and
paleontologic samples, and on other types of samples as well. The code
consists of three letters, followed by a hyphen, succeeded by a one- or
two-digit number, and (in two instances) completed by an "A". This scheme
works as follows. Boreholes OAM-1, OAR-2, OAR-2A, OAM-3, 0BZ-4, and OCT-5
are used to illustrate this code.

The three characters preceeding the hyphen are all alphabetic. The
first character in this code is the crater-reference key, either a "K" for
KOA or an "0" for OAK. Thus, the examples given above were all drilled in
the vicinity of OAK crater. The second character (A" through "F" in KOA
and "A" through "U" in OAK) designates a general location or site from
which the borehole was drilled. In several instances, two or three
boreholes were drilled at one general site to replicate samples/core or
geophysical measurements from 'the same strata' a very short distance
(i.e., a few tens of feet) away from a previously drilled borehole or
-holes. As mentioned previously, with careful selection of heading and
anchoring position, two or more boreholes could be drilled by winching the
ship laterally on the anchor lines. Thus, such a set of holes could be
drilled a few feet apart from the same general anchoring configuration and
would have the same second character in the code (e.g., 0AM-1, OAR-2,
OAM-3). The third character refers to the type of borehole or primary
purpose for the borehole. Four basic types of boreholes were drilled on
Enewetak during this project; these and their code letters are shown in
Table 8. Thus, in the sample OAM-1 and -3 were material properties
boreholes, OAR-~2 and -2A were reference holes, OBZ-4 was a ground-zero
borehole, and OCT-5 a transition-zone borehole.

The set of characters succeeding the hyphen indicate the following.
The numeric characters represent the order (beginning with "1") im each
crater area that the boreholes were drilled. Thus, 0BZ-4 was the fourth
hole (of any type) drilled in OAK crater. In two instances, the final
attachment to this code is an "A'", used to represent an offset hole drilled
when hole-stability problems developed (as in the case of KAM-2 and KAM-2A
in the KOA crater area) or when the lower part of a given borehole was used
for a purpose other than intended when the hole was spudded. Thus, O0AM-1
was started as a dedicated material-properties hole, and samples taken from
the seafloor to 400 ft below the seafloor (bsf) were packaged for this
purpose. However, because the upper 400 ft of this borehole was extremely
stable and free of drilling problems, the decision was made to extend the
hole as the lower part of the geologic reference hole on the northeastern
flank of OAK crater. Thus, samples taken from 400 ft bsf to total depth
were designated OAR-2. Then, to get a complete stratigraphic picture of
the upper 400 ft of section, the ship was winched a few feet laterally, and
a second hole, designated OAR-2A, was drilled from the surface to slightly
below 400 ft bsf to provide overlapping reference information for the upper
part of the section. Because the material property hole 0AM-1, although
stable, did not have high sample recovery, and because it was too late in
the evening when OAR-2A was completed to safely unanchor and move the Knut
Constructor, the decision was made to winch the ship slightly farther over
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BOREHOLE TYPES

—— = o e e S e o o e = o e -

R Geologic Reference
JA Ground Zero

T Transition

M Material Properties
G Gravimetry

P Cone Penetrometer

TABLE 8. -- General types of boreholes drilled during Phase Il of PEACE
Program. Note that OAK is an asymmetric crater. The
ground-zero point and the bathymetric center of the crater
do not coincide; thus, borehole OPZ-18 is actually not a
true ground-zero hole. KAP-2 was the only cone-penetrometer
hole drilled during the PEACE Program.
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and make a second materials-properties boring. This hole was designated
0AM“3 .

Borehole Statistics

To accomplish the objectives of Phase II of the PEACE Program, 32 borings
were drilled from the Knut Constructor from February 17 through July 25,
1985. The drill ship was actually on site for 157 days. Eight boreholes were
drilled in the proximity of KOA crater (figure 18) and 24 in OAK (figure 19).

Detailed drilling data, locations, distance and bearing from ground
zero, downhole logs completed, and other data for the Enewetak boreholes
are presented in two tables (tables 12 and 13) near the front of the
section Borehole Descriptions. The total drilling program included 27
geologic, four material-properties, and one cone-penetrometer hole, for a
total linear footage of 14,188.7 ft. The total footage recovered from
geologic boreholes (R, T, and Z holes only) was 5,229.8 ft, representing a
recovery slightly less than 40 percent (geologic samples only) for both
crater areas. Boring penetrations ranged from 41.1 ft (KET-7) to 1,605.2
ft (0BZ-4) below the sea floor (subsequently abbreviated "bsf'"). The
borehole drilled in the shallowest water (from the H&N datum) was KET-7
(51.1 ft), and that drilled in the deepest water was OPZ-18 (201.9 ft).

KOA Crater. --Field work in KOA started on February 15 and ended on
April 9, 1985, for a total of 50 days onsite. Six general anchoring sites
were occupied in the proximity of this crater (figure 18), and eight holes
were drilled, for a total footage of 3,545.3 ft. One of these holes was
the solitary cone-penetrometer boring attempted during the PEACE Program
(KAP-3), and one was a dedicated material-property hole (KAM-2/2A). Total
footage drilled for geologic purposes (R, T, and Z holes only) was 2,981.6
ft, and total footage recovered (geologic samples only) was 1,428.1 ft, for a
recovery of 47.9 percent. Summary statistics for KOA boreholes are shown in
Table 9.

OAK Crater. -- The Knut Constructor began drilling in OAK crater on
April 10, 1985, and field work terminated on July 23, 1985, for 107 days
onsite in this crater. Twenty-one general drilling sites were occupied
(figure 19), from which 24 boreholes were drilled for a total footage of
10,643.4 ft. Twenty of these borings were geologic holes; three were
dedicated material-properties holes (OAM-1, OAM-3, and 0SM-22); and one was
rockbitted solely for borehole-gravimetry measurements (0TG-23), although
borehole~-gravimetry surveys were made in boreholes OOR-17, OPZ-18, 0QT-19,
ORT-20, and OSR-21 as well. The borehole-gravimetry holes were all drilled
on the southwestern transect of the crater (figure 19). In addition to the
ground-zero hole OBZ-4, which was the deepest hole drilled during the program,
a second "central-crater" hole, OPZ-18, was drilled at the bathymetric center
of the crater, 335 ft south of ground zero (see figure 184).

The total footage of OAK-crater geologic holes (R, Z, and T holes) was
9,835.6 £ft, with a total recovery (geologic samples only) of 3,801.7 ft
(38.7 percent). Table 10 shows summary data from which these statistics
were derived.
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KOA CRATER
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FIGURE 18. --Bathymetric map of KOA-MIKE crater area with borehole sites
and USGS multichannel seismic-reflection tracklines (from
Grow and others, 1986, fig. 2). Ground-zero positions
shown for MIKE and NECTAR, APACHE, HURON, and KOA events
by dark plus ("+") symbol; the preferred, pre-field program
drilling site for KOA reference hole is shown by asterisk
("%"); and the borehole sites are shown as dark dots.
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SUMMARY FOR KOA-CRATER BOREHOLES

Water Depth Hole Depth Recovery
Borehole (ft below (ft = cmemmcmcmccdcccdceaeo

H&N datum) bsf) Footage ‘Percentage
KAR-1 105.1 1,146.3 710.0 62%
KAM-2 105.7 80.8 ke *x
KAP-3/ KAM-2A* 111.1 482.9** ** *k
KBZ-4 109.1 1,045.9 388.8 37%
KCT-5 98.9 306.6 135.0 44%
KDT-6 56.2 123.8 55.1 45%
KET-7 51.1 41.1 13.1 32%
KFT-8 77.8 317.9 126.1 40%

*KAP-3 = 0.0 - 78.0 ft
KAM-2A = 78.0 ft - TD

** Figures not used in summary for geologic total footage and recovery.

TABLE 9. -- Selected data for boreholes drilled in proximity
of KOA crater during PEACE Program.
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SUMMARY FOR OAK-CRATER BOREHOLES

- - = D D D D D S en D D D S S P D AR D D D e S D S D D AR T D S D b S B R W D b Sh D D R OB b D B B D B WD b B W 4B W W S O e

Water Depth Hole Depth Recovery
Borehole (ft below (ft  mmmmmmmmmmmmee e
H&N datum) bsf) Footage Percentage
OAM- 1% 114.2 -- ¥x *k *%
OAR- 2* -- 885.6 366.3 76
OAR- 2A 110.5 410.5 188.1 46
OAM- 3 111.0 93.0 ** ok *k
0BZ- 4 198.7 1,605.2 967.8 60
0CT- 5 163.7 851.5 260.6 31
0DT- 6 90.1 164.2 86.8 53
O0ET- 7 106.9 231.7 113.4 49
OFT- 8 130.8 283.5 104.0 37
0GT- 9 134.8 75.0 28.3 38
OHT-10 137.3 162.5 64.5 40
0IT-11 155.0 286.5 111.5 39
0JT-12 143.8 97.3 53.4 57
0KT-13 164.7 765.3 248.5 32
OLT-14 139.7 49.2 27.1 55
OMT-15 110.9 76.6 36.7 48
ONT-16 135.1 152.3 73.1 48
O0R-17 75.1 1,091.1 563.5 52
0PZ-18 201.9 748.6 188.1 26
0QT-19 117.5 701.5 126.0 18
ORT-20 101.4 491.8 73.3 15
OSR-21 84.0 354.3 63.9 18
0SM-22 76.0 127 .5%* *k *k
0TG-23 164.0 587.3** *x *k
ouT-24 147.0 351.4 56.8 16

s D D s D D D D D D R D D AR D D SR D L D D M D S D D D SR G D b D D D D D e en S D D D D G D b AR S Gn S D S e D b L SR S T AD W D = B TS S e e =

* (QAM-1 / OAR - 2 are same hole; 0AM-1 is from 0.0 to 401.6 ft.
**Not used in summary for geologic total footage and recovery.
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TABLE 10. -~ Selected data for boreholes drilled in proximity
of OAK crater during PEACE Program.
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PEACE-Program Drilling Strategy

General Comments

Individual borehole site locations and depths along radials in both
craters were chosen initially in the pre-fieldwork drilling plan by (1)
relationship to the major crater "physiographic" features, as identified by
Folger, Hampson, and others (1986) and Folger, Robb, and others (1986) (see
figures 20A-B and 21A-B); (2) by the limits of safe maneuvering of the
drill ship; (3) by the position of the Phase I seismic-reflection
tracklines and multichannel-seismic stacks (figures 18 and 19); and (4)
by the characteristics of the seismic records (i.e., reflector strength,
termination, deformation, etc.)*. For a discussion of the 'physiographic"
features and their implications to the formation of the crater as it
currently exists, see Folger, Robb, and others (1986). 1In the post-Phase I
drilling plan, one radial was to be drilled for KOA and two radials (one
diameter) for OAK. For OAK, both profiles parallel to the reef trend or
"geologic strike' of the atoll. The KOA radial was not taken parallel to
the reef trend. The general rationale for siting each type of borehole
drilled during the PEACE Program follows.

One reference (R) hole, sometimes referred to as a "control hole", was
planned for each crater, and they were to be the first drilled in each
area. A site was needed that would be typical, both geologically and in
terms of material-properties and cratering characteristics, of the pre-shot
ground-zero site. Thus, based on the geologic trends established by earlier
studies of Enewetak Atoll (see particularly Couch and others, 1975), the
reference holes ideally should be selected at comparable distances from the
outer edge of the reef as the ground zero holes. If possible, it was
important to select the reference-hole sites at the interesection of two (or
more) seismic lines to optimize geologic interpretation of the geophysical
profiles and extrapolation beyond the area of control defined by the
boreholes.

It was also necessary to take precautions that the reference-hole site
be selected outside the area affected by the nuclear detonation that
created the crater selected for study or by other nuclear events. This was
not a problem for OAK, the ground-zero point of which is 6.5 nmi away from
the nearest other crater, MIKE (see figure 3). KOA, in contrast, was not
in a pristine blast environment (figures 3 and 22) and presented a
formidable challenge in selecting a suitable reference-hole location.

The reference holes were to be drilled deep enough to have geologic
control to assess the degree and depth of the disturbance of the strata
beneath the crater. Although the reduction of the USGS single- and
multichannel-seismic lines was in a preliminary stage, these multichannel
seismic profiles and distribution maps of the shallow accoustic units from

* Although the seismic data from Phase I of the PEACE Program primarily
were used, a considerable amount of information was available from the
previously run, EASI, PACE, and EXPOE records.
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the single-channel data and the multichannel-seismic stacks from the EASI
Program were useful between Phases I and II in establishing reasonable
lateral limits and approximate vertical depths for crater disruption for
both KOA and OAK (see discussions by Folger, Robb, and others, 1986, and
Grow and others, 1986).

The material-properties (M) holes were bored to acquire materials
representative of the pre-event ground-zero area. The material-properties
boreholes were to be drilled very close to the geologic reference holes.
This also would ensure that they would correlate closely with the reference
holes and not be greatly affected by lateral facies changes. Since the
crater-modeling and material-properties investigators are more concerned
about the effects and response of the upper 400 ft of section in the area
of the craters than with the material below, the material-properties
boreholes were planned to be terminated at roughly 400 ft bsf*.

The cone penetrometer was to be used (1) as a supplementary tool to
obtain material-properties data and (2) as a backup system if it proved
technically infeasible to obtain quality material samples from shalow,
uncemented material from within the crater itself. A combination of
operational difficulties with the cone penetrometer and the actual
acquisition of acceptable samples resulted in only one cone-penetrometer
(P) borehole being drilled during the program.

The ground-zero (Z) holes provide the down-axis control for the crater.
to ensure geologic correlatability with the undisturbed reference holes, to
identify the various zones of deformation within and below the crater, and
to ascertain the depth to strata that were undisturbed by the event.

Crater-transition (T) boreholes are drilled to delimit the outer
boundary of the excavational crater. The transition holes drilled within
the proposed excavational crater (figures 27 and 30) were to penetrate
units that were stratigraphically undisturbed (i.e., to a set of strata in
normal stratigraphic sequence) and to depths that would permit
characterization of the shallow crater-deformation zones. The T-holes
drilled outside the proposed excavational-crater limits were to penetrate
deep enough to define the contact between the debris blanket and the
stratigraphically undisturbed strata beneath it.

The rationale for siting the dedicated borehole-gravimetry (G) holes
will be discussed in a following section on OAK crater.

The operational plan for Phase II of the PEACE Program was designed to
be dynamic -- one that could be changed quickly in response to newly
acquired field or newly refined Phase I data. Both USGS and DNA personnel
were chosen to facilitate this flexibility, and full authority was given to
the DNA technical director to implement necessary changes. As anticipated,
the preliminary drilling plan developed just prior to the beginning of
field work on Enewetak (see section on Interim Events Leading to PEACE

* Limited numbers of material-properties samples were to be retained as
well from deeper portions of the geologic boreholes.
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Program) was modified heavily once drilling and sampling was underway.

