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We cannot suppose that the many atolls in the Pacific and Indian oceans
all have had a late origin, and yet should they remain at their present level,
subjected only to the action of the sea and to the growing powers of the
coral, during as many centuries as must have elapsed since any of the earlier
tertiary epochs, it cannot, I think, be doubted that their lagoons and the
islets on their reef, would present a totally different appearance from what
they now do. This consideration leads to the suspicion that some renovating
agency (namely subsidence) comes into play at intervals, and perpetuates their
original structure.

(Charles R. Darwin, 1842)

In a letter dated May 5th, 1881, Darwin wrote to Alexander Agassiz, who
was opposed to some of his views, that he wished "that some doubly rich
millionaire would take it into his head to have borings made in some of the
Pacific and Indian atolls, and bring home cores for slicing from a depth of
500 or 600 feet." Such efforts were inconclusive until the United States
sponsored drilling at Eniwetak in 1951.

(M. T. Ghiselin, 1984)
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CHAPTER I: INTRODUCTION

Background

During Phase II of the 1985 Pacific Enewetak Atoll Crater Exploration
(PEACE) Program, 32 cores were obtained from the subsurface Cenozoic section
at Enewetak Atoll, Marshall Islands (Figure 1). Approximately 14,300 feet of
hole was drilled and about 60% of this was recovered in the form of core,
split-spoon, and Shelby tube samples. To achieve the program objectives of
understanding the morphology, deformation, and the process of formation of the
nuclear craters KOA and OAK, a means of correlation of stratigraphic horizons
within and between craters was required. The Enewetak Paleontology Project
was developed as an integral part of the geologic and stratigraphic study of
the U.S. Geological Survey (USGS) cores taken during Phase II of the PEACE
Program. The basic goal was to develop a microfossil zonation of Enewetak
subsurface sediments and apply it to understanding the stratigraphy under the
KOA and OAK craters. This report describes the results of the paleontologic
studies at Enewetak.

Marine microfossils are the preserved remains of organisms whose shells
were deposited in the back-reef and lagoon at Enewetak and which comprise
varying proportions of atoll carbonate sediments. The unique sequence of
fossils found in the uppermost 1500 feet of the stratigraphic sequence
provides a record of marine organisms that lived in the lagoon and back reef
at different times during the past 15 million years. Changes in fossil
assemblages through time reflect the evolutionary, environmental, and‘
extinction events that occurred at the atoll, and the biogeographic
(migration) events that introduced new species from surrounding areas of the

Pacific Ocean. By establishing the normal succession of fossils in the
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Cenozoic sequence of Enewetak, evidence for disruption and mixing caused by
the OAK and KOA high-yield nuclear devices could be obtained by identifying
anomalous fossil occurrences in rocks within and below the craters.

The Paleontology Project concentrated on five fossil groups: three
benthic or bottom-dwelling groups (the smaller benthic foraminifers, the
larger benthic foraminifers, and the ostracodes), and two planktic or surface-
water-dwelling groups (the planktic foraminifers and the calcareous

nannofossils).

Strategy
A strateqy was devised whose primary goal was the development of a
biostratigraphic zonation based on undisturbed fossil sequences obtained
mostly from reference sections outside crater areas. These data could then be
applied in the study of cores drilled in the KOA and OAK craters that
penetrated stratigraphic sections disturbed by the two nuclear devices.
Figure 2 outlines this procedure showing the steps taken to develop the
zonation on the left and the desired outcome in its application on the
right. Because no published biostratigraphic zonation exists for the Miocene
to Recent of Enewetak, a "custom-made” zonation was formulated, using the
following five sources of biostratigraphic information.
1. Boreholes from the Exploration Program on Enewetak (EXPOE) drilling
operations of 1973-1974 (see Couch and others, 1975 for details on EXPOE
cores). Figure 3 shows the location of the islands where these cores
(XEN-1, -2, -3, =5; XRI-l; XSA-1l, and -2; XBK-1l) were drilled. fhese
were all shallow holes (less than 300 feet deep) drilled on the islands
themselves. This material was studied before the PEACE 1985 drilling

began and was useful for developing biostratigraphic zones AA through GG



‘uoT3IRUOZ OFUdRaHFIVIISOTQ YeIIMeug
o uorzvoyidde pue jusmdoTeasp JO SUTTIND °*Z eINbIJ

+
44 0091
NN
m L1 -H00 vZ/T-"4vo
88100 92UIBOY WVO
N
o INIWN3INIJ3H AHVANOOD3S D
59 " b )|
rr
Ve
\\\ dd // " X
7 \
99 | e // //_ - — HH VM Cxeun
7 \N| 99 44 )
\ G 23
// 14 a3
a3
L + ] +
a8 .IIIMM
\AJ \AJ
uopsuoZ suofisu0Z
0109 oldesSyeaeolg uopeuoZ Hnd
9100 uojysuBa] 002 PUNOIH 8200 UOHSULI]L 9}S0dWO0 YEIBMBUZ L-HYN Ksoupugiord 96209 30dX3 jsuopBuIeNy
IN3IW3NIJI3H

NOILVNOZ 40 NOLLVYOIlddV i

ONITUYA HILVHO-34d '8 IN3IWJOT3AIQ ONIMTIHA-3Hd 'V
NOILVYNOZ 4O ININdOT3A3A T
NOILVNOZ OJIHdVHOILVHL1SOIg MV1IM3INT

I\



XSA-1,-2

PREVAILING WIND

XBK-1 (250 ft.) £§£&7
BOGAIRIKK

RKOA

(213,218 ft.) MIKE
SANILDEFONSO ~~BOGON

nucnI\<£\\ =t —_ BRJEBI
N - ‘ XBN-1,-2,-3,-5
BOGOMBOGO ><__ / \ (293,230,298,222 ft.)
OAR-2/2A KAR-1 = ARANIT
(885.6 ft.) (1150 ft.) N “/
T-N
OAK » q \—
OOR-17 ‘—Zﬁ-A ,\9‘\?' 6'-15'(1948)] 4"/\4@4, \ ROJOR
(1091.1 ft.) L g, N
%Qﬁ \\\ ///, J
S ~ (MAG) ~,
N / .
-':270' + 90‘-—%
:, \: RUNIT
%, S
‘7 o N
//;/”1;.?‘\‘\\\
XRI-1 ENEWETAK ATOLL \
(250 ft.)
RIGILI—\e¢
\“ oé?’ A
s ‘4 &
OUTHWEST Ay — JAPTAN
PASSAGE N 4"’@) & <~ @
& DEEP __ ENTRANCE
> —PARRY
-
[<2]
K
[-]
8
—4
“—~ ENEWETAK
WIDE PASSAGE —
INDEX MAP | 11° 20 NORTH

ENEWETAK- .
L ]

-«
-

“HAWAIIAN IS.

NAUTICAL MILES

e

Figure 3.

e ————————
11/20 1 2 3 4 5

Map of Enewetak Atoll showing locations and depths in

feet of EXPOE cores (XRI, XSA, XBK, XEN), location of
OAK, KOA, and MIKE craters, and selected Program reference

holes.

o



in the uppermost 300 feet.
2. Reference borehole KAR-1l. The location of this borehole is shown at
Site A in Figure 4, 8509 feet southward of the KOA crater towards the
center of the lagoon. This was the first borehole sampled during the
1985 drilling program and provided the primary data for biostratigraphic
zones HH down through MM to 1150 feet below sea floor. Figure 2
schematically shows how this core was integrated with other material to
develop the composite zonation. The only material recovered from below
1200 feet below sea floor during the 1985 drilling came from borehole
OBZ-4.
3. Reference boreholes OAR-2/2A and OOR-17. Figure 5 shows the location
of these reference boreholes with respect to the OAK crater. During
drilling and post-drilling studies, these boreholes provided refinements
and enhancements to the initial zonation developed from EXPOE boreholes
and from KAR-1 (see Figure 2).
4. Published international planktic microfossil zonations. Data for
planktic foraminifers and calcareous nannofossils are available from the
published literature and were used to date the Enewetak section and
correlate this sequence with a global geologic time scale (Figure 2).
5. Other biostratigraphic data were available from published reports on
boreholes from Bikini, Enewetak, Midway Island and outcrops on various
Pacific Islands such as Saipan. These are discussed in Chapter IV,
Biostratigraphy.
The development and application of the reference biostratigraphic
zonation to the stratigraphic sequences and disturbed material in the crater
boreholes went through several iterations during which the biostratigraphic

ranges of various species were continually checked and modified if necessary
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with new information derived from new drilling. A final application of all
the results was made after all drilling had been completed.