These modifications were driven by five major factors: (1) the ongoing
geologic analysis of the field data, (2) the input of concurrent data
reduction from Phase I (particularly the single- and multichannel-seismic
profiles), (3) the technical feasibility or engineering constraints imposed
both by the nature of the sedimentary section and by the availibility of
equipment and materials in the remote field area, (4) the limitations of the
drill ship itself, particularly with respect to safety and maneuvering, and
(5) the overall program time and cost limitations. The preliminary drilling
plan was followed more rigorously for the KOA crater than for OAK.

KOA was selected to be the first of the two nuclear craters drilled
during the PEACE Program. Approximately one-third of the drilling time was
allocated to the KOA-crater area, the remainder to OAK. This was for the
following three reasons, discussed below.

First, KOA is located in the northeastern corner of the atoll on its
windward side just inside the reef leeward of a series of small islands
(see figure 3). Thus, this crater is better protected than OAK from the
late-winter squalls and sudden wind shifts, minimizing the potential number
of days lost to bad weather. OAK lies about eight nmi downwind, and
relatively large waves commonly are generated in the late-winter months
because of the fetch of the lagoon. OAK would be more safely drilled
during the summer months when winds are calmer and wave heave is minimized.
In the late summer, the lagoon surface is mirrorlike at times.

Secondly, also because of its geographic position, the number of
radials that could be drilled in KOA by a vessel the size of the M/V Knut
Constructor is limited. 1Its location places severe logistic restrictions
not necessarily on the maneuvering but on the safe anchoring of the vessel.

Thirdly, KOA had more limited objectives than OAK and a lower data
priority because of its "nonpristine" nature due to the other events detonated
in the vicinity.

KOA was the key to learning both which drilling and sampling
techniques and which types of geologic and paleontologic analyses would
be most useful. KOA, which became the first high-yield nuclear crater
successfully drilled overwater, was the guinea pig.

In the following discussions, the terminology for the "crater
physiography" is the same as that used in Folger, Hampson, and others,
1986) and Folger, Robb, and others (1986). These physiographic regions are
shown on Figures 20A and 21A of the current report.

KOA Drilling Rationale

KOA boreholes were drilled along a single crater radial. The line
drilled was very close to a true north-south profile along USGS seismic-
reflection line 306-Vl, extending through the KOA-reference hole drill site
and KOA ground zero, as shown in Figure 19 (see also Grow and others, 1986,
p. l4-16, figs. 12 and 13). This radial is oriented approximately 30
degrees clockwise from the one chosen in the original (pre-fieldwork)
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PEACE-Program drilling plan for KOA and consequently does not run parallel
to the geologic strike of the reef. The reasons for moving this radial are
explained in the succeeding paragraphs.

A land-based drill rig or one mounted on a barge with shallow draft
would be necessary to drill a geologically ideal reference hole for KOA.
This hole would be on the lagoonward edge of the reef plate just south or
south~southeast of the island of Boken (IRENE) (see star on figure 22).

The site in the area of KOA that fits some of the geologic requirements of
a reference hole and yet might be accessible by a shallow=draft drill ship is
at IVY-grid position 145,420 ft N and 73,009 ft E (see asterisk on figures 18
and 22), roughly the intersection of EASI seismic~lines 10 (through KOA ground
zero) and 28 (through MIKE ground zero) (see Tremba, 1984, p. 60, fig. 4). A
radial thus defined would have had an azimuth of about 145 degrees from ground
zero rather than 180 degrees as drilled. Although this “preferred” point is
in about 40 ft of water, it is in an area in which large patch reefs abound,
many of which come to within 12 ft of the surface and some of which are awash
at lowest tides. Given this situation, the Egabrag II, which ran the seismic
lines, could not maneuver safely in this area during Phase I of the PEACE
Program; although USGS seismic—=line 307 is in roughly the same position as
EASI line 10, there is no analogue to 28, because the streamer could not be
laid out safely farther to the east—-southeast. Furthermore, although the two
have comparable drafts, the Knut Constructor is a much longer vessel than the
Egabrag II and would have more difficulty in maneuvering and anchoring safely
in the patch-reef-laden area.

Two other reasons required moving the KOA radial farther lagoonward
than originally chosen. First, KOA crater is in an area of heavy
concentration of other nuclear shots, all of which had high yields (table 3,
figure 22). The KOA reference hole needed to be situated as far away as
possible from the other nuclear sites (MIKE, PINE, TOBACCO/ELDER/DOGWOOD/
OLIVE, and YELLOWWOOD/WALNUT)* located to the east of the geologically
"preferred” reference~hole site (figure 22), discussed previously. These
were high-yield events, most of which were detonated after KOA (table 3).
Second, the EXPOE program did not attempt to drill a lagoon hole necessary
to complete the geologic modeling of the atoll for cratering analysis [see
discussion under section EXPOE Program (1973-74)]. Although lesser
consideration, a reference hole at KAR-1 would at least enhance this
modeling.

Thus, the selection of the position of KAR-1 was primarily a major
compromise between being close enough to KOA ground zero to be
representative of the geologic and material—-properties parameters of that
point and the safety and maneuvering requirements of the drill ship.

KOA Site A. —— The KOA reference hole, KAR-1l, is located at the
approximate intersection of USGS multichannel=-lines 306 and 312 (figure

* Nuclear events separated by slash (/) were shot at approximately the
same ground zero (see figure 22).
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Geologically "ideal" reference-borehole location
shown by star south of Boken (IRENE); pre-drilling phase
"preferred" reference-borehole site shown by asterisk (*);
location of borehole KAR-1 shown by solid dot.



18). This borehole was targeted to be drilled to at least 1,000 ft bsf and
was completed at a total depth of 1,146.3 ft (bsf). The targeted depth was
based in part on the results of the EASI seismic-reflection profiles, the
preliminary USGS Phase I profiles, and the deep borings (F-1 and K-1/1B)
drilled on Elugelab (FLORA) and Enjebi (JANET). respectively, in the early
1950°s (see figure 5 and 22). A full suite of downhole logs was run in

this borehole (table 7). The data from the downhole velocity~survey log were
for incorporation into the subsequent processing of the KOA multichannel
lines.

KAM-2, the first dedicated material-properties hole, was drilled to
gather samples in the upper part of the stratigraphic section and to find
the sampling methods(s) that would least disturb the material. The hole
was abandoned at 80.8 ft because of twisted-~off casing that was left in the
hole.

The vessel was winched over on the anchor lines, and the cone-penetrometer
hole KAP-3 was drilled to 78 ft to assess the applicability of the Dolphin
cone-penetrometer system to this program. The cone penetrometer worked well
and the data were good quality, but it was very time consuming and had
difficulty in penetrating the thin cemented layers below the uppermost
disconformity (R~10 of Grow and others, 1986, and of Robb and others, 1986).
Based on the extremely slow progress of the cone penetrometer into the strata
and the loss of KAM~2, an operational decision was made to continue this
borehole below 78 ft as a dedicated material-properties hole, and samples from
below 78 ft were labeled KAM-2A. This hole was completed at 482.9 ft bsf.

Activities at KOA Site A consumed approximately one-half of the time
allocated for drilling in the KOA area. Part of this time consumption was
due to start-up of the field program, being at a low point on the learning
curve, and several days of severe weather that curtailed drilling
operations.

KOA Ground-Zero Hole. -~ The KOA device was detonated within a water
tank a few feet above sea level on Lidilbut Island (GENE) at IVY-grid
location 149,360 ft N and 071,120 ft E (see table 3). Borehole KBZ-4 was
drilled 12 ft southeast of ground zero in 109.1 ft of water near the center
of the crater-floor physiographic province of Folger, Hampson, and others
(1986) and Folger, Robb, and others (1986) (see figures 20A and 20B). The
objectives of KBZ-4 were to extend the drilling and sampling to below the
deepest identifiable nuclear-event effects and to below a deep seismic
reflector/refractor identified by Grow and others (1986) at approximately
1,000 ft below the sea floor. This depth should penetrate rock below the
major mid-Miocene unconformity identified in KAR-1, and within the upper
part of the prograding reef inferred from the multichannel-seismic records
(see Grow and others, 1986, fig. 13).

Drilling of this borehole took slightly longer than anticipated partly
because of the care that was taken to obtain the best sample recovery
possible and because of major wall-instability problems that developed at
about 385 ft bsf and that required reaming the hole and setting casing to
that depth. The sampling above 600 ft bsf was nearly continuous to
minimize stratigraphic error due to large sampling intervals in thin zones.
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This was done with a combination of percussion and coring techniques,
including the first use of the percussion sampling technique developed by
McClelland through the Longyear coring tool. With time becoming a critical
factor, the sampling interval was increased considerably below 600 ft bsf,
where the zones were thicker and the section more readily correlatable with
KAR-1.

Drilling was terminated at 1045.9 ft bsf on March 14, 1985. KBZ-4 was
the first overwater borehole successfully drilled in a high-yield nuclear
crater.

The full suite of geophysical logs also was run in KBZ-4 (table 7).
The downhole velocity-survey log- was needed particularly to refine the
conversion of the multichannel-seismic data from two-way time to depth in
the disturbed region of the crater. These raw data were transmitted
immediately to the USGS in Denver, Colorado.

Another major operational decision was made feasible at this point in
the program. It was decided to forego use of the Dolphin cone-penetrometer
system because of the excellent sample recovery within the crater itself
using the combination of split-spoon and Shelby-tube percussion samplers.
The reaction mass would be dropped in shallow water in a easily recoverable
point soon after the Knut Constructor moved to the OAK~-crater area. This
not only would enhance the effeciency of the sampling effort itself, it
would also minimize the chances of damaging the drill rig when trying to
retrieve the reaction mass after each hole was drilled.

KOA Transition Boreholes. --Upon completion of logging KBZ-4,
approximately nine days remained to drill the rest of KOA. This would be
roughly enough time for ome 500-to-800-ft hole or several shallow holes.
Because of the high degree of confidence in the geologic analyses, it was
decided to target drilling several shallow holes on the pre-selected crater
radius to determine the lateral limit of the excavational crater.

Borehole KCT-5 was the first transition borehole drilled. It was
sited 546 ft south of ground zero, on the inner-slope province near its
boundary with the crater floor (figures 20A and 20B) well within the
proposed excavational crater (figures 18 and 27). Sampling was spaced
closely because of the thinness of the geologic marker intervals likely
to be encountered. Onsite geologic analysis confirmed that this borehole
was within the limits of the excavational crater. When several units were
identified in normal stratigraphic order below the limits of the
excavational crater, drilling was terminated (TD 306.6 ft bsf), and a full
suite of downhole logs was run.

The vessel reanchored and borehole KDT-6 was spudded 1,182 ft south of
ground zero on a broad terrace (figures 20A and 20B). Geologic analysis
confirmed the pre-drilling contention that this borehole was just outside
the excavatrional crater. Unfortunately, both the primary and secondary
sonic logging tools were inoperational and remained thus for the rest of
the KOA drilling program. However, the rest of the suite of logs was run
for KDT-6.
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With four drilling days remaining for this crater, the ship moved
southward by winching to 1,326 ft from ground zero and began drilling KET-7
(figures 20A and 20B). This shallow borehole was drilled to confirm that
KDT-6 was indeed outside the periphery of the excavational crater and to
determine the extent of permanent downward displacement of the shallow
stratigraphic markers. KET-7 was sited at the maximum distance from ground
zero that the Knut Constructor could be safely anchored north of the shoal
area, shown on Figure 18. This hole also was located about the same
distance from KOA ground zero as the closest deep rail described by Shinn
and others (1986) from the scuba operations. The hole was too shallow
(41.4 £t bsf) for downhole logging. The normal stratigraphic succession
encountered in the borehole confirmed that no excavational process had
occurred at this site.

Borehole KFI-8 was drilled between KCT-5 and KDT-6 (figures 20A and
20B) to further delimit the excavational-crater boundary and to enhance
confidence in data trends. Located on a break in slope near a scarp
delineated by the bathymetric and sidescan data (Folger, Hampson, and
others,1986; and Folger, Robb, and others, 1986), the site was chosen by
onsite Phase II geologists as most likely to include the present edge or
rim of the crater. It is located in an area where the the USGS analyses
(Grow and others, 1986; and Robb and others, 1986) show that the shallow
reflectors R-10 (corresponding to the first disconformity downhole at the
Holocene /Pleistocene boundary) and R-20 (corresponding to the first
disconformity below that) are truncated. The EASI seismic tracklines
(Tremba, Couch, and Ristvet, 1982) show similar truncation of shallow
reflectors in this region. Geologic analysis confirmed that KFT-8 was just
inside the periphery of the excavational crater.

Lessons Learned from Drilling KOA. -- From a technical or engineering
point of view, drilling KOA was extremely successful. It was discovered
that the best way to sample many of the boreholes, particularly within the
crater and brecciated zones, was not with the core barrel but rather with
the percussion samplers through the Longyear system, as described in a
preceeding section. Furthermore, hammer sampling combined with hole
advancement by drilling provided adequate samples for the geologic
analysis. This was possible only because of the rapid and innovative
response of the onsite management and the technical expertise of the MEIL
engineering and drilling personnel.

From an onsite geologic and program-management perspective, it was
learned that the depth of most of the key geologic marker beds could be
predicted confidently. Thus, it was possible to modify continually the
drilling and sampling plan both within a borehole and between boreholes
to adjust for the updated predicted depths to important stratigraphic
contacts. This was feasible only because of the rapid rate at which the
shipboard litho- and biostratigraphic analyses of the sample and core
material was accomplished.

In addition to the lessons learned from drilling KOA, drilling OAK was
more effective than KOA because of the (1) generally better quality of the
Phase~I USGS data in OAK and (2) continual feedback of information from
USGS and DNA personnel in the Washington, DC, area, Woods Hole, MA, Denver,
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CO, and elsewhere. Continually upgraded processed and reprocessed single-
and multichannel data and bathymetric and sidescan-sonar information for
OAK were furnished rapidly to onsite personnel.

OAK Drilling Rationale

The drilling plan that was formulated before the field work for Phase II
began would have drilled two crater radials (on the same diameter) across OAK
crater parallel to the "geologic strike" of the atoll, as stated earlier. The
original EASI seismic data (Tremba, Couch, and Ristvet, 1982) and the USGS
reprocessing of the original EASI seismic data (Grow and others, 1986) from
OAK crater revealed a series of shallow reflectors that appeared closely
correlatable parallel to the reef trend, thus strengthening the geologic-
driven decision to concentrate on a stratigraphic section with a profile
parallel to the reef trend. According to the pre-~field plan, the first radial
was to be the northeastern radial, and the first hole drilled was to be the
geologic reference hole at the end of that radial; only one reference hole was
envisioned. The geologists argued that the reference hole and northeastern
radial should be drilled first because of the shorter distance between the
reference holes for the two craters and, indeed, the other shallow borehole
control from the EXPOE program. Thus, correlation between the KOA and OAK
craters should be facilitated.

Once the reference hole and ground-zero hole were drilled, the plan
was to bore one hole outside the excavational-crater margin. Once this
distal hole was verified geologically, the plan was to drill a successive
set of holes craterward to determine or at least closely bracket the present
crater margin. Preliminary Phase I maps showing the extent of the single-
channel seismic horizons R-10 and R-20 (Robb and others, 1986) were used
extensively throughout the remainder of the program in this quest.

The preliminary USGS multichannel-seismic profiles (Grow and others,
1986) showed that the depth of OAK may be greater than KOA and that deeper
strata may have been involved in permanent downward displacement in OAK.

For these reasons and for other scientific objectives, the geologic
reference hole was to have extended well below 1,000 ft perhaps to (if
feasible and deemed necessary) as deep as the Failing-2000 drill rig could
safely penetrate and sample (as configured and with the Longyear drill pipe
available on Enewetak, this would have been about 1,900 ft below sea level).

OAK Site A. —-- OAK Site A was to have been at the intersection of USGS
seismic-lines 101, which passes through OAK ground zero, and 121 (figure
19). However, because of the proximity of the inner edge of the main reef
and the sharp submarine escarpment along the lagoonward edge of the reef,
the drill ship could not deploy at this intersection a stable five-point
anchoring pattern both to keep the ship off the reef and to provide a
stable heading into the prevailing wind, thus minimizing heave problems.
Thus, site A was moved several hundred yards closer to ground zero and
farther lagoonward from line 10l. The final position was just off
seismic-line 108 rather than on line 101 and unfortunately not at the
intersection of multichannel lines (see figure 19).
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Because of a major crew change at this point in the program, the first
hole drilled at site A was OAM-1, a material-properties hole, rather than
the geologic reference hole. The USGS geologists briefly examined the
core/sample as it was being brought up but did not log it in detail. This
hole is located 4,458 ft from ground zero on an azimuth of 051 degrees; it
was projected to be drilled to only about 400 ft bsf. Although continuous
sampling was attempted, the recovery was only 49 percent. Nevertheless, the
hole was very stable throughout the drilling of OAM-1.

At the projected total depth of 0AM-1, the decision was made to extend
the hole for geologic information rather than risk encountering unstable
conditions in the upper part of the stratigraphic section in an offset
hole. Thus, below 401.6 ft bsf, OAM-1 became QOAR-2. When the hole reached
the depth of 885.6 ft bsf, severe problems developed in what was believed
to be a zone of large-hole wash-out and caving that was located about 30 ft
uphole. The hole closed, and the drill string became stuck in the hole and
was almost lost. Once the drill string was freed, rather than expending a
considerable amount of program time to alleviate the caving problems, the
hole was flushed out with mud, downhole logs were run to maximum depth
possible (about 860 ft bsf), and the hole was abandoned rather than
attempting to proceed deeper. It was hoped that the crater effects at OAK
ground zero would not extend to strata this deep. Considering the apparent
depth to maximum displacement below ground zero on the preliminary USGS
seismic lines, abandonment was considered a major but worthwhile gamble.

The Knut Constructor was repositioned on the anchor spread as short a
distance laterally as possible to minimize the likelihood of local facies
differences between the sites. OAR-2A was drilled 58 ft closer to ground
zero than borehole 0AM-1/0AR-2. The offset reference hole was cored and
sampled continuously to 410.5 ft bsf to overlap with the upper few feet of
OAR-2 and thus provide continuous geologic control on the stratigraphic
section in this area.

Because of the low sample recovery particularly of the upper 100 ft in
OAM-1, the DNA representative chose to offset on the anchor cables again on
site A and employ a different sampling strategy on the new borehole to
compensate for poor sample recovery in upper part of OAM-1. OAM-3 was
bored and sampled to a total depth of 108.1 ft. Numerous samples were
obtained from intervals and materials not represented in the samples from
OAM-1. The geologists logged this hole onsite, particularly since the
Holocene /Pleistocene boundary in borehole OAR-2A was so shallow; however,
the geologic log is not included in the subsequent section, Borehole
Descriptions. The ends of each material property sample were sampled
paleontologically to supplement sparse paleontologic data from upper part
of OAR-2A. This is the only dedicated material-properties hole that was
sampled paleontologically.

A full suite of downhole geophysical logs was run in OAR-2A, including
a sonic log the tool for which was repaired while drilling this hole. Only
a gamma-ray/density/caliper log was run in OAM-1/0AR-2 and OAM-3 (table 7).

0AK Ground-Zero Hole. —- The OAK thermonuclear device was detonated on
a barge securely anchored in 14 ft of water a few yards lagoonward of the
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inner edge of the reef plate. The IVY-grid location is 124,981 ft N and
036,108 ft E (table 3). Today, this site is in about 200 ft of water in
the crater-floor province of Folger, Hampson, and others (1986) and Folger,
Robb, and others (1986) (see figures 21A and 21B of the current report).
Borehole OBZ-4 was drilled only 7 ft from true OAK ground zero (table 13)
very close to the intersections of USGS seismic-lines 101 and 103V2, 104V2,
and 105V2 (figure 19).

This borehole was chosen as the substitute hole for deep scientific
objectives because of the inability to safely drill deeper in the lower
part of OAR-2. Because of concerns that the onsite mud supply could fall
below the quantity needed to maintain continuous drilling operations, the
hole was terminated at a depth where the mud returns were lost with little
hope of recovery of circulation. The total depth of OBZ-4 is 1,605.2 ft
bsf, roughly only 100 ft shallower than could have been drilled with the
available Longyear drill pipe.

OBZ-4 was sampled continuously in the crater-affected region, and
overall core/sample recovery was 60 percent. Most of the upper part of the
hole was percussion sampled, giving an excellent data base for analysis.

A complete suite of downhole logs, including a downhole-velocity
survey log, was run in the ground-zero hole (table 7). These data also
were transmitted to the USGS in Denver for the refinement of the conversion
of the two-way travel time into footage in the multichannel-seismic profiles.

Northeastern—-Radial Transition Boreholes. -- Boreholes 0CT-5, ODT-6,
OET-7, OFT-8, and OGT-9 are the transition holes drilled on the
northeastern radial of OAK to delimit the periphery of the excavational
crater. All of these boreholes were located either on or just lagoonward
of USGS multichannel seismic-line 101, oriented at an azimuth of roughly 45
degrees from ground zero and nearly parallel to the reef trend (figure 19).
OCT-5 is located at the intersection of this seismic line with line 116; ODT-6
is near the intersection of line 101 with 119; OET-7 is just off 101 and
halfway between 118 and 119; OFT-8 is at the intersection with line 118, and
OGT-9 is just craterward from the previous borehole.

The first transition hole, OCT-5, is located inside the postulated
excavational-crater on the inner-terrace physiographic province (figures
21A and 21B). Located in 163.7 ft of water, this hole was drilled to a
depth of 851.5 ft (table 13), well below the zone of crater disturbance and
within strata readily correlatable with OBZ-4 and OAR-2/2A. A complete
suite of downhole logs was run (table 7).

Borehole ODT-6 was sited outside the postulated excavational crater in
what was a normal stratigraphic sequence (figure 21). This was an area in
which the seismic reflectors R-10 and R-20 were identifiable on the
preliminary USGS maps (Robb and others, 1986; Grow and others, 1986).
Logistically, the site also was chosen at the base of a topographic slope
at a point that would avoid talus blocks of the reef plate (figures 19, 21A
and 21B). It was confirmed geologically that the borehole was indeed
outside the limits of the excavational crater and that the stratigraphic
horizons are displaced downward from their inferred pre-event elevations.
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The hole was terminated at 164.2 ft (table 13).

The next borehole, OET-7, was drilled 380 ft craterward from ODT-6 on
the same gentle slope and at a point just several hundred feet outside the
proposed excavational-crater margin (figures 21A, 21B, and 29). The hole
was targeted near the line of downturn and termination of seismic-reflector
R-10 and within an area where reflector R-20 is present (see Robb and others,
figures 13 and 17). Drilling to 231.7 ft confirmed that the borehole was
outside the excavational crater, because strata representing reflectors
R-10 and -20 were both present in the borehole and paleontologic and
lithostratigraphic analysis revealed no mixing. The strata were displaced
downward below their estimated pre-event elevations a greater distance than
in ODT-6.

OFT-8 was drilled on the slope break suspected from the EASI observations
and USGS bathymetric information to be the excavational-crater rim (figures
19, 21A, and 21B). This borehole is within an area where reflectors R-10 and
~20 are missing and the multichannel-seismic stacks become complex. It was
confirmed geologically that the borehole was located just inside the
excavational crater.

Borehole OGT-9 was drilled only 75 ft from OFT-8 on the same northeastern
crater radial. It was sited on a suspected ring-fault system (figures 21A and
21B), identified by Robb and others (1986, fig. 18). Sampling was designed to
search for evidence of sand dikes ("pipes") containing material (i.e., brown
coral fragments) from deep within the stratigraphic section, and to provide
geologic evidence of rim-margin slumps.

Drilling on the northeastern radial was terminated when OGT-9 was
completed. The ship moved to the southeastern radial.

Southeastern-Transect Boreholes. ~- OHT-10 through ONT-16 constitutes
a series of shallow holes located on the southeastern side of OAK ground
zero (figures 19, 21A, and 21B). The southeastern transect was not planned
prior to initiation of field work, although it was given consideration as
an alternate transect to assess the crater asymmetry, provided sufficient
time was available in the program. Information from this area of OAK
became possible only because of the time saved in the program by the
continuous percussion-sampling techniques that evolved for use with the
Longyear drilling tools. No deep geologic reference hole was drilled on this
transect.

The seven boreholes drilled on the southeastern transect were targeted
to acquire two discrete kinds of data. (1) OHT-10, OIT-11, and OKT-13 were
sited to find the excavational-crater perimeter lagoonward from OAK ground
zero. These boreholes are on a crater radial between USGS seismic-lines
103-V2 and 115 (figure 19). (2) All of the remaining boreholes were
drilled farther out from ground zero than OHT-10 (figures 19 and 21B) to
explore a suspected lagoonward ejecta-flap region and positive-relief
features suspected of being debris and slump deposits from the bathymetric
data (Folger, Hampson, and others, 1986), the sidescan-sonar data (Folger,
Robb, and others, 1986), and the submersible observations (Halley, Slater,
and others, 1986) (see figures 21 and 21B of the current report). O0JT-12
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is between USGS lines 115 and 116; OLT-14, OMT-15, and ONT-16 are just off
line 116 (figure 19).

Borehole OHT-10 was the first hole drilled on the southeastern
radial. It was drilled outside the postulated excavational-crater margin
(figures 21A, 21B, and 29) to determine the thickness of the debris blanket
overlying the "undisturbed" Holocene section, the nature of the mixing
within this blanket, and the extent of downward displacement of key markers
in the upper part of the stratigraphic section. Specifically, this hole
was drilled on a low, bottom topographic rise suspected to be a debris
mound. Sampling was continuous. Geologic analysis identified the
thickness of the debris blanket and confirmed that the borehole was located
in a structurally depressed region lagoonward from the crater margin.

The drill ship then moved toward ground zero and drilled OIT-11 at the
postulated rim of the excavational crater (figures 21A, 21B, and 29) and
inside ahe debris pile noted near the 45-m bathymetric contour from the
submersible (Halley, Slater, and others, 1986). A biostratigraphic horizon
predicted at slightly less than 300 £t bsf was the primary geologic target.
The borehole was terminated at 286.5 ft within the paleontologic target
zone. Geologic analysis confirmed that the borehole was just outside the
crater and that the debris blanket in this borehole is very thin.

The Knut Constructor was winched a maximum safe distance on the anchor
spread of OHT-10 to explore the thickness of the potential ejecta flap or
blanket and to drill borehole OHT-12 into the stratigraphically undisturbed
section underlying the same. The hole was completed at 97.3 ft bsf, and a
gamma-ray / neutron log was run.

The drill ship weighed the anchors and moved to OKT-13, well within
the proposed excavational crater (figure 29). Borehole OKT-13 is located
on the inner-terrace crater province (figures 21A and 21B) and is the
lagoonward equivalent of OCT-5 and 0TG-23, drilled on the northeastern
radial and southwestern transect, respectively. Borehole OKT-13 was
continuously percussion sampled and drilled to a depth of 765.8 ft bsf,
penetrating into paleontologic zone L of Cronin and others (1986).
Downhole velocity-survey, gamma-ray/density/caliper, and gamma-ray/
neutron logs were run in this borehole (table 7), which was cased for
possible reentry with the borehole gravimetry tool. Unfortunately, the casing
later toppled, thus preventing reentry.

After this radial was completed, the drill ship was moved to explore
the distal margin of the debris blanket overlying the supposedly intact
Holocene and upper Pleistocene section and seismic reflectors R-10 and R-20
(see Robb and others, 1986, fig. 18). The remaining three short boreholes
drilled on the southeastern transect were offset from the OBZ-4 -through-
OHT-10 crater radial to avoid a large, positive topographic feature
(figures 19, 21A, and 21B). Because of their shallowness, OLT-14 was not
logged, and only gamma-ray/mneutron logs were run in OMT-15 and ONT-16
(table 7). OLT-14 was drilled in the area where both the upper two seismic
reflectors (R-10 and -20), as determined by Robb and others, 1986, fig. 18)
are present. This borehole was terminated at 49.2 ft bsf, after
penetrating seismic horizon R-20. OMI-15 was targeted within an area where
seismic horizon R-10 was absent but R-20 was present. And ONT-16 was
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drilled in a bathymetric low to compare the debris-blanket thickness with
that of OHT-10 and 0JT-12, both drilled on bathymetric highs, and with that
of OMI-15. ONT-16 is located in the area where both upper seismic markers
are missing.

Borehole ONT-16 was terminated at 152.3 ft bsf when the geologists
identified paleontologic zone E (see Cronin and others, 1986). There was
enough daylight left to move the ship to start referemnce hole OOR-17 at the
end of the southwestern crater transect.

Southwestern-Transect (Gravimetry) Boreholes. -- The following is a
summary of the rationale for the location, hole depth, logging, and
sampling plan of the PEACE Program boreholes on the southwestern transect
(figures 19, 21A, 21B, and 29). With the exception of 0SM-22, they were
completed in support of the borehole-gravimetry program. Consequently, the
strategy for the sampling and conventional logging of these holes differs
somewhat from that of the previous boreholes.