One aspect of the project's strategy was to investigate several fossil
groups from each sample. This approach allowed biostratigraphic
interpretations to be based on multiple lines of evidence which in most cases
consisted of occurrences of benthic foraminifer and ostracode species.
Generally only one fossil group was examined on the ship. Therefore shipboard
interpretations were‘cdnsidered tentative until verified with data from a
second microfossil group and more detailed study at USGS laboratories in
Reston, Va. For example, during the drilling operations of borehole OBZ-4,
anomalous occurrences of ostracode species known only from below 500 feet in
KAR-1 were recorded during examination of samples from the upper 100 feet of
OBZz-4. Confirmation of this unexpected result was sought and soon found by
examination of the benthic foraminifers from the same samples in Reston, and
by examination of samples above and below the sample in question.

In some samples, only one group was used for correlation because of
either poor preservation or relatively low abundances of other fossil
groups. Inferences made from single fossil groups are considered less
reliable than those where multiple lines of evidence are available.

In addition to using individual species for correlation, other
microfossil assemblage criteria were used to identify particular horizons and
correlate within the lagoon. These criteria included species diversity and
abundance, which were particularly useful in the uppermost 300 feet of cores
where relatively few species' extinction and first appearances occur.

Another aspect of the paleontologic studies was the requirement that the
paleontologic material be carefully curated and records of sampling and

processing be computerized both for the immediate program objectives and



subsequent studies. Samples taken in the paleontologic program could
therefore serve as a source of material that could be used for future
paleontologic, geochemical, or petrographic study without additional sampling
of the cores. Records of all paleontologic samples have been filed on
computer discs.

This report presents all pre- and post-drilling PEACE paleontologic
results. It is meant to be the complement to the lithologic descriptions of
the boreholes reported elsewhere (Henry, Wardlaw and others, in press) as well
as a compendium of paleontologic data obtained from the PEACE drilling

program,

Participants
The paleontologic staffing, their area of expertise, and their tour (s) of

duty in 1985 aboard the drill ship Knut Constructor follows:

E. Brouwers ostracodes (April 10 - May 8;

July 4 - July 24)
L. Bybell calcareous nannofossils (no tour)
T. M. Cronin ostracodes (February 11 - March 8;

June 4 - June 20)

L. Edwards data management (no tour)

T. Gibson smaller benthic foraminifers (May 8 -
June 5)

R. Margerum larger benthic foraminifers (March 3 -
April 10)

R. Z. Poore benthic and planktic foraminifers

(June 4 -~ June 20)



R. Z. Poore acted as Project Chief and liason with the geologists. T. M.
Cronin was the paleontologic coordinator.

Additional staff who participated in the ship board operations were
physical science technicians W. E. Martin (two tours), R. Stamm (two tours),
and E. Compton-Gooding (one tour). These people assisted the
paleontologist (8) and geologists on the ship and are referred to as yeoman in
this report. Physical science technicians who handled sample processing,
inventory, data manaéement, scanning electron microscopy and various aspects
of report preparation in Reston, VA, include E. E. Funk, N. Goodwin, L.
Gosnell, J. E. Hazel, R. C. Montgomery, and E. Shaw; in Denver, 00, Debbie
Adelsperger, Robert Burkholder and Linda Rouch. W. Martin coordinated

mobilization and demobilization of paleontologic ship board operations.
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CHAPTER II: SAMPLE AND LABORATORY METHODOLOGY

Background
During the 1985 PEACE program at Enewetak a total of 2557 paleontologic

samples were taken on the drill ship Knut Constructor from boreholes drilled

in or near OAK and KOA craters. The laboratory methodology used in the
Enewetak Paleontologic Project involved many separate processing techniques
designed to extract the microfossils from the samples. Fiqure 6 is a flow
chart outlining the six stages each sample went through from on board
extraction to final repository in curated micropaleontologic collections.
However, laboratory procedures were slightly different on the ship compared
with those performed in USGS paleontologic laboratories in Reston, Virginia.

The Knut Constructor was equipped for paleontologic analyses during

mobilization at Kwajelein Atoll in February, 1985. Two stereo binocular
microscopes and microscope lamps, sample drying ovens, a personal computer,
sinks for washing and standard micropaleontologic equipment such as sieves,
brushes, slides, glassware, etc. were assembled into an on-board paleontologic
laboratory. It was situated in one 10-by-25 foot trailer next to a second
trailer of the same size in which the cores and samples were laid out and
described by the geologists. This arrangement allowed the maximum interchange
and feedback among the ship's scientific staff. However, space and laboratory
facilities on the ship were limited and only allowed the paleontologist and
yeoman to use a narrow range of paleontologic preparation techniques to avoid
contamination. Shipboard analyses were therefore limited to benthic
foraminifers and ostracodes due to these logistic limitations as well as time

and manpower limitations.
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Borehole Names

The thirty boreholes from OAK and KOA studied for paleontology are listed
in Figures 4 and 5 and in Tables 1 and 2. The convention for naming the cores
was as follows. The first letter designates the crater area, "K" for KOA, "O"
for OAR. The second letter indicates the drilling site within or near each
crater, beginning with site A and changing whenever the ship moved to a new
anchoring position. The third letter indicates the type of borehole: R =
reference hole, T = crater transition-zone hole, Z = ground zero hole, M =
material properties hole. The number following the three letters indicates
the sequential number of the borehole in that crater. For example, OBZ-4 is a
ground zero borehole drilled at the B site in the OAK crater; it was the
fourth borehole drilled at the OAK crater area. OAM-1, OAR-2 and 0AM-3 were
drilled at the first site in OAK, Site A. OAR-2 and OAR-2A represent two
attempts to drill the same reference borehole at OAK and will be referred to
in this report as a single composite borehole called OAR-2/2A.

The rest of this chapter is divided into six parts corresponding to the
six roman numeral sections outlined in Figure 6. In each part, any
differences in processing for different fossil groups and between shipboard

methodology and Reston methodology are noted.

Sampling

All paleontologic samples were taken on the ship, after the geologists
had described the samples, usually within a few hours of the time the core
barrel, Shelby tube, or split spoon was pulled from the hole. After‘the
sample was split into working and archive halves, the paleontologist, in
consultation with the geologists, would decide at what depths to take

paleontologic samples. The locations of samples were determined on the basis



TABLE 13 KOA PALEONTOLOGIC SUMMARY

Depth*
below Number of Samples Number of Samples analyzed for
Sea Floor Benthics Planktics Calcareous Larger Total

Borehole (FT) Taken Processed Foraminifers Ostracodes Foraminifers Nannofossils Foraminifers Analyses

RAR-1 1146.3 205 204 92 119 46 130 115 502
KBZ-4 1045.9 152 147 83 92 42 - 109 57 383
KCT-5 306.6 52 52 35 42 2 30 0 109
KDT-6 123.8 21 21 21 21 3 21 0 66
KET-7 41.4 6 6 . 6 6 0 6 0 18
T8 379 sL 5L 3.2 a 3 30 0 _86
TOTALS 2981.9 487 481 269 301 96 326 172 1164
(3 of Total samples taken) (98.8) (55.2) (62.0) (19.7) (66.9) (35.3)