At a meeting of the borehole-gravimetry advisory committee on May 22,
1985, the decision was made to drill the borehole-gravimetry line as a chord
with respect to OAK ground zero rather that a crater radial. One end would
be a borehole at the bathymetric center of the crater (ultimately OPZ-18),
approximately 300 feet west-southwest of the true ground zero, and the
other would be the reference hole (OOR-17) at a point about 6,000 ft
south~-southeast of ground zero. According to B.L. Ristvet (written
communication, March 14, 1986), the reasoning to drill the "chord" rather
than a true radial on the southwestern flank was basically twofold: (1) it
allowed the drilling of the bathymetric crater center for comparison with
borehole OBZ-4 and to obtain data for analysis of the marked asymmetry of
OAK crater, and (2) it placed the borehole-gravimetry holes at a greater
distance from the inner edge of the reef than a true radial would (see
figure 16), thus reducing the potentially marked terrain effect that the
solidly cemented reef facies may have had on the measurements.

Reference Hole OOR-17. -- The location of borehole OOR-17, as with
any reference hole, was dictated by the need to be far enough from the OAK
ground zero to avoid most shock effects (figure 19) and yet be close enough
to ground zero to have representative geology. For the gravimetry survey,
however, it must still be within an area of good bathymetric coverage so
that for terrain corrections for the borehole-gravimetry data reduction could
be made. In addition, the decision was made to locate the borehole on
seismic-line 124 at least two fix points from the end. Final siting of
OOR-17 accomplished these objectives.

The depth of OOR-17 was determined by the needs of the borehole-gravimetry
survey and to penetrate strata below 1,040 ft bsf a sufficient distance to
analyze suspected facies changes in this part of the sequence. In addition,
it was necessary to evaluate in an undisturbed area the thickness of one of
the uncemented and apparently thinned biostratigraphic intervals beneath the
crater. The apparent thinning of one of these intervals under the crater
relative to OAR-2/2A was particularly marked in the ground-zero hole. It
would have been geologically desirable to have penetrated deeper, but, with
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time running out, the hole was terminated at 1,091.1 ft bsf.

The upper 700 ft of borehole OOR-17 was percussion sampled nearly
continuously. Following setting the casing for the gravimetry, the
remaining 400 ft of this hole was cored and drilled with the Longyear.
Because this was a reference hole and the first overwater hole in which the
borehole-gravimetry survey was to be tried, an attempt was made to obtain a
complete suite of good conventional, open-hole geophysical logs, including
a downhole-velocity survey (table 7). Casing requirements caused the
logging to be effected in two stages, 0 - 400 ft and 520 - 1,079 ft. It
was only possible to log from 400 - 520 ft through the casing, thereby
providing only gamma-ray/neutron data for this part of the borehole. The
open-hole logs, in addition to the downhole-velocity survey, included
gamma-ray/density/caliper, and gamma-ray/neutron. The borehole-gravimetry
survey was completed from 156 - 692 ft bsf. Unfortunately, use of
10-3/4~in. casing in the upper 117 ft of the borehole precluded extending
the gravimetry survey from 156 ft bsf to the top of the hole. This incident
necessitated drilling an additional reference hole (0SR-21) omn the
southwestern chord to cover the upper part of the section with essential
gravimetry data from the undisturbed region of the crater.

Bathymetric~Center Borehole. ~~ Borehole OPZ-~18 was drilled at the
bathymetric center of OAK crater, not at true ground zero (figures 19 and
21B) for the reasons mentioned in a previous section. OPZ-18 was drilled
in 201.9 ft of water, in the deepest water of any borehole in the program.

From analysis of the data from the true ground-zero hole, 0BZ-4, it
was concluded that the optimal depth for the borehole-gravimetry survey in
this portion of the crater was 700 ft bsf; hence, the minimum hole depth to
accomplish this survey was to be around 720 ft. OPZ-18 was hammer sampled
continuously to 80 ft bsf, on 3-ft intervals from 80 to 290 ft bsf, and on
5-ft intervals from that point to total depth of 721.6 ft.

Open-hole gamma-ray/density/caliper and gamma-ray/neutron logs were
run from 186.5 - 699 ft bsf, and the gamma-ray/neutron log was run in the
casing from the surface to 186.5 ft bsf. Because of the nearness of the
two ground-zero holes and because of their geologic and crater-stratigraphic
similarity, a downhole velocity-survey log was not run in OPZ-18. The caliper
log showed a potential problem for the borehole-gravimetry tool. Because of a
casing~tally error, 6~5/8-in. casing was driven to 141.5 ft, leaving a 29-ft
gap between 187 - 216 ft in the casing string. In spite of running the risk
of losing the gravimetry tool in this uncased interval, the survey was run and
completed. The lowest part of the hole was drilled with the casing, and not
adequate time was permitted to clean out the hole adequately before the
gravimetry was run. Because of suspended silt in the casing in the lower part
of the borehole, gravimetry data was obtained only from 30 - 660 ft bsf.

Borehole 0QT-19. -~ The decision was made also in the May 22, 1985,
meeting of the borehole-gravimetry advisory group (discussed above) that a
500 to 700 ft-bsf-deep gravimetry hole would be required just beyond
the proposed excavational crater (figure 29) to optimize the modeling.
Similarly, a second, 350- to 500-ft-deep hole would be required approximately
500 ft farther out from ground zero than the first one to optimize the
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modeling of the subsidence and other effects in the crater wings. Before
moving to the site of borehole 0QT-19, the decision was made shipboard to
deploy an anchoring pattern such that, if schedule allowed, both holes could
be drilled from one anchoring site. Unfortunately, the Knut Constructor’s
hydraulic system failed on the move from OPZ-18, resulting in 14 hours of
unexpected downtime. Because of the time loss, it was then decided that it
was feasible to drill only one hole to 700 ft depth and that the second hole
would not be drilled.

0QT-19 was drilled in record time with hammer samples taken on
selected 3- and 4-ft intervals to 220 ft bsf, then on 5-ft intervals from
220 to 450 ft, and on 10-ft intervals to total depth of 70l.5 ft bsf. This
sampling plan was based upon and continually modified to accomodate updated
predicted depths to important stratigraphic contacts. The total depth of
the hole, as mentioned above, was dictated by the needs of the
borehole-gravimetry program. The drilling confirmed that the entire section
was present and that the units had not been thinned appreciably, although
key stratigraphic horizons were depressed.

Open-hole downhole velocity-survey, gamma-ray/neutron, and gamma-ray
/density/caliper logs were run from 130 to 663 ft bsf. The borehole
gravimetry survey also was completed in record time from 20 to 680 ft bsf.
Thus, a full day was gained on this hole over that originally allocated, and
the decision was made to go ahead and drill the second corehole, ORT-~20, on
the same chord but approximately 400 ft farther from ground zero than the
first, as had been planned before the hydraulic-system breakdown.

Borehole ORT~-20. -~ This hole was spudded only 2 hrs after the
completion of 0QT-19 after a short move on the anchors. The purpose of the
hole was to provide a second hole within the wing of the apparent crater to
enhance the gravimetry modeling. Minimum depth for the borehole-gravimetry
modeling was 350 ft bsf with optimum at 500 ft bsf. Drilling was again at
record rates with percussion sampling taken on 3~ and 5-ft intervals to 120
ft depth, and 10-ft intervals to the bottom of the hole at 491.8 ft bsf.
The sampling philosophy was the same as for 0QT-19 and was very successful
in sampling the predicted key stratigraphic contacts. Like 0QT-19, the
hole showed that all stratigraphic units were present but depressed (i.e.,
subsided or downfaulted) relative to their predicted preshot depths.

An open-hole gamma-ray/density/caliper log was run from 6 to 482 ft
bsf. The borehole-gravimetry survey was completed with little difficulty
in excellent weather from 35 to 540 ft bsf.

Borehole OSR-2l. ~- The primary purpose of this borehole was to
provide a borehole~-gravimetry survey of the near-surface undisturbed
stratigraphy not obtained in the OOR-17 borehole due to casing
incompatability with the borehole-gravimetry tool. Secondary objectives
were to provide a significant overlap with the OOR-17 stratigraphy and
borehole-gravimetry survey to evaluate the variabilities within the reference
stratigraphy and in situ densities. Due to schedule constraints, it was
decided that the hole would be 350 ft deep at a site on the "chord" between
OOR~17 and OPZ-18, approximately 550 ft craterward from OOR~17.
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This borehole was percussion sampled on 3-, 5-~, and 10-ft intervals
using the same strategy as that of the previous two boreholes. Again, most
key stratigraphic horizons were sampled successfully at their predicted
depths. The hole was drilled to a total depth of 354.3 ft bsf with few
difficulties.

A gamma-ray/density/caliper log was run in the open hole from 41 to
334 ft bsf. The borehole-gravimetry survey was completed between 50 to 340
ft bsf but took about two days longer than anticipated, primarily due to a
combination of bad weather and human error. In order to expedite the move,
the casing was cut by explosives at 15 ft bsf. However, this borehole was
not completed in time to allow for a daylight move to the OTG site as
scheduled.

Borehole OSM-22. -- The 0SM-22 hole was a "filler" hole dedicated to
material-properties sampling of the upper 100 ft of section while waiting
for daylight to safely weigh anchors and move to the 0TG-23 site. The ship
was moved on its anchor lines from OSR-21 approximately 50 ft toward
OOR-17, and OSM-22 was drilled and sampled to a total depth of 127.5 ft bsf
shortly before sunrise.

Borehole 0TG-23. -~ OTG-23 was a dedicated gravimetry-survey borehole.
The location was in accordance with the plan resulting from a May 29, 1985,
meeting of the borehole-gravimetry steering group. OTG-23 was located on
inner terrace of the crater (figure 18) on the OPZ-18 -to- OOR-17 "chord"
approximately 800 ft from OPZ-18. Because of the loss of nearly two days
on OSR-21, not completing OSR-~2]1 with sufficient daylight to safely
reanchor, and the geologic need to attempt to drill the OUT-24 hole, detailed
geologic sampling was not done on OTG-23. This borehole was drilled directly
with 8-5/8-in. casing to 300 ft bsf and then with 6-5/8-in. casing to a
planned total depth of 600 ft bsf. Sampling was limited to a 3-ft percussion
sample taken every 30 ft at a casing joint from 300 ft to the total depth of
587.3 ft bsf.

A gamma-ray/caliper log was run from 0 to 575 ft in the casing.
unfortunately, high spring tides and poor weather coupled with difficulties
with the borehole-gravitmetry tool resulted in obtaining borehole-gravimetry
measurements only from 150 to 570 ft bsf. Heavy seas caused severe casing
motion and noise and prevented getting measurements above 150 ft. Like the
OSR-21 hole, the casing for the O0TG-23 hole was cut by explosives to
accomodate the move to the OUT site at daybreak.

Borehole Northwest of Ground Zero (QUT-24). -- The location of the
last borehole drilled during the PEACE Program was chosen to provide a
geologic- and crater-interpretation data point on the reefward side of OAK
ground zero. It is on the inner-crater terrace (figures 21A and 21B). A
large bite of the reef plate was taken out by the detonation of the 0AK
device, and borehole OUT-24 was drilled in a area occupied pre-shot by the
lagoonward part of the reef plate (figure 21). Geologically, except possibly
KBZ-4. it was the reefward-most borehole drilled by the M/V Knut Constructor.
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Following a long discussion with the Captain of the Knut Constructor,
careful charting, and reconnaissance with a supporting whaler, it was
decided to drill this hole 850 ft reefward of the OAK ground zero with the
ship’s bow into the reef and her stern into the wind. After some difficulty
in getting two of the bow anchors to hold securely, a good anchorage was
obtained for OUT-24. Drilling commenced in 147.0 ft of water with
approximately 32 hrs of drilling time remaining in the contract.

The hole was percussion sampled on 5- to 10-ft intervals, and a total
depth of 351.2 ft bsf was reached at 0225 hrs on July 25, in time to allow
for securing the drill rig to meet the 0600-hrs completion time of the
contract. A gamma-ray/neutron log was run inside the drill stem from 0 to
339 ft bsf. Again, the casing was cut explosively at approximately 15 ft
bsf to expedite coming out of the hole.

At 0930 hrs on July 25, 1985, all anchors were weighed, thus

successfully completing all of the work for PHASE II of the field program
on Enewetak Atoll.

82



LITHIC NOMENCLATURE

The following is a discussion of the lithic or rock nomenclature used
during the Phase II of the PEACE Program on Enewetak Atoll and in the written
presentation of the descriptive geologic logs of all of the geologic
boreholes (R, Z, and T holes) drilled during the spring and summer of 1985
from the M/V Knut Constructor.

As discussed in a previous section, the USGS geologists (Henry, Wardlaw,
Skipp, Major, and Tracey) described the working half of each core/sample
aboard the ship shortly after it was drilled. At least two USGS geologists
were onsite during the drilling of each of these holes. Although care was
taken to produce an initially accurate geologic log, occasionally the MEI
drilling crews would drill more hole than could be described easily.

The senior USGS geologists, Henry and Wardlaw, subsequently redescribed
all of the geologic cores/samples during periods between September of 1985
and the end of January of 1986 at the USGS Core Library in Denver, Colorado.
This redescription was considered necessary to ensure standardization of the
lithic logs themselves, to take advantage of what was learned geologically
during the course of the drilling program, and to have sufficient time to
examine carefully each core inch-by-inch. In addition, each entire core
could be laid out at once in this warehouse facility, whereas aboard the Knut
Constructor only about 50 ft of core could be examined in the modular
laboratory at any one time. In Denver, several cores also could be compared
at the same time.

The descriptions in this chapter are a combination of the original
shipboard descriptions and the subsequent redescriptions.

The geologists of MEI also produced an engineering and soil-stratigraphic
description of all of the boreholes as they were drilled. The MEI description
of each borehole, presented in Appendix II of the current report, is a
complement to each geologic log presented in this chapter.

Format and Nomenclature

Enewetak is a typical Pacific coral atoll consisting of a slowly sinking
volcanic foundation upon which coral-coralgal reefs have grown and
reef-related carbonate sediments have been accumulating since the Eocene
(Ladd and others, 1953). The total sedimentary section on Enewetak is about
4,500 ft thick. The material sampled from this sedimentary cap during the
PEACE Program is almost exclusively calcium carbonate, either aragonite or
calcite.

For this report, the depth of each core unit is recorded in feet and
tenths below the seafloor (bsf) or the water-sediment interface; various
types of samples taken from each borehole were labeled with the same type of
bsf information.