* depth below S8ea Floor



TABLE 2: OAK PALEONTOLOGIC SUMMARY

Depth*
below Number of Samples Number of Samples analyzed for
Sea Floor Benthic Planktic Calcareous Larger Total

Borehole (FT) Taken Processed Foraminifers Ostracodes Foraminifers Nannofossils Foraminifers Analyses

oAM-1 0 2 2 0 2 0 0 0 2
OAR-2 885.6 239 106 65 54 5 32 57 233
oAM-3 93.0 45 12 0 9 0 0 0 9
oBz-4 1605.2 400 156 68 67 2 7 95 258
oCT-5 851.5 266 92 90 72 16 8 ' 0 186
oor-6 164.2 58 0 14 14 2 o o 30
OET-7 21,7 77 27 13 10 1 0 0 24
OFT-8 283.5 77 26 7 14 5 0 0 26
0GT-9 75.0 24 5 2 3 0 0 0 5
OHT-10  162.5 47 13 9 6 2 0 0 17
oIT-11  268.5 70 19 10 16 1 0 0 27
oJT-12 97.3 18 5 5 5 0 0 0 10
OKT-13  765.8 102 36 33 3 12 7 0 83
oLT-14 9.2 11 0 0 0 0 0 0 0
oMT-15 76.6 7 3 2 2 0 0 0 4
ONT-16  152.3 26 1 1 1 0 0 0 2
OOR-17  1091.1 260 98 98 98 23 98 33 347
opz-18 721.6 87 1 6 9 0 0 0 15
ogQr-19 701.5 81 2 2 2 0 0 0 4
ORT-20  491.8 48 16 4 16 0 0 0 20
0SR-21  354.3 38 2 2 2 0 0 0 4
osM-22  127.5 17 9 0 7 0 0 0 7
orG-23 587.3 11 11 11 1 0 0 0 22
ouT-24 351.1 _ 59 _8 _8 _8 0 _0 [} _16
TOTALS  10188.1 2070 690 450 459 108 152 " 1es 1351
(3 of Total Samples taken) (33.3) (21.7) (22.2) (5.2) ) (7.3) (8.9)

* depth below Sea Floor

A b



of the following criteria: 1lithology, fossil preservation, the type of core
(i.e., reference, transitional or ground zero), percent sample recovery, the
needs of the geologists for crater interpretation, and other factors. The
sampling interval therefore varied from borehole to borehole and within
different boreholes. For example, when the geologists needed a detailed
analysis of the material at the suspected interface between the excavational
crater £ill and undisturbed strata, a higher density of samples was taken in
this interval. During the early pre-drilling stages of planning, it had been
estimated that paleontologic sampling resolution should be about one sample
per 10-20 feet of core if original program goals were to be met. These
sampling resolution objectives were met in both KOA and OAK as 481 and 690
samples were processed respectively for the two craters (Tables 1 and 2).
Thus a total of 1371 samples were processed and studied for the total 14,188
feet of borehole drilled. However, a total of 2557 samples were taken 487
from KOA and 2070 from OAK so that additional, more detailed analyses could be
done in the future without having to resample the core and other samples that
are housed in the U.S. Geological Survey core library in Denver. Details of
the distribution of paleontologic samples are given in Chapter III, Data
Management.

The actual sampling was done in the petrology trailer where the cores
were laid out for geologic description. A standard sample consisting of 2.5
inches of one half of the working part of the core or the push tube sample
(i.e., equivalent to one quarter of the total core volume, see Fig. 6) was
taken by the paleontologist, yeoman or geologist with a metal instrument and
placed in a plastic sample bag, which was labeled with the borehole name and
the footage below the sea floor. Care was taken not to take the outermost

part of the core where contamination from drilling mud was possible. A
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styrofoam block labeled "Paleo" was placed in the core tube to mark the
location of the sample and to prevent excess shif ting of the remaining
core/sample with subsequent handling. Due to high variability in sediment
consolidation and sample recovery, the amount of sample available for
paleontologic analysis varied considerably. In general, between 100 and 250
grams of dry sample was obtained; of this amount, about one half was processed
for benthic foraminifers, planktic foraminifers, larger foraminifers and
ostracodes using the procedures described in the next section.

Calcareous nannofossils are sparse in lagoonal sediments but where they
do occur, they are useful for age determination. Consequently many samples
were scanned for nannofossils, especially in the reference boreholes.

Nannof ossil sampling consisted of taking about 10 grams of bulk sample from
the bagged sample. This subsampling was done in Reston to eliminate concern
about possible contamination. For most samples, when a sample was processed
in Reston, "fine" material that passed through the 63 micrometer sieve during
washing was also collected for nannofossil processing. This material was
settled overnight; once the supernatant liquid was decanted, the residue was
dried in an oven at 50°C. When completely dry, it was placed in a dry vial.
For KOA and OAK samples, slides were made from the bulk material; for EXPOE

boreholes the "fines" were used for nannofossil preparation described below.

Processing

Figure 7 outlines the processing procedure for all foraminifers and
ostracodes., Samples were soaked in water and Na,CO, and the water-sof tener
"Calgon" for approximately one to two hours. Gentle agitation and low heat
(less than 50° C) were used to disaggregate the sediment in the Reston

laboratory but neither heat nor agitation were used on the ship. Sediment was
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Step #1 o0 Beaker, Water, Nazco If processing
o Heat gently ( 50°C) up to 2 hours is not successful,
o Add 10% or 30% H 02 after 15-30 min. use solvent as
if necessary (about 10 ml) appropriate
Step #2 o Wash: #20 and #230 sieves

(850um)  (63num)

Repeat
Steps 1-3
if necessary
\
\
\
\~\
Step #3 ~ Dry in oven: 50°C, 2 Size Fractions
#20 Sieve (850um): #230 Sieve (63um-850um):
Air (in beaker) Filter Paper
Heat Lamp (50°C) 50°C Oven
50°C Oven
Step #4 12 ml Vial Fractions
Step #5 Pick Samples

Figure 7. Outline of samples processing for
foraminifers and ostracodes.

U a




then washed through two nested sieves catching 63 and 850 micrometer sizes
respectively. Only occasionally was it necessary to wash a sample more than
once and seldom were any additives other than Na2C03 or "Calgon" used to break
down the sediment. In some heavily indurated intervals such as much of zone
HH, "Quaternary O," a heavy-duty detergent, was used to break down the
Sediment. Sediment was dried in filter paper in an oven for several hours,
after which it was split into two equal fractions (see microsplitting below).

Nannof ossil slidés‘were prepared by placing a between 5 and 15 grams of
sample in a 50 ml beaker using a small spatula. Twenty ml of buffered
distilled water (pH 9) was added to the sample resulting in a 2 cm column of
water. The sample was then mixed with a spatula for ten seconds and then
allowed to settle through the 2 em column for 60 seconds. After 60 seconds
the supernatant liquid was decanted and then allowed to settle for 10
minutes. The supernatant liquid was then decanted again and the residue
containing the nannofossil particles transferred to a l-gram glass vial. The
residue was then spread onto a ocover slip and mounted with an epoxy-based
mounting medium onto a glass microscope slide for identification of

nannofossils.

Microsplitting

The size fraction of the processed sample greater than 850 micrometers
(mega fraction) was placed in a 12 ml vial to be picked for larger
foraminifers in Reston. The fraction between 63 and 850 micrometers (micro)
was placed in a standard microsplitter and divided into two equal, unsiased
splits, one called the WORKING vial, labeled "W" and one the ARCHIVE vial,
labeled "A™. With few exceptions, the WORKING fraction provided enough

material to obtain benthic foraminifers and ostracodes for giving a zone
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assignment to a sample. The ARCHIVE vial was stored for future paleontologic
study. Because the crater boreholes provide a unique resource for future
crater studies, and because the reference boreholes provide one of the most
complete Miocene-Recent shallow-water marine records from an equatorial
region, these ARCHIVE samples represent a valuable paleontologic resource that
can be used conveniently, without resampling the core and reprocessing bulk

sediment.

Fossil Extraction

The most tedious and time-consuming part of the sample processing
procedures for foraminifers and ostracodes is extracting the microfossils from
the dried sediment--a procedure known as "picking.® Due to time and manpower
constraints, the following standard procedure was adopted to assure
consistency in comparing the micropaleontologic data from different cores and
still assure that enough samples were examined to meet program needs. Dried
sediment from the WORKING vial was passed through a set of small nested sieves
(see mesh sizes in Figure 6). Sediment from each sieve was then sprinkled on
a 2 by 3.5 inch black picking tray; all benthic foraminifers were picked using
a fine brush (size 00000) and placed on a 60-square cardboard
micropaleontology faunal slide. Slides were labelled with the borehole name,
sample depths and fossil group. Four trays one for each sieve size (425, 250,
180, 150 micrometers) were picked for smaller benthic foraminifers. Depending
on the abundance of foraminifers, this generally provided between 100 and 200
specimens.

Ostracodes were picked in the same manner; however, because they are
generally not as abundant as foraminifers, between 2 and 4 trays were picked

for the 425, 250, and 180 micrometer fractions and one or two trays of the 150
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micrometer fraction. Sediment that was picked for both groups was
discarded. Sediment picked for ostracodes only was kept in a 12 ml vial
labeled "picked-O" for future work on the foraminifers if needed (see Figure
6). Some sediment in the WORKING vials remained unpicked but a large
proportion of this consisted of grain sizes smaller than 150 micrometers.
Generally between 10 and 15 grams of dried sediment was picked for ostracodes.

Although attempts were made to use larger foraminifers for correlation of
the upper 300 feet, they are useful for biostratigraphy only in the deeper
parts of the boreholes below about 800 feet. Therefore only mega fractions of
samples below these depths were picked for larger foraminifers. All samples
below 400 feet in boreholes KAR-1l, KBZ-4, OAR-2/2A, and OBZ-4 and all those
below 800 feet in OOR-17 were given preliminary checks for larger
foraminifers. Those containing specimens were picked and analyzed.

Planktic foraminifers occur sporadically throughout the cores. When
observed in the course of picking other microfossils, their occurrence would
be noted and the entire WORKING fraction greater than 180 micrometer and part

of the fraction less than 180 micrometer would be picked.

Paleontologic Analysis

Examination of samples for microfossils was done simultaneously on the
ship and in Reston through the coordination of the onboard geologist and the
paleontology coordinator. During mobilization, the ship was equipped with a
reference collection of equatorial Pacific foraminifer and ostracode faunal
slides, slides of key species from the EXPOE boreholes, a reference library of
published paleontologic studies, and a scanning electron microscope
photographic catalogue of Enewetak microfossils. This catalogue was assembled

from material from the EXPOE boreholes specifically for application during the
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1985 PEACE drilling and included several hundred photomicrographs of
foraminifers and ostracodes. After completion of the KAR-1l reference borehole
and its initial paleontologic study, a new suite of photomicrographs of
species from below 300 feet and slides containing specimens of key species
were prepared in Reston and sent to the ship for use during the rest of the
shipboard work.

With two exceptions (in March and June when two paleontologists were
present) only one paleontologist was onboard ship at one time and shipboard
analyses were limited to a single fossil group. When paleontologic staff was
rotated from the ship back to Reston, sample microfaunal ARCHIVE and WORKING
vials were hand-carried back for continued work in Reston, but paleontologic
faunal slides were left on the ship. This fossil material, in addition to the
collections and references brought out during mobilization, provided the ship
board paleontologist with the ability to give preliminary answers to the
geologists within 24 to 48 hours of sampling. However, final decisions about
the zone assignment of a sample were made in Reston after samples could be
examined in detail for several fossil groups and scanning electron microscopy
could be performed. The Enewetak Project biostratigraphy and its application

to crater cores are discussed in detail in Chapters IV and V respectively.

Final Repository

Soon after the completion of drilling in July, 1985, all microfaunal
slides and vials carried to Reston were inventoried and curated. Remaining
unwashed samples were shipped back to Reston by mail. Figure 6 summarizes the
handling of samples for all the Enewetak Paleontologic Project. The
micropaleontologic faunal slides will remain in Reston until completion of the

present program. For the forseeable future, they will become part of the USGS

15



reference collection and will be the subject of more detailed paleontologic
studies. Unprocessed bulk samples and WORKING and ARCHIVE sediment vials from
KAR-1, OAR-2/2A, and OOR-17 will also remain in the USGS Reston paleontologic
laboratories for future reference. Any specimens that are illustrated in
future publications will be reposited in the U.S. Museum of Natural History,
Department of Paleobiology.

All unwashed bulk samples from the crater cores and all WORKING and
ARCHIVE vials from the crater cores will be housed with the archive cores in

the USGS Denver core storage facility until that material is transferred to

the Nevada Test Site.
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CHAPTER III: DATA MANAGEMENT

The 1985 Enewetak Drilling Program generated a total of more than 2500
bulk samples of which 1171 have been processed for one or several fossil
groups. It was decided early in the program that to handle the large amount
of sample and paleontologic data, it would be necessary to use computer-based
data storage files both on the ship and in the laboratory in Reston. The
micropaleontology 1ab§ratories at each site were equipped with an ISM
Unisystem-XT personal computer so that sample data could be entered into data
files as soon as it had been obtained. The Ashton-Tate software package dBase
III was selected as a data storage and retrieval system because of its ease of
use and flexibility in handling these types of data. This chapter describes
the sample data management system and summarizes the paleontologic sample
distribution for the Enewetak Project.

The data management was coordinated so that a team consisting of one
paleontologist and one yeoman worked a staggered four-week tour on the ship.
About every two weeks, one of the two would rotate out and return to Reston
carrying data diskettes which contained sample information from the cores just
recovered. A duplicate copy of these files was also left on the ship for the
next rotation because frequently additional work would continue on the same
cores by the next shipboard paleontologist. In Reston, the data were entered
into a computer and collated with sample information from the Reston
laboratory operations. This biweekly transfer of information by diskette
became the primary means of information exchange between the ship and the
paleontologic coordinator in Reston.

Two separate data files were designed specifically for the PEACE

Paleontology Project--TRACK and ZONE Files. Because their contents represent
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a comprehensive summary of all paleontologic samples accessible to present
project members and potential future studies, they are described in the next

two sections in detail.

TRACK File

One TRACK file and one ZONE file were created for each borehole that was
drilled, with the exception of material property boreholes which generally
required no paleontologic analysis. The TRACK file was designed to account
for the status of all samples by storing all depth and processing
information. Each sample had its upper and lower depths, and date taken on
the ship entered as a single record in the TRACK file. Depths of lithologic
discontinuities identified by the shipboard geologists were also entered as
records, although no paleontologic sample was actually taken from the depth of
any discontinuities. This method proved useful because biostratigraphic zonal
boundaries and faunal changes often coincide with discontinuities that
represent disconformities, and it was easy to use the TRACK file to visually
select samples for analysis by choosing them from just above and just below
identified discontinuities.

Appendix 1 lists all final TRACK files for all boreholes giving depths
below sea floor and information on all five fossil groups. These lists are
slightly abridged from the TRACK file on the diskettes that were used during
the drilling operations. An example of the complete TRACK format is shown in
Appendix 2. Some information in original TRACK files, such as the initials of
the sampler, were useful for the paleontologic program coordinator only during
drilling operations. Also, because microfossils have been identified in all
samples that were picked, there is no longer a need for separate “picked" and

"identified™ columns for each fossil group. Table 3 lists the field
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abbreviations used in the TRACK files with asterisks beside the field
abbreviations listed in Appendix 1. The data for each borehole remain on
diskettes in the format shown in Appendix 2 and can be accessed using dBASE
III software commands. Tables 4 and 5 summarize paleontologic sampling
information for all cores (see below).