The descriptions of the samples and core taken during the PEACE Program

employ the basic carbonate-rock nomenclature developed by Dunham (1962) and
expanded by Embry and Klovan (1972) with minor additional modifications
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discussed below. Couch and others (1975) also used the basic Dunham
classification in their description of the PACE and EXPOE boreholes. With
the format employed in this report and that used in the PACE/EXPOE report,
the modified Dunham system is applicable to "rock'" in the strictest geologic
sense = i.e., either uncemented (unlithified) carbonate sediment or cemented
(lithified) material.

The descriptions of the borehole logs presented in this report are field
descriptions, i.e., are determined by macroscopic, hand-lens, and low-powered,
binocular-microscope observation of the core and sample. Estimations of
various sedimentologic parameters and percentages of various components was
aided by comparison with charts produced for sedimentary and particularly
carbonate rocks by a number of different workers, including Terry and
Chilingar (1958), Krumbein and Sloss (1963), Baccelle and Bosellini (1965),
Pilkey, Morton, and Luternauer (1967), Schifer (1969), Anstey and Chase
(1974). Most of these are presented in Flllgel (1982).

The format for the geologic borehole descriptions consists of the rock
name (in CAPITAL LETTERS), followed by a set of primary descriptors, a set of
secondary descriptors, miscellaneous notes, comments on the stratigraphic
relationships (given relative to the contact with the underlying unit), and a
readout of sample types and depths. The discussion of these components
follows.

Rock or Geologic-Unit Name

Dunham (1962) developed a system of nomenclature for carbonate rocks
according to their depositional texture or fabric (figure 23). The Dunham
system was constructed originally for ancient, well-cemented carbonate
rocks. This system divides carbonates into two major genetic classes:

(1) rocks that are formed and "bound" together in place by biologic action
(boundstones ), and (2) those composed of biogenic particles, either (a) whole
shells or tests or (b) fragments or clasts formed from the mechanical and/or
biologic breakdown (degradation) of these materials. Category 1 can be
thought of as composed of autochthonous materials, and category 2
allochthonous materials.

Distinctions within the second, or particle-fabric category, are made
between rocks that have mud-supported fabrics (mudstones and wackestones) and
those that are grain-supported (packstones and grainstones). In Dunham’s
system (and in most geologic carbonate classifications), "mud" is defined as
silt-sized and finer material. Thus, grains are sand-sized and coarser
materials. Dunham uses names that combine the names of fabric or rock types
with the names of the grain types (e.g., foraminifer-lithoclast packstone).

Embry and Klovan (1972), who were investigating ancient reef limestones,
expanded Dunham’s (1962) nomenclature in two important ways. First, to
facilitate dealing with rocks composed of appreciable percentages of grains
greater than 2 mm in diameter (i.e., granule- or larger-sized components),
they added two major fabric or textural classes: floatstones and rudstones
(figure 24). The difference between the two rock types is that the particles
larger than 2 mm form the supporting framework (i.e., are in contact with one
another) in a rudstone, whereas grains larger than 2 mm do not touch each
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DUNHAM'S CLASSIFICATION OF CARBONATE ROCKS

DEPOSITIONAL TEXTURE RECOGNIZABLE

Original Component Not Bound Toyether During Deposition

Contains mud
(particles of clay and fine silt size) Lacks Mud

Mud-supported Grain-supported

Less than More than
10 percent grains 10 percent grains

Original components
bound together during
deposition, as shown
by intergrown skeletal
matter, lamination
contrary to gravity, or
sediment-floored cavities
that are roofed over
by organic or
questionably organic
matter and are too
large to be interstices.

MUDSTONE WACKESTONE PACKSTONE GRAINSTONE

BOUNDSTONE

DEPOSITIONAL TEXTURE
NOT RECOGNIZABLE

CRYSTALLINE CARBONATE

(Subdivide according to
classifications designed to bear
on physical texture or diagenesis.)

FIGURE 23. -- Dunham's (1962) classification of carbonate rocks according
to depositional texture. (From Dunham, 1962, tbl. 1.)
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CLASSIFICATION OF CARBONATE ROCKS USED IN PEACE PROGRAM

(According to Depositional Texture)*

NOT BOUND TOGETHER DURING DEPOSITION

Generally smaller grains (arenite and silt size)

More than 10 percent larger
grains (rudite size)

Lacks mud
Contains mud (sparite matrix)
(micrite matrix)
Matrix- Grain~
Less than More than supported supported
10 percent 10 percent
grains grains
Mud-supported Grain-supported
MUDSTONE WACKESTONE PACKSTONE GRAINSTORE FLOATSTONE RUDSTONE
BOUND TOGETHER DURING DEPOSITION
Organisms Organisms Organisms
act as sediment act as sediment act as frame-
bafflers binders builders

(e.g., dendroid
corals, fene-
strate bryozoans)

(e.g. algal
mats, encrust-
ing bryozoans,
stromatoporoids)

(e.g., inter-
grown reef
corals, coral-
line algae)

BAFFLESTONE

BINDSTONE

FRAMESTONE

* Dunham (1962) and Embry and Klovan (1972)

CORAL HEAD

FIGURE 24. -- Classification of carbonate rocks used in PEACE Program
borehole descriptions.
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other and "float" in a finer-grained matrix in a floatstone. Thus, a

rudstone is a coarse-grained analogue of Dunham’s grainstone and packstone; a
floatstone is analogous to a coarse-grained wackestone. Second, they
subdivided Dunham’s "boundstones" into bafflestones (i.e., rocks formed where
living organisms, such as dendroid corals, acted as sediment baffles to

entrap smaller particles), bindstones (i.e., material "glued together" by
sediment binders, such as algal mats, etc.), and framestones (e.g., intergrown
reef corals).

The first of these Embry and Klovan (1972) modifications (floatstones
and rudstones) permits more easily dealing with supra-sand-sized detritus
derived from nonbiogenic sources as well as biogenic sources. Such natural
examples would include conglomerates or breccias of pre-existing lithified
rock material (lithoclasts) and other detritus in a lag deposit just above an
erosional unconformity or at the base of a surge or tidal channel cut into
the reef. The floatstone and rudstone categories also can accomodate
non-naturally formed rubble such as that produced by nuclear explosions in a
carbonate terrain. Examples would be the coarser-grained deposits in the
debris blanket or in the crater flap or the coarser-grained material within
the crater fill.

Splitting the Dunham boundstone into three categories (figure 24) gives
greater geologic and ecologic resolution in dealing with a reef environment,
such as found on Enewetak. The PEACE-Program geologists added a fourth
category (coral head) to simply describe a large chunk of coral (whether or
not inferred to be in its natural or normal stratigraphic setting and whether
or not it might be in natural growth position) brought up in the core barrel
or in the percussion sampler that is 0.5 ft or greater in thickness.

This or any other classification system is an attempt to artificially
divide a lithic continuum. All categories are gradational, and certainly it
becomes a question of the scale at which one makes the application as to
whether a given section of rock is called a framestone, a coral head, or
something else. Obviously, the classification used in this program was
applied to small-diameter core and percussion samples. At this scale, it is
difficult to determine whether or not a single coral head is part of a
larger-scale framestone. In this report, the term framestone designates a
rock consisting of intergrown reef corals, generally of several kinds,
commonly encrusted with other types of organisms, such as coralline algae.
Thus, if a large coral head (one species) was sampled by itself in the
absence of any other taxon of coral or an intergrown network of coral,
coralline algae, bryozoans, etc., the geologic unit simply was classified as
a coral head.

For this program, the main rock types consist of MUDSTONES, WACKESTONES,
PACKSTONES, GRAINSTONES, FLOATSTONES, RUDSTONES, BAFFLESTONES, BINDSTONES,
FRAMESTONES, and CORAL HEADS (figure 24). To this list is added LAMINATED
CRUST (part of a paleosol) for a rock type, and the "filler" terms NO
RECOVERY, POOR RECOVERY, and WASH-IN. These "fillers" are self-explanatory.

Units of no recovery occurred either because (1) a sample-recovery
attempt was not successful; (2) an interval was deliberately rock-bitted or
otherwise drilled-out when advancing the hole; or (3) the hole was cleaned
out prior to setting casing and had to be advanced slightly to effect seating
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the casing. In one instance, a unit of no recovery was created when the
sections of drill pipe were miscounted when reintering the hole. The policy
was followed that no geologic unit would terminate at an interval of no
recovery.

Wash-in, as implied by the name, consists of material that has fallen
downhole from an uncased or otherwise unprotected interval. Wash-in is
generally easy to identify because it occurs at the top of a given sample run
and almost invariably consists of coarser-grained material from which the
fines have been washed out by the circulating drilling fluid. Most of these
washed-in materials were noted by the driller when the core was extruded from
the barrel or the percussion tubes emptied of their contents. Many of the
more obvious of these were discarded by the MEI personnel after inspection by
the USGS and DNA geologists; others that were less obvious were retained in
the D-tubes but were designated as wash-in or suspected wash-in.

Primary Descriptors

For purposes of this report, the term primary descriptor includes the
(1) major grain constituents, (2) degree of cementation, (3) degree of
alteration or recrystallization, (4) rock color, (5) grain characteristics,
(6) porosity, and (7) rock-fabric structures.

Additional primary descriptors for Embry and Klovan’s (1972) floatstones,
rudstones, and "boundstones" are included also. As mentioned previously,
floatstones and rudstones may be thought of as coarser-grained equivalents of
the wackestones and packstones/grainstones, respectively. Instead of being
limited to a finer-grained or mud matrix (i.e., silt- and clay-sized
particles), rudstones and floatstones can have matrices composed of up to
sand-sized particles (i.e., mudstone, wackestone, packstone, or grainstone).
Thus, the different Dunham catagories can be used both as rock names as well
as textural modifiers for describing the matrix of a floatstone, rudstone, or
boundstone. An example is a FLOATSTONE with a wackestone matrix. In this
sense, floatstone is the rock name, and wackestone is a textural modifier.
Similarly, a "boundstone'" could be described as a FRAMESTONE with a packstone
matrixe.

The modifiers "sparse'" and "tight" also occasionally were used for this
program in modifying a floatstone -~ sparse meaning consisting of between 10
and about 30 percent particles greater than 2 mm in diameter and tight
referring to greater than 30 percent.

Grain Constituents or Biotic Modifier. -- For the detrital rocks, the
type of grain or grains ("allochems") that dominate the rock forms the
leading modifier in the rock-unit description. In the reference boreholes
and other holes outside the craters, the Enewetak grain constituents consist
primarily of biotic material such as whole and broken shell material (e.g.,
gastropods, pelecypods, ostracodes), tests (e.g., foraminifers), and colonial
organisms (e.g., corals). Less commonly encountered are clasts of
pre-existing cemented rock (lithoclasts).

The two or three types of dominating grains are generally given in the
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lithic descriptions. If two grain types are equally or subequally common, a
hyphen is used to separate the names (e.g., foraminifer- ostracode); if one
of the forms clearly dominates the qualitative percentage estimate, it is
stated first, succeeded by a comma and the second grain type (e.g.,
foraminifer, mollusc). Thus, a foraminifer-ostracode, mollusc packstone
would be co-dominated by foraminifer tests and ostracode valves and contain a
significant but subordinate amount of mollusc material. The grain components
themselves are generally broken down into major organism groups rather than
down to a generic taxonomic level.

Within the craters themselves, lithoclasts are more common grainm types.
The term rubble is applied to modify the rudstones and floatstones that are
encountered. As defined by the American Geological Institute (Bates and
Jackson, 1980, p. 547) and used in the current report, rubble is a loose
(i.e., uncemented) mass of angular rock fragments. The term rubble has been
extended for the purposes of this report to include (probably shock-induced)
fractured and broken fragments of larger colonial corals. Mixed-rubble is
material (either consisting of lithoclasts or brecciated, colonial-coral
fragments) that is inferred from mode of preservation and/or other criteria
to have come from more than one stratigraphic unit. Where the term
mixed-rubble is used, it is generally explained further in the description.

For the boundstones, the major biotic components also become the primary
modifiers (e.g., coral-coralgal FRAMESTONE). The bafflestones generally have
an appreciable amount of matrix, also noted in the descriptionms.

Cementation. -- Cementation is the process by which clastic sediments
become lithified or consolidated into "hard" rocks, generally through the
deposition or precipitation of minerals in pore spaces between the individual
component grains. Cementation of a carbonate rock occurs through a complex
combination of organic and inorganic processes that operate both in the
marine and nonmarine environments and that constitute a part of the
diagenetic changes that a sediment undergoes after it is deposited. The
degree of cementation is a major factor in determining the behavior of a
material during a nuclear explosion.

The material encountered in the stratigraphic section on Enewetak
represents a complete spectrum from completely uncemented to very densely
cemented. For the geologic description, qualitative terms were employed.
These are: uncemented, very poorly cemented, poorly cemented, moderately
cemented, moderately well-cemented, well-cemented, and very well cemented.
Most of the PEACE-Program material falls within the range of very poorly to
moderately cemented. Least encountered was very well cemented rock. The
uppermost section in each of the boreholes was uncemented.

Since the degree and type of cementation more commonly varies within a
geologic unit than not, an attempt was made to describe further the mode and
range of cementation and the intervals affected.

Alteration. -- Accompanying the diagenetic processes that cement the
particles of a sediment together are changes in the mineralogy and/or
appearance (preservation) of the grain components themselves. These are
referred to as alteration of the grains. These would include, for example,
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the etching or dissolution of the grains, the production of a chalky
appearance, staining and color, recrystallization, the formation of
spar-cement in what were originally intraparticle pore spaces, etce.

Different types of biotic grains react differently during diagenesis.
Since sclerectinian corals and Halimeda (a green alga) are composed of the
mineral aragonite, which is unstable in a fresh-water environment and will
readily dissolve, these types of organisms are particularly sensitive to any
change in the chemical environment, and a particular effort was made to note
their appearance in each unit where they occur. Because of the small size of
the individual Halimeda blades and the high degree of porosity and
permeability within the blades themselves, this material is among the first
to be affected by the introduction into a fresh-water system. As one would
expect, there is also a tremendous difference in the response of different
types of corals to diagenmesis. This is generally related to the density of
the walls and other structures of the coral. Thus, the very open and lightly
calcified forms such as Bikiniastrea are readily dissolved, whereas a very
dense, closely packed, small corallite form such as Porites lutea is the last
of the corals to be dissolved in a given stratigraphic unite.

Rock Color. -- Most of the rocks on Enewetak are very light colored and
form a monotonously colored sequence ranging from white to very pale orange.
Color differences are generally subtle. Several stratigraphic intervals
within the sequence, nevertheless, consist of stronger and darker hues and
are characterized by a distinctive color or set of colors. Color can be an
important tool in correlating from one section to the next and is used as one
of the primary descriptors for the geologic units in each borehole.

The color names used in this report are from the "Rock-Color Chart",
published by The Geological Society of America (1975). This chart presents a
standard set of color chips and associated rock-color names based on the
Munsell color system. This system is closely related to the standard set of
colors adopted by the National Bureau of Standards. The Rock-Color chart
colors are used widely by geologists, soils specialists, and other
professional scientific and engineering groups throughout the United States
and Canada, including the PEACE Program drilling contractor, McClelland
Engineers, Inc.

Most of the names that are used in the "Rock-Color Chart" are unique—-that
is, they appear in this chart only once. The color name by itself is
sufficient for such colors for describing each geologic unit in the borehole
descriptions. Other color names are not unique in the chart (e.g., there are
three grayish greens), and the name alone for these is not sufficient. These
nonunique color names are followed in this report by the hue/value/chroma code
in parenthesis. The nonunique names used in this report and their codes are
as follows (the commonly used color is followed by an asterisk):

dusky yellowish green (5GY5/2) and (5G5/2)
grayish green (10GY5/2)* and (5G5/2) and (10G4/2)
grayish red (5R4/2) and (10R4/2)

greenish black (5GY2/1) and (5G2/1)

greenish gray (5GY6/1)* and (5G6/1)

light brown (5Y6/4) and (5YR5/6)
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light greenish gray (5GY8/1)* and (5G8/1)
light olive gray (5Y5/2) and (5Y6/1)
moderate brown (5YR4/4) and (5R3/4)
moderate red (5R5/4) and (5R4/6)*

olive gray (5Y4/1)* and (5Y3/2)

pale red (5R6/2)* and (10R6/2)

yellowish gray (5Y7/2)* and (5Y8/1)

Standard practice for a rock color not matching one of the color chips

is illustrated by the following example. To say that a rock color is white
to very pale orange indicates that the color is intermediate between the two
standard colors denoted by the color names. Because white is given first, it
was the judgement of the describer that the rock color was at least somewhat
closer to the white chip than to the very pale orange one. Conversely, had
the color been described as very pale orange to white, the true rock color
would have been closer to very pale orange than to white.

Grain Characteristics. —-— Under the general heading of texture are grain
size, shape, sorting, and other sedimentologic parameters. These are
referred to as grain characteristics. Because the borehole core/samples were
field described, determination of these characteristics was based on a visual
estimate, not on rigorous sedimentologic or petrographic analysis.

Grain size is given as a visual estimate of the "mean"” value and a
common range of values in this report The grade scale used in the segment
Borehole Descriptions in the current report is the standard logarithmic
Wentworth-Udden grain-size scale (figure 25)*. 1In the section Borehole
Descriptions, the terms silt, very fine grained sand, fine-grained sand,
medium—-grained sand, coarse-grained sand, very coarse grained sand, granule,
pebble, cobble, and boulder are visual estimates using comparative grain-size
charts conforming to the Wentworth-Udden size classification.

Grain shape, degree of rounding or roundness, and degree of sorting are
also derived from qualitative, visual estimates of each sample/core.

Porosity. —— Enewetak carbonate rocks are characterized by extremely
high porosities. This property is extremely important in the computer
modeling of material behavior during the formation of nuclear craters.

Many classifications have been proposed for porosity in carbonate
rocks. Of these various schemes, the one which was most useful for the
purposes of this program is that proposed by Choquette and Pray (1970) and
shown in Figure 26. An excellent discussion of the Choquette/Pray porosity
classification appears in Fliigel (1982, p. 442-447).

* It should be noted that a geologist will divide sand from silt at a
230-mesh screen (U.S. Standard Sieve size) or at 4.0 phi (#); an engineer
will break sand from silt at a 200-mesh screen or at 3.75 @ (compare figure
25, on the next page, with plate 1 of Appendix II of this report). Thus,
the geologist's silt is finer grained than that of an engineer.

91



STANDARD GRAIN-SIZE CHART

U. S. Standard

Sieve Mesh # Millimeters Microns Phi (&) Wentworth Size Class
=20
4096 -12 BOULDER (-8 to -12¢)
1024 =10 1
- Use ————-— 25p -8 w
wire COBBLE (-6 to -88)
- squares ———— 64 -6 <
16 -4 PEBBLE (-2 to -6d) o
— 5 4 -2 Q)
6 3.36 - 1.75
7 2.83 - 1.5 GRANULE
8 2.38 - 1.25
e 10 cee—— 2, 00 - 1.0
12 1.68 - 0.75
14 1.4 - 0.5 VERY COARSE SAND
16 1.19 - 0.25
-_ 1§ —— 1.00 0.0
20 0.84 0.25
25 0.7 0.5 COARSE SAND
30 0.59 0.75
— 35 — 1/2 —— 0.50 500 1.0 )
40 0.42 420 1.25 Z
45 0.35 350 1.5 MEDIUM SAND <€
50 0.30 300 1.75 [/
—_— 60 = /Y ——— 0.25 250 2.0
70 0.210 210 2.25
80 0.177 177 2.5 FINE SAND
100 0. 149 149 2.75
—_— 120 =—— 1/8 —— 0.125 125 3.0
140 0.105 105 3.25
170 0.088 88 3.5 VERY FINE SAND
200 0.074 T4 3.75
psees 230 Gmemm (/10 emmmm (), (0625 mem— (2 5 o=l
270 0.053 53 4,25
325 0.04Y4 4y 4.5 COARSE SILT
0.037 37 4,75
1/32 === 0.031 31 5.0
Analyzed 1/64 0.0156 15.6 6.0 MEDIUM SILT
17128 0.0078 7.8 7.0 FINE SILT (]
by =— 1/256 — 0.0039 —— 3.9 8.0—\ VERY FINE SILT =
0.0020 2.0 9.0 =
Pipette 0.00098 0.98 10.0
0.00049 0.49 11.0
or 0.00024 0.24 12.0 CLAY
0.00012 0.12 13.0
Hydrometer 0.00006 0.06 14.0

FIGURE 25. -- Wentworth-Udden grain-size chart used by geologists.
(From Folk, 1974.)



BASIC POROSITY TYPES

[ [FABRIC SELECTIVE] [[NOT FABRIC SELECTIVE |
INTERPARTICLE BP
W FRACTURE FR
INTRAPARTICLE WP
INTERCRYSTAL  &C 9 CHANNEL cH
MOLDIC MO (] .
‘ VUG VUG
»” ap
FENESTRAL FE
) .
CAVERN cv
SHELTER SH .
GROWTH— )
GE * Cavern applies to man-sized or larger
FRAMEWORK pores of channel or vug shapes.

| FABRIC SELECTIVE OR NOT |

7 BORING UJ BURROW SHRINKAGE
BO BU SK

BRECCIA | {

MODIFYING TERMS

P

GENETIC MODIFIERS SIZE® MODIFIERS
| PROCESS | [ DIRECTION OR STAGE] CLASSES mm?*
256 —
large Img
SOLUTION s ENLARGED X MEGAPORE mg 32
small smg ]
CEMENTATION c REDUCED r Targe - 4
INTERNAL SEDIMENT i FILLED f MESOPORE ms 1/2 -
small sms 1/16
[ TIME OF FORMATION | MICROPORE mc
PRIMARY P Usa size prefixes with basic porosity types:
pre-depositional Pp mesovug msVUG
e small mesomold smsMO
depositional Pd microinterparticle mcBP
SECONDARY S * For regular-shaped pores smaller than cavern size.
eogenetic Se * Meesures refer to average pore diameter of a
mesogenetic Sm single pore or the range in size of a pore assembiage.
) St For tubular pores use average cross-section. For
telogenetic platy pores use width and note shape.
Genetic modifiers are combined as follows: ABUNDANCE MODIFIERS
t it 15 %)
[ProCESS] +[DIRECTION] +[TIME] percent porosity. ‘
EXAMPLES: solution-enlarged sX ratio of porosity types (1:2)
cement-reduced primary  crP or
sediment-filled eogenetic  ifSe ratio and percent (1:2) (15 %)

FIGURE 26. -- Classification of porosity in sedimentary carbonate rocks.
(From Choquette and Pray, 1970.)
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The Choquette/Pray classification involves 15 basic types of porosity.
The fabric-selective porosity types are interparticle, intraparticle,
intercrystal, moldic, fenestral, shelter, and growth-framework (figure 26).
The non-fabric-selective types are fracture, channel, wvug, and cavern. Those
types that may or may not be fabric selective are breccia, boring, burrow,
and shrinkage. The genetic modifying terms ("Process" and "Direction or
Stage') shown on Figure 26 are also used in the borehole logs, although the
abbreviations are not used.

Structures. --— A heterogeneous set of primary descriptors is included
herein under the term structure. These involve both primary sedimentologic
(or "crater-sedimentologic'") and secondary characteristics.

Primary features include cross-bedding, laminated beds, graded bedding%*,
and burrows, to name the more important ones. Cross-bedding is rare but
nevertheless encountered in the sediments on Enewetak. Graded bedding is
formed in a number of atoll environments (e.g., at the base of surge channels,
on top of disconformities, etc.); it is also an extremely feature of the beds
that £i11 craters and yields important information about the evolution of the
crater-filling phase.

Laminations can be primary or secondary features. Their formation
generally involves fine-grained materials, and, as primary features,
generally reflect very quiet, nonagitated conditions where there is
fluctuating water energy. As secondary features, they can be produced by
diagenetic processes particularly in soil-forming environments. Both types
are present in the Enewetak boreholes.

Secondary features included under the category 'structures" include
bioturbation ("burrowing') or boring by organisms (both extremely common
mottling-producing features in Enewetak sediments), desiccation or shrinkage
features (e.g., mudcracks), so-called "birds-eye" structures and '"gas tracks"
(formed in many very fine grained carbonate sediments by the upward migration
of hydrogen-sulfide and other gases produced by organic decay), nodular
structures (that at least in part are formed during diagenesis by differential
cementation and that impart a mottled appearance to the rock), so-called
"geopetal structures' (former voids such as vugs or interiors of shells
partially or completely infilled by fine-grained sediment and/or spar cement),
and various types of laminated crusts.

Secondary Descriptors

Included in the geologic log, where appropriate, is an estimate of the
constituent grains, a field identification of the macrobiota, and an array of

* Graded bedding is defined by Bates and Jackson (1980, p. 269) and used
in this report as a type of bedding in which each layer displays a
gradual and progressive change in particle size, usually from coarse at
the base of a bed to fine at the top.
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other miscellaneous comments. Notes regarding sample recovery, hole
difficulties, and similar things also are presented.

Sample Types

Near the end of the description of each appropriate geologic unit is a
list of various types of samples taken to date from the appropriate units. A
footage figure for each sample succeeds the sample type. Abbreviations used
for each type of sample are shown in Table 1ll. Samples taken for
micropaleontologic analysis (P-samples) are not presented in the current
report. For detalls and a complete listing of the micropaleontologic
samples, refer to Cronin and others, (1986, Appendix I--TRACK Files).

Stratigraphic and Other Contacts

The nature of stratigraphic contacts between geologic units is
fundamentally important. Stratigraphic contacts between geologic rock units
are of two natural types: gradational or nongradational. A third type of
contact is a fault contact, which is not a stratigraphic contact but result
when one set of rock is physically moved against another or when a material
is forcibly intruded into another, such as when a dike or pipe is amplified.
A fourth type of contact is imposed on the geologist wherever a section of
rock cannot be seen, be it buried in naturally outcropping strata or not
recovered in the process of coring and sampling. A fifth type is sometimes
used, particularly in thick, monotonous stratigraphic intervals; this type 1is
arbitrarily chosen generally as a matter of convenience, for example to
facilitate sample collecting. This last type was not employed often during
this program.

For the PEACE Program, the procedure was adopted that the lower
observable stratigraphic contact of each geologic unit was described. A
geologic unit was not divided at the base of a no-recovery interval in the
borehole log. Because of the sometimes disruptive nature of the sampling,
some of the contacts within a continuously recovered interval of core/sample
could not be determined. Such contacts were generally not mentioned,
although they are occasionally described as indeterminant.

Gradational contacts reflect a more or less gradual change in some
physical or biologic environmental parameter through the time that a given
section of sediment was deposited. For the purposes of the geologic logs in
this report, we make the following modifications to this type of contact:
abruptly gradational (changes occurring within 0.1 ft or less vertically),
gradational (changes occurring between 0.l and 1.0 ft vertically),
imperceptibly gradational (potentially more applicable in thicker units,
changes occurring over thicknesses greater than 1.0 ft). The term apparently
gradational is used also; its application is self-explanatory.

In many instances, bedding surfaces can be observed in hand specimens
and/or in thin section that represent some type of interruption in the normal
sedimentation process, periods of non-deposition, or periods of erosion and
removal of stratigraphic section from the rock record. Such surfaces are
commonly referred to as discontinuities or discontinuity structures. These
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ABBREVIATIONS FOR SAMPLE TYPES

Symbol Description
S Polished petrographic slab
T Petrographic thin section
X X-ray
M Material properties
D Onboard density
I Strontium isotope
R Microradiation

TABLE 11.-- Abbreviations for types of samples taken from PEACE- Program
boreholes for various types of geologic and engineering
analyses.
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structures and criteria for their recognition and interpretation are discussed
in great detail in Flfigel (1982, p. 227-232). Disconformities are special
types of discontinuity surfaces where there is a significant hiatus or

break in the section. For Enewetak, the most common type is the "solution
unconformity" of Schlanger (1963), where an irregular microkarstic surface
formed during periods of atoll emergence, paleosols developed upon it, and
pockets within the older rock were later infilled by younger sediments.

For description of these discontinuities, the following terminology is
used in the current report: sharp, sharp and even, sharp and umdulatory, and
apparently sharp. These terms are also self-explanatory. The attitude of a
discontinuity surface relative to the core (if other than horizontal) and the
magnitude of the undulatory contact is also noted in the descriptive log.

The following symbols are used to divide each geologic unit in the borehole
descriptions and to facilitate their differentiation:

For sharp contacts

For gradational contacts
For sharp, clearly disconformable contacts dkkkkkkkkkkhkkk
For fault contacts F F -F F—-

Question marks are also used with the symbols given above between the
appropriate geologic units.
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BOREHOLE DESCRIPTIONS

The geologic descriptions for PEACE-Program boreholes KOA and OAK
craters follow. For convenience, Figure 27, showing the borehole anchoring
sites for KOA crater, is presented on the next page, followed by Table 12,
which gives the detailed borehole drilling, logging, and other data for each
of the KOA boreholes. Figure 29 and Table 13 present the same information
for the OAK boreholes and are located at the beginning of the OAK borehole
descriptions.