As samples were processed and picked for various microfossil groups,
files were updated to reflect their current status. This procedure was
followed on the ship Add in Reston for each borehole studied. After the
drilling program was completed, all TRACK files were updated on the computer
hard disc unit in Reston and back-up coples are kept on diskettes. The status
of each sample as indicated in the TRACK file was cross—checked with the
sample vials that had been shipped back from the ship and also with the
microfaunal slides in the curated micropaleontologic collection in Reston (see
Figure 2). This process provided a triple check on the accuracy of the TRACK
files and it allowed a complete inventory of the paleontologic resources that
were obtained during the six months of drilling. If a TRACK file in Appendix
1 showss a sample was processed, then there are WORKING and/or ARCHIVE vials
of sediment in the Reston collection corresponding to that sample. There are
faunal slides in the curated collection in Reston for each sample marked as
picked in TRACK files. Printouts of TRACK files will be sent with vials and
bagged sediment from the non-reference crater cores to the Denver core storage

facility as an inventory sheet upon completion of the project.

ZONE Files
A ZONE file was created for each borehole recovered (with the exception
of material property boreholes) to store micropaleontologic occurrence and

abundance data. The original program objectives were to provide accurate
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Table 3: Data contained in Enewetak TRACK File

Field Abbreviation Data Stored

*Core Core name, number

*Depth 1 Upper depth

*Depth 2 Lower depth

*UNCF Discontinuty (x if yes)

SMPLR C Initials of shipboard sampler

NS Nannofosgil sample taken on ship
PROCESST Processing technique

*ENEP Processed on ship at Enewetak
*RSTP Processed in Reston

*OPK Ostracodes picked

01D Ostracodes identified

*BPK Smaller benthic forams picked
BID Smaller benthic forams identified
*LPK Larger forams picked

LID Larger forams identified

*PPK Planktic forams picked

PID Planktic forams identified

*NBP Nannofossils processed from bulk
NFP Nannofossils processed from fines
NID Nannofossils identified

BZone Preliminary zone assignment
COMMENTS Comments
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TABLE 4:

PALEONTOLOGIC RESOLUTION KOA

1. 2.
Depth Depth
— -

(ALL. NUMBERS ARE IN FEET)

3.

Depth

—

4.

Depth

o
.

5.

Depth

e

6. 7.
Depth Depth

am— —

Borehole Samples Processed Benthics Ostracodes Planktics Nannos Larger Forams

KAR-1

KBZ -4

KCT-5

KDT-6

KET-7

KFT-8

This table gives the sampling resolution for each core.

5.6

6.9

5.9

5.9

6.9

6.2

5.6

7.1

5.9

5.9

6.9

12.5

12.6

8.8

5.9

6.9

9.9

9.6

11.4

7.3

5.9

6.9

15.1

24.9

24.9

153.3

41.6

106.0

8.8 10.0
9.6 18.3
10.2 -
5.9 -
6.9 -
10.6 -

Numbers in Columns 1-

7 in the table were obtained by dividing the total depth of the borehole by

the following:

Column

Column

Column

Column

Column

Column

Column

1.

2.

3.

4.

5.

6.

7.

Number

Number

Number

Number

Number

Number

Number

of

of

of

of

of

of

of

paleontologic samples taken

samples processed

benthic foraminifer samples studied

ostracode samples studied

planktic foraminifer samples studied

calcareous nannofossil samples studied

larger foraminifer samples studied

Numbers in Table should be read as "one sample per x feet.
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TABLE 53

PALEONTOLOGIC RESOLUTION OAK

(ALL NUMBERS ARE IN FEET)

1. 2. 3.
Depth  Depth Depth
Ty -t .

4.
Depth

S.

Depth

6.

Depth Depth

puv

g 7 -+ 0 0
Borehole Samples Processed Benthics Ostracodes Planktics Nannos Larger Forams

OAR-2/2A 3.7

OAM-3 2.1
OBZ-4 4.0
ocT-5 3.2
oDT-6 2.8
OBT-7 3.0
OFT-8 3.7
0GT-9 3.1
OHT-10 3.5
oIT-11 3.8
oJT-12 5.4
OKT-13 7.5
OLT-14 4.5

OMT-15 10.9

ONT-16 5.4
QOR-17 4.2
oPz-18 8.3
oQr-19 8.7
ORT-20 10.2
08T-21 9.3
0SM-22 7.5
0orG-23 53.4
ouUT-24 6.0

This table gives the sampling resolution for each core.

1

8.4

5.0

12.5

14.1

13.7

37.5
18.1
26.0

19.5

120.3
350.8
123.0
177.2

53.4

43.9

16.5
10.3

24.0

23.2
20.25
25.0
27.1
16.8
19.5

24.7

38.3
152.3
11.2
80.2
350.8

163.9

18.2
53.4

43.9

35.6

8l1.3

286.1

63.8

27.8

15.6

Numbers in Columns 1-

7 in the table were obtained by dividing the total depth of the borehole by

the following:
Column 1.
Column 2.
Column 3.
Column 4.
Column 5.
Column 6.

Column 7.

Numbers in Table should be read as "one sample per x feet.

Number
Number
Number
Number
Number
Number

Number

of
of
of
of
of
of

of

paleontologic samples taken

samples processed

benthic foraminiter samples studied

ostrscode samples studied

planktic foraminiter samples studied

calcareous nannofossil samples studied

larger foraminifer samples studied
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correlations of the shallow parts of the Enewetak geologic section, especially
above 300 feet, because this was the anticipated region of major disturbance
by KOA and OAK devices (see Chapter IV). Consequently, the ZONE files were
designed to record the occurrences of the fossil species most useful in
correlating strata above 300 feet below sea floor.

From the pre-drilling study of seven EXPOE cores (XEN-1, XEN-2, XEN-3,
XEN-5, XRI-1, XBK-1, and XSA-l), 19 ostracode taxa and 12 benthic foraminifer
taxa were selected as the most useful for correlation of young (shallow)
strata in the Enewetak Atoll. Although three larger foraminifer species were
originally selected for use in young strata their distributions were too
irregular to serve as reliable biostratigraphic criteria in the upper 300
feet. Chapter IV describes the biostratigraphy in detail. Appendix 3 lists
all zZONE files for shallow parts of all the boreholes studied. Table 6A is a
sample of the data sheet on which biostratigraphic data was recorded and
entered into the ZONE file. 1In the middle column in Table 6A, 01-019 refer to
the 19 ostracode taxa used; B1-Bl2 to the smaller benthic foraminifer species;
and L1-L3 to the larger foraminifers originally thought to be useful. These
taxonomic code numbers match column headings in the zone printouts in Appendix
3. Table 6B is a summary of paleontologic analyses performed on EXPOE samples
before the 1985 drilling began.