A set of graphic geologic logs accompanies each of the descriptive
logs. Standard symbols used in these graphic logs are shown in Figure 28.

In the description headings for each of the geologic boreholes, the
Location in latitude/longitude is corrected to the revised geodetic position
for phototower OSCAR noted in the discussion in the text section Location and

Setting. Also, unconventional abbreviations used are found in the following
tables:

Sampling: Table 5 Page 42
Logs: Table 6 Page 52
Drilling Mud / Additives Table 4% Page 33

For purposes of this section of the report, the term recovery is defined
simply as the accumulative footage of core/sample obtained divided by the
total footage of the borehole, expressed as a percentage. This definition is
the same as one of the two definitions of this term used in Appendix II of
the current report.

* The abbreviation sx is used for sacks.
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KOA Crater Borehole Descriptions
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BOREHOLE KAR-1

Lat/Long (E/W-1960): 11°38°52.7" N, 162°11°59.5" E
Lat/Long (WGS-1972): 11°38°52.6" N, 162°11°59.5" E
Location (IVY-grid, ft): 140,851 N and 071,192 E

Distance/Bearing from KOA GZ: 8,509 ft, 180.5 deg

Water Depth (H&N): 105.1 ft Hole Depth (bsf): 1,146.3 ft
Hole Spudded: 02/17/1985 Drilling Ended: 03/03/1985
Sampling: SS, SH, LY*, CH* Recovery: 62% (710 ft)

Logs: MCS, GR/DN/CP, GR/NT, GR/LSSNT, CSV Dates Logged: 03/03-06/1985
Deviation: 2.0 deg @ 60 ft, 2.3 deg @ 140 ft, 2.0 deg @ 200 ft, 3.0 deg @
300 ft, 4.3 deg @ 400 ft, 5 deg @ 500 ft, 4.8 deg @ 600 ft, 5 deg @ 700

ft, 4.8 deg @ 765 ft, 4.0 deg @ 868 ft, 3.9 deg (S 41 deg W) @ 1,130 ft

Casing: 8-5/8-in. @ 84.9 ft* Drilling Mud/Additives: SGL
(936 sx), HEC (103 sx)
Geologists: T.W. Henry, B.R. Wardlaw Drillers: G. Mooney, D. Mooney
Paleontologist: T.M. Cronin Loggers: C. Novinskie, J. Miller,
M. Lee

Redescribed: 10/10-14/1985
* Cored intervals: Christensen (73.3 - 82.5 ft); Longyear (83.0 - 481.0,
482.0 - 537.4, 550.5 - 568.9, 570.5 - 584.3, 585.5 - 603.8, 606.8 - 613.3,
614.4 - 626.4, 626.9 - 644.5, 645.6 - 654.7, and 644.4 ~ 1,146.3 ft).

%% A1l casing recovered

Depth Description

{TOP OF SEDIMENT PACKAGE 1.]

0.0 - 40.3 WACKESTONE: skeletal, Halimeda; uncemented; Halimeda
grains unaltered, moderate-red Homotrema grains
throughout unit; upper 0.5 ft, greenish gray (5GY6/1),
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remainder of unit yellowish gray (5GY6/1); very poorly
sorted. From 34.3 - 35.1 ft, becoming yellowish gray
(5Y8/1) to white, mollusc, skeletal, sparse WACKESTONE.
Contains several types of small gastropods scattered
throughout, Halimeda grains less common below 8.8 ft,
Acropora sticks very common from 8.8 to 12.6 ft, sparse
from 28.8 to 34.3 ft, Bikiniastrea at 30.9 ft, scattered
other coral fragments throughout including Porites lutea
at 1.9 ft; scattered large foraminifers throughout.
Lower contact abruptly gradational. SAMPLES: T @ 35.5,
36.,1; X @ 12.8, 22.9, 35.2, 35.5, 36.13 D @ 17.3 - 17.8,
35.3 - 35.8; I @ 9.5; R @ 40.2.

40.3 <~ 45.6 PACKSTONE WITH WACKESTONE: muddy skeletal PACKSTONE with
WACKESTONE from 41.8 - 42.4 ft; unaltered Halimeda
grains, very sparse moderate-red Homotrema throughout
coarser~grained subunits and in subunit at base;
yellowish gray (5Y8/1); PACKSTONE fine- to very coarse
grained, very poorly sorted; contains sparse medium-
gray, sand-sized ("salt and pepper") grains in lower 2.0
ft. Contains scattered Acropora sticks. Lower contact
apparently sharp. [Note: run from 42.3 - 44.3 ft is in
D-tube #9; correct stratigraphic position is within D-
tube #8. The D-tubes are labeled correctly.]

k k k k k k k kX kX k k k k k k k k k k Kk k k k k k k k k kK k k k Kk k k k k %k %k

[TOP OF SEDIMENT PACKAGE 2. Disconformity indicated by increase in alteration
of skeletal grains and cementation and change in color, and presence of
phosphatic(?) grains in underlying unit and reworked phosphatic(?) material
(cement) in lower part of overlying unit.]

45.6 -~ 46.3 CORAL HEAD: large Porites(?) head, recrystallized, with
moderately well cemented GRAINSTONE(?) matrix; very
light gray to light gray with areas of medium dark gray
(in both fossil and cement); minor moldic porosity in
coral and in aragonite layer of large pelecypod; unit
contains worm-tubes up to 4 mm in diameter; possible
greenish-gray (56Y6/1) "vadose silt" partially infilling
some molds in both coral and in skeletal components of
matrix; unit contains relatively common sand- to
granule-sized phosphate(?) particles. [Note: 1lower 0.4
ft not recovered in sampling; driller states that it was
as hard as the upper 0.3 ft of unit recovered.]

SAMPLES: T @ 45.6; X @ 45.6, 45.7.

46.3 -~ 52.3 WACKESTONE AND PACKSTONE (alternating): skeletal, mollusc;
uncemented; unaltered, gastropods throughout unit with
original shell-color in muddy subunits; colors as
follow: 46.3 - 46.9 ft, light gray to yellowish gray
(5Y7/2); 46.9 - 47.7 ft, yellowish gray (5Y7/2) to light
gray; 47.7 - 48.3 ft, medium light gray to light gray;
48.2 - 48.3 ft, light gray to yellowish gray (5Y7/2);
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48.3 - 49.5 ft, yellowish-gray (5Y7/2); 49.5 - 50.0 ft,
yellowish gray (5Y7/2) to light olive gray (5Y6/1);
50.0 -~ 50.3 ft, yellowish gray (5Y7/2) to light olive
gray (5Y6/1); 50.3 - 52.3 ft, yellowish gray (5Y7/2).
PACKSTONE contains up to granule-size shell fragments
and whole shells, very coarse grained sand-sized
phosphate(?) particles, very poorly sorted. SAMPLES:

T @ 46.3, 47.7; X @ 47.5.

52.3 -~ 54.7 INDETERMINATE: material recovered from interval consists
of fine mollusc gravel washed in from overlying
section. Some drilling mud infiltered this sample as
well.

54.7 - 56.8 PACKSTONE: mollusc, skeletal; uncemented; unaltered,
containing numerous mollusc shells with original
coloration; yellowish gray (5Y8/1); granular, very
poorly sorted, abraded, generally broken shell
material. Contains 40% pelecypod/gastropod fragments
and whole shells. SAMPLE: X @ 56.2.

56.8 - 66.3 PACKSTONE: Halimeda, skeletal; generally uncemented,
containing small, irregular moderately cemented to
poorly cemented areas at 57.5, 60.3, and 61.2 ft; sparse
gastropods with color retention, Halimeda grains chalky;
generally yellowish gray (5Y8/1); upper 0.4 ft light
gray to yellowish gray, basal 0.4 ft, very pale orange;
medium-to very coarse grained, very poorly sorted.
SAMPLES: T @ 58.3; X @ 58.3, 65.1; D @ 64.9 -~ 65.5;
I@Q62.7.

66.3 - 67.3 WACKESTONE: (tight) Halimeda, skeletal; uncemented;
slightly altered; very pale orange; fine-grained.
SAMPLES: T @ 66.3.

67.3 - 70.3 PACKSTONE: Halimeda-mollusc, skeletal; generally
uncemented except for small poorly cemented areas at
67.5 and 68.8 ft, containing sparse "tea-brown" micrite;
chalky Halimeda grains; very pale orange; medium- to
very coarse grained, poorly sorted. SAMPLES: T @ 67.5,
69.8; X @ 69.8.

k k k k k k k k k k k k k k k k ko Kk k k k k k k ok k k ok k k ok Kk Kk k k k Kk Kk %k %

{(Disconformity at 70.3 indicated by increase of alteration of Halimeda grains
below this level, by occurrence of moderately well cemented ("tea-brown'") clasts
in wash and cuttings from about 70.3 ft, and by presence of same cement in
iptact material recovered just below this level. Driller noted thin hard layer
at 70.0 ft.]
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70.3

70.5

PACKSTONE: skeletal-Halimeda; upper part of unit well-
cemented; containing chalky, partially dissolved
Halimeda grains; very pale orange with abundant pale-
yellowish-brown ("tea-brown") micrite; rhizolith(?)
largely filled with pale-yellowish-brown micrite. [This
part of unit represented only by gravel-sized pieces in
recovered material.] Unit becoming poorly to moderately
cemented downward; Halimeda grains slightly less chalky
downward; very pale orange; containing abundant
micromolluscs. SAMPLES: T @ 70.0 (ca.), 70.3.

70.5

72.3

NO RECOVERY.

72.3

72.5

PACKSTONE: foraminifer-skeletal, Halimeda; poorly to
moderately cemented, generally poorly cemented; Halimeda
grains moderately chalky; white to very pale orange;
generally very fine grained with sparse very coarse
grained sand, very poorly sorted; moderate interpartical
porosity. SAMPLE: T @ 72.3; I @ 72.3.

72.5

73.3

NO RECOVERY.

73.3

75.0

WACKESTONE: (sparse) skeletal; uncemented; slightly
altered skeletal components; very pale orange to white;
very fine grained, moderately sorted. Lower contact
gradational. SAMPLES: T @ 73.6, X @ 73.6.

75.0

80.5

WACKESTONE TO PACKSTONE(?): skeletal, Halimeda, coral;
uncemented; Halimeda grains moderately chalky; very pale
orange; very fine to very coarse grained sand. Contains
rounded, medium-gray to dark-greenish-gray (5G4/1),
granule-sized, Heliopora(?) grains.

80.5
* %k %k %

*

82.5

NO RECOVERY.

%k kx k k k k k %k k k k k k k k k k k kX kX k kX k k kX kX kX x kx kX k¥ % %

[Disconformity somewhere between 83.0 and 91.8 ft is indicated by presence of
"tea-brown" micrite cement in upper part of unit below interval of no recovery,
and by marked changes in cementation and preservation of Halimeda grains and

corals.]

82.5

82.7

PACKSTONE: Halimeda, skeletal; moderately cemented; chalky
Halimeda grains; very pale orange with very pale orange
to pale-yellowish-brown matrix, containing grayish-
orange spar-lined burrow or tube; very minor moldic
porosity, interparticle porosity low. SAMPLE: T @
82.5.

108



82.7 - 91.8 NO RECOVERY; driller reports soft material to end of run.

91.8 - 95.5 FLOATSTONE(?): coral; skeletal PACKSTONE TO WACKESTONE
matrix; moderately well cemented to well-cemented, minor
"tea-brown" micrite, irregularly cemented; one coral
type highly recrystallized, preserved only as "ghosts,"
Halimeda preserved as molds and gastropods as steinkerns
in upper part of unit; matrix very pale orange mottled
with very pale orange to pale yellowish brown; linings
of coral molds in upper part of unit moderate yellowish
brown; moldic porosity in upper part of unit very high,
becoming less so downward. From 94.8 to 95.4 ft,
contains Bikinjiastrea with some grayish-orange sparry
calcite infilling and lining some interseptal areas;
contains Fungia at 95.4 ft. SAMPLES: T @ 91.8, 95.4;

X @ 95.5; I @ 95.0.

95.5 - 101.4 PACKSTONE WITH FLOATSTONE: mollusc-skeletal, coral
PACKSTONE with coral FLOATSTONE from 99.8 - 100.7 ft;
moderately to moderately well cemented in upper part of
unit, becoming poorly cemented downward; corals in upper
part of unit highly recrystallized, becoming less so
downward; yellowish-gray (5Y8/1) in upper part, becoming
yellowish gray (5Y8/1) to white downward; porosity
moldic in upper part of unit, becoming interparticle in
lower part. Contains common small Porites heads from
99.8 - 100.7 ft, scattered Acropora sticks in upper
part, common larger gastropods and pelecypods,
Cardium(?) at 99.9 ft, gastropod with some original
shell color at base of unit. Lower contact gradational.
SMLES: S @ 95.9 - 96.3; X @ 95.9.
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[Surface characterized by increase in "tea-brown" micrite in underlying unit.]

101.4 - 105.0 CORAL HEADS: large heads of Porites lutea; partially

recrystallized; very pale orange. Matrix, skeletal
PACKSTONE; moderately to poorly cemented with light-
brown ("tea-brown") micrite particularly common on edges
of coral colonies below 103.1 ft. Coral heads bored by
Lithophagus; interior of these shells and borings filled
with light-brown skeletal PACKSTONE matrix. SAMPLE:

I @ 103.5.

105.0 - 105.9 PACKSTONE: skeletal, mollusc; uncemented; gastropods with
chalky, Halimeda grains chalky; very pale orange.
Contains several types of gastropods, small Porites
fragment at top.

%k % %k %k k %k k k k k k k k k k k k k k * kA k k ok k k k k k %k k k % k k k k %
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[Disconformity indicated by marked increase in cementation, presence of "tea-
brown" micrite cement, and marked increase in alteration of skeletal grains
below surface.]

105.9 - 107.0 PACKSTONE: mollusc-skeletal; moderately well cemented;
Halimeda grains chalky; very pale orange with common
patches of dark-yellowish-brown ("tea-brown") micrite
cement. SAMPLES: S @ 105.9 - 106.2; X @ 106.3.

115.3 - 116.4 INDETERMINANT: recovery consists of only scattered
moderately cemented fragments, coarse mollusc shells,
including oysters and coral (Acropora) sticks, probably
fallen from uphole.