A single ZONE data sheet was made for each sample so that as a fossil
group was studied, the occurrence data were recorded on these sheets. If one
fossil group in a sample was first studied on the ship and later a second
group analyzed in Reston, the data sheet for that sample would be upéated for
the second group once the diskette was returned from the ship. Some samples
were studied for one fossil group on the ship and in Reston and this situation

is designated in Appendix 3 by "X's"™ for ship identifications and "Z's" for
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* TABLE 64

ENEWETAK ZONE DATA SHEET
Key Species Abundance

DBASEIIl File Name Record #________

Ostracodes in Computer
Benthics in Computer

Field #| Fleld Description ' Name | Data Notes
0l | CORE KCORE
02 DEPTH1 . . DEPTH1
03 DEPTH2 ! KDEPTH2
04 UNCONFORMITY i KONCF

OSTRACODES
05 Bairdoppilata algicola 01
06 Bythocypris spp. 02
07 Callistocythere parakeiji 03
08 Caudites shortlandensis 04
09 Cletocythereis sp. A 0S5
10 Hermanites spp. 06
11 Jugosocythereis bifurcata 017
12 Loxoconcha heronislandensis o8
13 Loxocorniculum insulaecapricornensis 09
14 Loxocorniculum labrynthica 010
15 Loxocorniculum sp. A o011
16 Loxoconchella spp'. 012
17 Neocaudites cf. pacifica 013
18 Neonesidea spp. ol4
19 Ornatoleberis spp. (Y]
20 Paracytheridea dromedaria 0leé
21 Pterobairdia maddocksae 017
22 Triebelina spp. Y]
23 Xestoleberis spp. 019

SMALLER BENTHIC FORAMS
24 Anomalina sp. A Bl
25 Bollvina rhomboidalis B2
26 Bolivinella folia ) B3
27 Calcarina calcar B4
28 | Calcarina delicata BS
29 Calcarina hispida B6
30 | Calcarina spenglerl B7
3l Epistominella tubulifera B8
32 Loxostomum limbatum B9
33 Neouvigerina porrecta Bl10
34 Quinqueloculina parkeri Bll
35 Quinqueloculina sp. A Bl2

LARGER BENTHIC FORAMS
36 Heterostegina suborbicularis Ll
37 Marginopora vertebralis - L2
38 Sorites marginalis L3
39 BIOSTRATIGRAPHIC ZONE KBZONE
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TABLE 6B: EXPOE Paleontologic Summary*

Benthic Planktic larger

Borehole Ostracodes Foraminifers Foraminifers Foraminifers Other
XEN-1 5 5 11 5 5
XEN-2 13 10 13 13 13
XEN-3 35 35 49 29 41
XEN-5 11 14 11 11 11
Xsa-1 12 19 0 9 —
XBK-1 12 11 8 - -
XRI-1 21 19 24 11 -
modern lagoon _45 _43 it - il
Total 154 156 116 78 70

*Table shows the number of samples analyzed for each fossil

group Data were used.



Reston identifications.

Using this system, occurrence data for the various species could be
updated conveniently as additional material was studied. The data sheets also
allowed room for any taxonomic notes on the species observed. Finally, when
paleontologic analyses of a borehole was completed, a biostratigraphic zone or
range of zones would be assigned to each sample based on the occurrence
data.

For borehole mafefial below 300 feet, deep ZONE files were created on an
ad hoc basis for each fossil group as the need arose using the same structure
as the shallow ZONE files but using different microfossil species (see Chapter

).

Summary of Paleontologic Sampling

The information in the TRACK file provides a convenient way to summarize
the degree to which each borehole was studied for various fossil groups.
Tables 1 and 2 summarize the paleontologic sample information for the KOA and
OAK craters respectively. These tables give the number of samples analyzed
for each fossil group as well as the total samples and analyses for each
borehole. Figures 8 and 9 show the distribution of benthic foraminifer and
ostracode analyses in each borehole in KOA and OAK respectively relative to
the total samples taken. Fiqure 10 shows the distribution of nannofossil,
larger foraminifer and planktic foraminifer samples. Larger foraminifers were
most useful in the lower parts of the deep boreholes to serve as the basis for
correlating older sediments. Figure 11 is a plot of total paleontolégic
analyses (the sum of five fossil groups) for each borehole. Figure 12 plots
borehole depth versus number of analyses per borehole and shows that, in

general, the greater the depth of the borehole, the more paleontologic
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analyses were performed.

Tables 4 and 5 summarize the paleontologic resolution for KOA and OAK
boreholes respectively. The values in these tables should be read as one
sample studied per X feet of core and these tables should referred to when it
is necessary to quickly check the sampling interval for any particular
borehole.

The data in Tables 4 and 5 and Figures 8-12 generally show that KOA was
studied more intensely'than OAK. This was in part due to the fact that KOA
was drilled first and more time was available. More important, results of the
detailed study of KOA boreholes allowed interpretation of OAK boreholes to be
done with fewer samples. Consequently, analysis of OAK boreholes was done
selectively. Those boreholes shown in Figures 8-11 as having been studied in
most detail reflect agreement of the geologist and the paleontologists as to
where paleontologic efforts should be concentrated. In some of the last group
of boreholes at OAK, planned limited sampling precluded detailed analysis.

For example, in OTG23, in the first 200 feet, no sample was taken and below
200 feet only one or two feet were sampled for every 30 feet drilled. Also,
there was no immediate need to study the material property core OSM-22 because
it was next to OSR-21. In summary, although gaps exist in sampling, many of
these were planned and they do not alter substantially the interpretations

given in the next two chapters.
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CHAPTER IV: BIOSTRATIGRAPHIC ZONATION

General

Microfossils are generally abundant in sediments at Enewetak and other
atolls in the Marshall Islands. Further, significant changes in microfaunal
assemblages in the Cenozoic section at Enewetak reflect the evolutionary and
extinction events and faunal migrations to and from the atoll. To
successfully use microfossils to correlate shallow stratigraphic units that
were disturbed by the KOA and OAK devices, it was necessary to establish a
local biostratigraphic zonation based on species abundances and ranges in
EXPOE boreholes and in new reference boreholes. This chapter describes the
biostratigraphic data developed in this project from undisturbed sequences for
use in interpreting the stratigraphy in boreholes in the OAK and KOA crater

areas.

Previous studies

Although paleontologic studies were carried out at Enewetak and other
atolls in the Marshall Islands for many years, the majority of published
studies focus on macrofaunal elements such as mollusks and corals. The most
useful papers on Marshall Island benthic foraminifers were those of Cushman
and others (1954) on Recent foraminifers from the Marshall Islands, Todd and
Low (1960) on smaller foraminifera from Enewetak drill holes, and Todd and
Post (1954) on foraminifers f£rom Bikini drill holes.

Ostracodes have not been studied in detail from Enewetak or Bikini;
however, Holden (1976) provided a detailed study of ostracodes from two cores
from Midway, in the Hawaiian Island Chain. This material is the same age

range as the PEACE Enewetak material, and many species are common to both
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regions. The published literature on western equatorial ostracodes has
increased in recent years and proved useful in identifying many species never
before recorded in this area of the Pacific. Yet despite the availability of
studies from Australia, Taiwan, and Japan that provide a useful taxonomic
base, the biostratigraphic zonation for Enewetak had to be developed almost
from nothing because biostratigraphic ranges from other areas cannot be
extrapolated over such great distances.

Larger foraminifers have been studied in detail from Bikini cores (Cole,
1954) and Enewetak cores (Cole, 1957). These references were most useful in
identifying larger foraminifers and establishing correlation criteria below
about 800 feet below sea floor.

Calcareous nannofossils and planktic foraminifers are generally used for
biostratigraphy of deep-sea sediments, and Todd (1964) studied planktic
foraminifers from boreholes off the flank of Enewetak. However no studies of
these groups from the Miocene-Recent atoll sediments in the Marshall Islands
have been made. Nonetheless, planktic microfossils do occur sporadically and
in low abundances in the shallow-water lagoonal sediments in Enewetak cores.
These microfossils occurred commonly enough to identify the following standard
subdivisions of geologic time: middle Miocene, upper Miocene, Pliocene, and
Quaternary. The most abundant, well-preserved nannofossil floras were found

in the upper Miocene sediments, about 10 to 5.5 million years old.

Enewetak Zone Summary

Standard biostratigraphic methods were used in this study. In the upper
300 feet species last appearance datums (LADs), and first appearance datums
(FADs), were relatively infrequent. Consequently, relative abundances of key

species and overall species diversity were used in addition to LADs and FADs
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to establish the assemblage zones described below. These zones AA through GG
in the upper 300 feet of section rely heavily on acme zones of key ostracodes
species and numerous benthic foraminifers LADs and FADs.

Below about 300 feet in zones HH through MM, conventional taxon range
zones for individual species were used more frequently than in the upper 300
feet because more LADs and FADs events were recognizable. As the project
progressed and additional OAK reference boreholes were analyzed, the
synchronous nature of many faunal events in the region of Enewetak lagoon
became firmly established. This increased the reliability of these LADs and
FADs as time markers making correlation between the KOA and QAK craters
possible. However, extrapolation of the Enewetak biostratigraphic zonation to
other regions in the Pacific is not warrented at this time due to probable
diachroneity of faunal events at different atolls.

The following paragraphs describe the microfaunal characteristics of the
thirteen biostratigraphic zones AA-MM. These faunal criteria are based on
detailed study of the EXPOE boreholes and the three reference boreholes KAR-1,
OAR-2/2A, and OOR-17. Most zones can be recognized primarily on the basis of
benthic foraminifers and ostracodes while larger foraminifers are most useful
in the deeper zones LL and MM.

For each zone, the key diagnostic species are given first, then a brief
description of that zones' faunal characteristics. Finally, there is a brief
characterization of the nature of the faunal boundary with the next zone.

It should be emphasized that by their very nature, some zonal boundaries
are gradational because of local variability in microfaunal abundances and
preservation and because of biofacies changes within the lagoon reflecting
ecologic differences among species. Further, the sampling interval across a

zonal boundary limits how accurately one can identify the faunal changes that
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occur.

Fortunately, faunal changes coincide closely with lithologic
disconformities because many disconformities represent stratigraphic hiatuses
in sedimentation. For example the AA/BB transition is abrupt and coincides
with the first disconformity downhole. Conversely, some zones actually
represent relatively thin intervals having a very abundant and distinctive
fauna but having no clearly marked tops or bottoms. These zones have
boundaries that are indistinct and gradational in nature. For example, zone
DD is a biofacies with a distinct assemblage occurring through only about 10
feet of section and grading into zone CC above and zone DD below. Although
generally difficult to identify and requiring high sampling resolution, zone
DD has been found consistently in boreholes in both crater areas and its

restricted stratigraphic occurrence makes it an excellent time horizon.

Description of faunal characteristics of zones

The biostratigraphic zones are recognized in part on the basis of 19
ostracode taxa from above 300 feet in the sequence and 42 deep ostracode taxa
from below 300 feet. Twelve foraminifer species from above 300 feet and 49
species from below 300 feet were used. The species used in the upper 300 feet
and are listed in Table 6A. Some of these taxonomic categories are at the
genus level and are not individual species. The key taxa have a prefix "O" for
the 19 ostracode taxa and "B™ for the benthic foraminifer species.

The ranges of the 42 ostracode species used below 300 feet are shown in
Figure 14. Figure 15 shows the composite ranges of 42 foraminfer species
including deep and shallow taxa. The deep ostracode species have an "OD" for
a prefix, the benthic foraminfers an "BD" for a prefix to distinguish them

from the shallow species. In the following paragraphs, the species discussed
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GENERALIZED COMPOSITE BENTHIC FORAMINIFERA RANGES
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are keyed to Tables 6, 7 and 8 using these code numbers for each species.
Important planktic foraminifer and calcareous nannofossil species identified
in the boreholes are listed in Table 9.

Ten benthic foraminifer and six ostracode species are used in both
shallow and deep zonations. The ten foraminifer and six ostracode species are

as follows:

Foramin;fers Ostracodes
B-1=BD-38 B-8=BD-22 0-6=0D-15
B-2=BD-33 B-9=BD-30 0-7=0D-16
B-3=BD-48 B-10=BD-46 0-1=0D-28
B-4=BD-45 B-11=BD-47 0-16=0D~33
B-6=BD-44 B-12=BD-43 0-5=0D-38

0-3=0D-39

Because the shallow zones are based on assemblages and the deep zones on true
species LADs and FADs, each species is given a key number for both shallow and
deep zonation. In the deep zone lists in Tables 7 and 8, species also used in
shallow ZONE files (Table 6) are indicated and their shallow zone number is
put in parentheses after the species name and author.

In the following discussions, reference is made to sedimentary horizons,
disconformities, discontinuities, and sediment packages. These are described
by the geologists in the document describing the boreholes (Henry, Wardlaw and
others, in press).

Zone AA. Calcarina spengleri/Hermanites/ Jugosocythereis

In XEN-3, this zone is characterized by abundant C. spengleri
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TABLE 7: List of Ostracode Species used for

Biostratigraphy of Enewetak

OD-1. Hermanites aff. H. transoceanica Teeter, 1975

oD-2. Capricornia sp. A
oDp-3. Pokornyella sp. A. {ovate form)

OD-4. Tenedocythere setigera Holden, 1976

OD-5. Pokornyella aff. P. pseudojaponica Holden, 1976

OD-6. Jugosocythereis cf. J. pannosa (Brady, 1869)

OD-7. Hermanites aff. H. tschoppi (van den Bold, 1946)

OoD-8. Australomoosella sp. B

OoD-9. Radimella sp. A

0OD-10. Pokornyella pseudojaponica Holden, 1976

OD-11l. Procythereis northpacifica Holden, 1976 (crater morphology)

OD-12. Hermanites tschoppi (van den Bold, 1946)

OD-13. "Palauella"™ cf. P. spinosa Briggs, 1963

OD-14. Quadracythere trijugis Holden, 1976

*0OD-15. Hermanites transoceanica Teeter, 1975 (0-6)

*0D-16. Jugosocythereis sp. A (0-7)

OD-17. Hemicythere gordoni Holden, 1976

OD-18. Paracytheridea sp. A

OD-19. Triebelina crumena (Stephenson, 1944)

OD-20. Radimella sp. B

0OD-21. Cletocythereis canaliculata (Holden, 1976)

OD-22. Callistocythere crenata (Brady, 1880)

OD-23. Orionina aff. O. flabellacosta Holden, 1976

OD-24. Hermanites sp. A
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Table 7 (con't)

0D-25. Morkhovenia sp. A

OD-26. Semicytherura sp. B

OD-27. Capricornia cristatella (Brady, 1868)

*0D-28. Bairdoppilata algicola (0~1)

OD-29. Miocyprideis punctata Briggs, 1963

OD-30, Cytherelloidea semipunctata Holden, 1976

OD-31. Australomoosella sp. A

OD-32. Caudites cf. C. shortlandensis Titterton, 1984

*0D-33. Paracytheridea dromedaria (0-~16)

OD-34. Caudites sp. A
OD-35. Aurila sp. A
OD-36. Procythereis sp. A (few pits)

OD-37. Keijia sp. A

*0D-38. Cletocythereis sp. A (0-5)

*0D-39. Callstocythere parakeijia Titterton (0-3)

OD-40. Occultocythereis aff. O. angusta (van den Bold 1967)

OD-41. Hemicythere sp. A

OD-42, Aurila sp. B
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Table 8: Key Benthic Foraminifera species at Enewetak

BD-1. Clavulina angularis d‘'Orbigny, 1826

BD-2. Tubulogenerina butonensis Keyzer, 1953

BD-3. Valvulina prominens Todd and Post, 1954

BD-4. Asterigerina tentoria Todd and Post, 1954

BD-5. Nonion grateloupi (d'Orbigny, 1826)

BD-6. Discorbis balcombensis Chapman, Parr and Collins, 1934

BD-7. Valvulammina marshallana Todd and Post, 1954

BD-8. Austrotrilla sp. A

BD-9. Valvulina martii Cushman and Bermudez, 1937

BD-10. Spirolina sp. A

BD-11l. Buccella ? perforata Todd and Low, 1960

BD-12. Siphonina sp. A

BD-13. Spiroloculina corrugata Cushman and Todd, 1944

BD-14. Schlumbergina alveoliniformis (Brady, 1879)