116.4 - 117.8 PACKSTONE TO FLOATSTONE: coral, mollusc; uncemented;
corals partly recrystallized; very pale orange.
Contains several types of small coral heads, including
Porites lutea fragment at 117.1 ft, Favia(?) from 116.4

- 11608 ftn
125.7 - 127.3 FLOATSTONE: coral, with skeletal WACKESTONE matrix;

uncemented; moderately altered skeletal components; very
pale orange. Contains several types of small massive
corals, including Porites sp. heavily bored by
Lithophagus; molluscs less pronounced than in overlying
recovered unit. SAMPLES: T @ 125.9; X @ 126.2; I @

127.1.
127.3 - 130.5 NO RECOVERY.
130.5 - 131.6 FLOATSTONE: coral, with mollusc, skeletal PACKSTONE(?)

matrix; skeletal fragments moderately altered but no
sparry cement or infillings; unit probably uncemented.
Some fine-grained material probably washed-out in
drilling.
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[Increase in cementation, presence of spar infilling of mollusc shells and
corals, increase in alteration of skeletal components below this point suggest
disconformity at this approximate horizon.]

131.6 - 133.0 PACKSTONE TO WACKESTONE: skeletal, mollusc; upper 0.6 ft
moderately cemented, becoming uncemented downward; some
pelecypod shells with sparry-calcite infilling; very
pale orange. SAMPLE: S @ 132.0 - 132.3; X @ 131.9.
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133.0 - 140.2 NO RECOVERY.

140.2 - 141.7 CORAL HEAD: large head of Porites lutea heavily bored with
Lithophagus; coral contains large nodular, irregularly
shaped masses completely recrystallized with sparry
calcite; coral generally grayish orange, recrystallized
masses grayish orange to pale yellowish brown. SAMPLE:
S @ 141.0 - 141.4; T @ 140.7.

141.7 - 142.2 PACKSTONE: mollusc-skeletal; moderately cemented,
containing "tea-brown" micrite; very pale orange and
pale yellowish brown; interparticle porosity moderate.
Basal part of unit particularly rich in molluscs.
SAMPLES: T @ 141.9; X @ 141.0.

142.2 - 142.5 CORAL HEAD: large head of Astreopora; very pale orange.
142.5 - 143.7 PACKSTONE AND WACKESTONE: skeletal, mollusc; upper 0.4 ft

PACKSTONE, moderately cemented with trace moderate-brown
("tea-brown") micrite; from 142.5 - 142.6 £t, PACKSTONE,
poorly cemented; from 142.6 to 143.1 ft, WACKESTONE,
moderately cemented with minor "tea-brown" micrite; from
143.1 - 143.7 £t, PACKSTONE, moderately cemented with
"tea-brown" micrite; unit generally very pale orange.
SAMPLES: S @ 143.2 - 143.7; X @ 142.6, 143.0, 143.2.

143.7 - 150.5 NO RECOVERY.

150.5 - 153.0 FLOATSTONE: coral; matrix, skeletal WACKESTONE TO
MUDSTONE: poorly cemented to uncemented; minor
alteration of skeletal components; very pale orange.
Contains abundant large gastropods, pelecypods, and
finger corals, including Acropora sp. sticks, not in
growth position; large pelecypod (oyster) attached to
Acropora stick at 151.5 ft. SAMPLES: X @ 152.1;

I@152.9.
153.0 - 157.3 NO RECOVERY.
157.3 = 157.7 FLOATSTONE: coral; matrix skeletal WACKESTONE; poorly

cemented to uncemented; skeletal components slightly
altered; very pale orange. Contains Acropora sticks and
other corals, several types of gastropods.

k% % % % %k % %k %k k k k %k k k k k k k ok kX k k k k k k k k k k k k Kk k k k k %

111



[Disconformity indicated by changes in color and cementation, including some
"tea-brown" micrite below but not above surface, and by slight increase in
alteration of skeletal components, particularly pelecypod shells which tend to
spall more easily below this horizon.]

157.7 -~ 158.3 PACKSTONE: (tight) skeletal-mollusc; moderately well
cemented with "tea-brown" micrite; skeletal components
chalkys; very pale orange to pale yellowish brown.
Contains several types of gastropods, including small
whelk. SAMPLES: T @ 157.8; X @ 157.8.

158.3 - 162.1 NO RECOVERY.

162.1 - 164.6 PACKSTONE: mollusc-skeletal; moderately well cemented in
upper part, containing minor light-brown ("tea-brown')
micrite cement dispersed from top to 164.0 ft, becoming
moderately cemented to poorly cemented downward; nature
of recovery indicating cementation from 163.0 ft
downward probably very poor and in patches; molluscs
slightly more altered than in overlying unit; very pale
orange to light pinkish gray. Contains large molluscs
(10 - 20%), myalinids (10%), scattered small coral heads
throughout, abundant micromolluscs, common foraminifers.
SAMPLES: X @ 163.2; I @ 164.5.

164.6 - 171.8 NO RECOVERY.

171.8 -~ 177.0 PACKSTONE: skeletal; generally poorly cemented alternating
with moderately to poorly cemented zones, decreasing
cementation downward in basal 1.0 ft; sparse small areas
with light-brown ("tea-brown") micrite in upper part;
contains grayish-orange, partially spar-replaced
Favia(?) and Porites fragments at 173.5 - 173.7 £t
remaining corals recrystallized and chalky; unit very
pale orange; interparticle porosity moderately high.
Molluscs not as abundant as in overlying unit,
containing scattered small corals. SAMPLES: X @ 172.7;
T @ 173.6 (spar-replaced coral); D @ 174.6 - 175.0.
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[Discontinuity indicated by slight increase in cementation with some "tea-brown"
micrite below this surface.]

177.0 - 179.0 PACKSTONE: mollusc-skeletal; moderately cemented in upper
0.7 ft, becoming poorly cemented to uncemented downward,
containing minor light-brown ("tea-brown'") micrite
cement; very pale orange to pale-yellowish~brown.
Contains about 15% large gastropod and pelecypod shells,
commonly broken. SAMPLES: S @ 177.1 - 177.3; D @ 174.6
- 175.0.
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179.0 - 189.0 FRAMESTONE AND BAFFLESTONE: coral. About 60% of unit is
coral-coralgal FRAMESTONE, rest of unit coral
BAFFLESTONE with matrix of skeletal, mollusc PACKSTONE;
poorly to moderately cemented; corals slightly
recrystallized, chalky; very pale orange. Corals
include small heads of Acropora cuneata at 108.5 and
183.0 £t, Porites lutea at 181.4 ft, and common
Favia(?), particularly from 186.7 - 189.0 £t; most heads
commonly bored with Lithophagus; several heads with
encrusting coralline algae. SAMPLES: X @ 182.9; I @
181.1, 182.0.

189.0 -~ 206.1 PACKSTONE WITH FLOATSTONE: skeletal, mollusc PACKSTONE
alternating with coral FLOATSTONE and small CORAL HEADS;
moderately to poorly cemented; corals slightly
recrystallized, chalky, and disaggregating (Favia?);
very pale orange; fine- to medium-grained matrix.
Contains several types of small coral heads, including
Porites sp. at 196.1 and 197.0 ft, Porites lutea at
201.6 £t, heavily bored with Lithophagus; Favia(?) at
204.1 - 204.8 £t and 205.5 - 206.1 ft. SAMPLES: R @
202.0; T @ 198.3; X @ 193.7.

206.1 -~ 215.8 PACKSTONE: coral, mollusc, skeletal; moderately to poorly
cemented in upper part, becoming poorly cemented
downward; corals slightly recrystallized; very pale
orange; fine- to medium-grained matrix. Contains
scattered small coral heads, including Favia sp., and
small Porites lutea head at 207.3 ft; large gastropod at
212.5 £t with color retention; scattered granule- to
small pebble-sized pieces of coralline algae scattered
in unit (e.g. 208.7 £t); contains several types of large
pelecypods, scattered large gastropods throughout.
SAMPLES: T @ 207.3; X @ 207.2.
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[Disconformity indicated by increase in cementation, presence of "tea-brown"
micrite below surface, and slight increase in recrystallization of corals just
below surface.]

215.8 - 217.9 PACKSTONE: coral PACKSTONE in upper part of unit, becoming
fine- to medium-grained, mollusc-skeletal PACKSTONE from
216.9 ft to base; unit moderately to well-cemented from
top to 217.6 ft with light-brown ("tea-brown") micrite
on edge of corals and lining burrows(?) from 217.2 to
217.6 ft; lower part of unit poorly cemented; upper part
grayish orange with pale-yellowish-brown areas, becoming
very pale orange downward; interparticle porosity
moderate, moldic porosity sparse. Contains Porites sp.
head at 216.3 ft, several large gastropods. SAMPLES: T
@ 215.9; X @ 216.2; I @ 216.5.
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217.9 - 221.2 NO RECOVERY.

221.2 - 221.7 WACKESTONE: skeletal, mollusc; muddy; uncemented; very
pale orange. Lower contact gradational. SAMPLES: T @
221.43 X @ 221.4.

221.7 =~ 222.5 PACKSTONE: skeletal; poorly cemented; skeletal components
chalky; very pale orange to white; very fine to medium-
grained, poorly sorted.

222.5 =~ 223.5 WACKESTONE: mollusc-skeletal; poorly cemented to
uncemented; molluscs chalky; very pale orange to
white. Large gastropods and pelecypods make up 10 -
20% of unit. Lower contact disturbed by drilling.
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[Discontinuity indicated by marked increase in cementation, presence of abundant
"tea-brown" micrite, increase in coral alteration, and color change.]

223.5 =~ 224.6 FLOATSTONE AND PACKSTONE: coral FLOATSTONE; interbedded
with and matrix of skeletal PACKSTONE; moderately well
cemented, containing moderately abundant light~brown
("tea-brown") micrite; some small corals extremely
altered, recognizable as "ghosts" others slightly
recrystallized; very pale orange with moderately
abundant pale-yellowish~brown mottling. Contains
scattered small colonies of Porites lutea. SAMPLE:

S @ 223.7 - 224.0; X @ 223.7.

224.6 =~ 226.4 CORAL HEADS: 1large Porites lutea heads with common
Lithophagus borings; matrix skeletal, mollusc PACKSTONE;
moderately cemented with moderate-brown ("tea-brown")
micrite along coral edges; coral head slightly
recrystallized with growth bands enhanced; very pale
orange to light yellowish brown. SAMPLE: X @ 225.2.

226.4 =~ 228.3 NO RECOVERY.

228.3 -~ 231.8 FLOATSTONE: coral; matrix mollusc, skeletal PACKSTONE;
moderately cemented, irregularly cemented, containing
sparse light-brown ("tea-brown") micrite throughout
unit; very pale orange to pale yellowish brown.
Contains rounded, dusky-blue- to medium-dark-gray-
stained (oxidized?) fragments of branching Acropora sp.
and pebble-sized lithoclast(?) of pale-yellowish~brown,
well-cemented PACKSTONE, with moderate-brown ("tea-
brown") micrite, 0.6 ft above base of unit. Contains
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about 15 - 20% small heads of Porites sp. and other
small coral fragments, including Acropora; Tridacna
shell growing on finger coral projecting up from
underlying unit. Lower contact sharp, possibly slightly
undulatory. SAMPLE: X @ 231.5.
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[Evidence for minor disconformity is slight increase in cementation, marked
increase in "tea-brown" micrite below surface, oxidized finger coral (dusky-
blue~-to medium~-dark-gray rind on finger coral, evidence for slight reworking
with pebble-sized lithoclast(?) of well-cemented packstone and stained, rounded
coral fragments in lower part of overlying unit.]

231.8 - 232.9 RUDSTONE: coral, both Acropora sticks and small Porites
sp., not rounded or abraded but toppled; matrix skeletal
PACKSTONE; moderately cemented in upper part, with
abundant light-brown ("tea-brown'") micrite; very pale
orange with pale-yellowish~brown mottling. Finger coral
(Acropora cuneata?) at top of unit that projects 0.6 ft
up into overlying unit has only surface stain of "tea-
brown" micrite within this unit proper; it is upper
extension of this coral that has the dusky-blue to
medium-light-gray "oxidized" surface in overlying
unit. Contains scattered gastroods. Lower contact
gradational. SAMPLES: X @ 232.1, 323.1.

232.9 -~ 240.6 PACKSTONE: skeletal, mollusc, coral; moderately to poorly
cemented, irregularly cemented, nodular, becoming
generaly less cemented downward, lower part uncemented;
upper part very pale orange, becoming very pale orange
to white in lower part of unit. From 238.7 ft to base
of unit, large mollusc (mainly pelecypod) shells
constitute 20 - 30%Z of unit; upper part contains small
Porites heads and other corals, including some finger
corals. Lower contact sharp, gently undulatory.
SAMPLES: T @ 240.3; X @ 233.4; I @ 236.0.
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[Disconformity marked by preservation of part of paleosol(?), including small
"tea-brown" micrite-filled rhizoliths in upper 0.05 ft of underlying unit.
Additional evidence of disconformity includes physical nature of contact, marked
increase in both cementation of matrix and recrystallization particularly of
corals, striking color change, and appearance of moldic and slightly vuggy
porosity (some molds/vugs spar-lined) below surface.]

240.6 - 278.9 PACKSTONE: unit generally foraminifer-skeletal PACKSTONE;
moderately well cemented to poorly cemented; containing
recrystallized skeletal components throughout; generally
orange to yellowish gray (5Y8/1) in upper part, becoming
very pale orange to pale yellowish brown downward.

Upper 0.3 ft i3 small Favia? head with 0.05-ft-thick
laminated crust on upper surface containing small
rhizoliths(?); crust well-cemented, light-brown
(5YR6/4); Favia? partially recrystallized with pale-
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yellowish~brown sparry calcite. Subunits as follows:
from 240.9 - 246.6 £ft, PACKSTONE, skeletal, coral
(highly recrystallized), foraminifer, mollusc; from
246.6 ft to base, PACKSTONE with possible minor
GRAINSTONE, foraminifer, skeletal, containing scattered
small corals, sparse bryozoans, gastropods. Upper 2.0
ft of unit well-cemented, containing light-brown
(5YR6/4) ("tea-brown") micrite; same interval with minor
moldic, vuggy porosity, becoming less prominent
downward; from 246.6 ft to base, alternating zones of
moderately well cemented foraminifer PACKSTONE and
irregularly shaped, pebble-sized nodules of same,
indicating irregular patches of poor cementation.
Unconsolidated, washings(?) of medium- to coarse-grained
foraminifer sand occur at 260.2 - 260.4 ft and 273.7 -~
274.4 ft. Lower part of unit contains sparse large
gastropods preserved only as molds, lined with grayish-
orange calcite spar; in same interval, microgastropods
appear recrystallized but not preserved as steinkerns;
minor vuggy and moldic porosity from 268.1 £t to base.
Possible recrystallized Tridacna fragment at 254.3 ft.
SAMPLES: S @ 240.6 - 241.0, 262.9 - 263.2, 268.4 -
268.6; T @ 240.6, 254.9, 256.1, 260.6, 262.9, 268.4;

X @ 240.6, 245.6, 255.0, 256.1, 262