BD-15. Hauerina involuta Cushman, 1946

BD-16. Lamarckina sp. A

BD-17. Cribrogoesella parvula Todd and Low, 1960

BD-18. Hauerina diversa Cushman, 1946

BD-19. Spirolina arietina (Batsch, 1791)

BD-20. Pararotalia byramensis (Cushman, 1922)

BD-21. Peneroplis honestus Todd and Post, 1954

*BD-22., Epistominella tubulifera (Heron-Allen and Earland, 1915) (B-8)

BD-23. Ammonia beccarii (Linne, 1839)

BD-24. "Slitoeponides" sp. A

BD-25. Hauerina aspergilla (Karrer, 1868)
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Table 8 (con't)

BD-26.
BD-27.
BD-28.
BD-29.
*BD-30.
BD-31.
BD-32.
*BD-33.
BD-34.
BD-35.
BD-36.
BD-37.
*BD-38.
BD-39.
BD-40.
BD-41.
BD-42.
*BD-43,
*BD-44,
*BD-45.
*BD-46.
*BD-47.
*BD-48,

BD-49,

Elphidium striatopunctatum (Fichtel and Moll, 1803)

Clavulina sp. A
Svratkina sp. A

Epistomaroides sp. A

Loxostomum limbatum (H.B. Brady, 1881) (B-9)

Pyrgo denticulata (H.B. Brady, 1884)

Quinqueloculina distorqueata Cushman, 1954

Bolivina rhomboidalis (Millett, 1899) (B-2)

Cymbaloporetta bradyi (Cushman, 1924)

Valvulammina globularis (d4'Orbigny,

Quinqueloculina byramensis Cushman, 1923

Buccella sp. A
Anomalina sp. A (B-l)

Asterigerina indistincta Todd and Post, 1954

Gaudryina (Siphogaudryina) rugulosa Cushman, 1932

Anomalinella rostrata (H.B. Brady, 188l)

Calcarina delicata Todd and Post, 1954

Quinqueloculina sp. A (B-12)

Calcarina hispida H.B. Brady, 1876 (B-6)

Calcarina calcar (d4'Orbigny, 1826) (B-4)

Neouvigerina porrecta (H.B. Brady, 1879) (B-10)

Quinqueloculina parkeri (H.B. Brady, 1881) (B-1ll)

Bolivinella folia (Parker and Jones, 1865) (B-3)

Calcarina spengleri (Gmelin, 1788)
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Table 9: Planktic Foraminifer and Calcareous Nannofossils

used for Biostratigraphy at Enewetak Atoll

PLANKTIC FORAMINIFERS

Globigerina nepenthes Todd

Globigerinoides conglobatus (Brady)

Globigerinoides obliquus Bolli

Globoquadrina altispira (Cushman and Jarvis)

Globoquadrina dehiscens (Chapman, Parr and Collins)

Neogloboquadrina acostaensis (Blow)

Neogloboquadrina humenosa (Takayanagi and Saito)

Pulleniatina primalis Banner and Blow

Sphaeroidinellopsis spp.

CALCAREOUS NANNOFOSS ILS

Cyclococcolithus macintyrei Bukry and Bramlette

Discoaster berggrenii Bukry

Discoaster brouweri Tan Sin Hok

Discoaster challengeri Bramlette and Riedel

Discoaster hamatus Martini and Bramlette

Discoaster neohamatus Bukry and Bramlette

Discoaster pentaradiatus Tan Sin Hok

Discoaster quinqueramus Gartner

Discoaster surculus Martini and Bramlette

Gephyrocapsa oceanica Kamptner

Gephyrocapsa small spp.

Reticulofenestra pseudoumbilica (Gartner) Gartner

Sphenolithus abies Deflandre
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Zone BB.

(B-7) , however, this species does not occur in the upper 50 feet

of XSA-1. Hermanites (0-6) and Jugosocythereis (0-7) occur in

the upper 50-60 feet in relatively large numbers in XEN-1, XBK-
1, and XRI-1l. These two genera disappear below the first
unconformity and are therefore useful to identify the boundary
between the first two sedimentary units. In some boreholes
(XRI-1, XBK-1l, and XSA-1l) both genera occur again below 90 to
100 feet but usually in low numbers. The ostracode

Bairdoppilata algicola (0-1) is a secondary species for

identifying the uppermost sedimentary unit. Marginopora (L-2)
and Sorites (L-3) are abundant in this zone in XEN-3 and found
in fewer numbers in XRI-1l. No larger foraminifers are present

in XSA-1 until the boundary of zone DD-EE where Heterostegina

(L-1) occurs.

Lower Boundary. Generally abrupt, associated with sedimentary

horizon 1, a disconformity at sediment package 1/2 boundary.

Loxoconcha heronislandensis/Cletocythereis sp. A

This zone characterizes sediments between horizons 1 and 2.
These two ostracode species are absent above the first horizon

(about 30 to 70 feet in various boreholes) but occur in

abundance below this level. Cletocythereis sp. A (0-5) occurs
intermittently to the bottom of most boreholes. L.

heronislandensis (0-8) occurs abundantly between the first and

fourth sedimentary horizon. The interval between 50 and 90 feet

in XEN-3 represents its acme zone. This zone is characterized
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Zone CC.

Zone DD.

by the abundance of these two species and the lack of

Loxocorniculum insulaecapricornensis (0-9) which occurs only

below 90 feet in XEN-3. Zone BB is also characterized by
abundant Neonesidea (0-14), the first appearance of the
foraminifer Anomalina sp. A (B-1), the absence of C. spengleri
(B-7), and the absence of larger forams. The top of the zone is

easier to identify than is the bottom.

Lower Boundary. Gradual, sometimes difficult to recognize,

weakly associated with sedimentary horizon 2.

Calcarina hispida/ Loxocorniculum insulaecapricornensis

This zone characterizes sediments between horizons 2 and 3.
This zone is characterized by the abundance of C. hispida (B-6),

L. insulaecapricornensis (0-9) and in some boreholes abundant L.

heronislandensis (0-8). Another important marker is the first

common to abundant occurrence of Paracytheridea dromedaria (O-

16) toward the lower part of the zone. Neonesidea (0-14) occurs
in relatively low numbers in this interval in XBN-3 but is more

common in other boreholes.

Lower Boundary. Abrupt, but closely spaced samples are required

to identify. Occurs near horizon 3.

Paracytheridea dromedaria/ Neonesidea sp. A

This is difficult to recognize, but it has consistent

characteristics and has been found in most boreholes. 1It
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Zone EE.

contains relatively abundant P. dromedaria (0-16),

Callistocythere parakeiji (0-3) and Loxoconchella spp. (0-12),

the reappearance of moderate numbers of Hermanites (0-6) and

Jugosocythereis (0-7), and relatively high ostracode species

diversity. In XSA-1l ostracodes are very abundant in contrast to
samples just above horizon 3. This increase in diversity and
the occurrences mentioned above are the best indications of this

thin zone. Larger foraminifers are mostly absent in this zone.

Lower Boundary. Abrupt; mainly recognized on abundance change

near sedimentary horizon 4. Top of EE similar in having common

P. dromedaria.

Calcarina delicata

This zone characterizes sediment between horizons 4 and 5. C.

delicata (B-6), is abundant in this zone, while other Calcarina

are absent. Ostracodes are generally less common than in zone
DD but all samples have common to abundant numbers of

Xestoleberis (0-19) and Neonesidea (0-15). This zone has rare

to common Marginopora (L-2) and Heterostegina (L-1), almost no

Sorites (L-3). The most obvious characteristic of EE is the low
abundance of microfossils, although in the OAK region thin

intervals locally contain abundant microfaunas.

Lower Boundary. Fairly gradual, occurs near sedimentary horizon

5.
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Zone FF.

Zone GG.

Calcarina calcar/ Loxocorniculum insulaecapricornensis, L. sp. A

This zone characterizes sediments between horizons 5 and 6. C.
calcar (B-4) typifies this zone. The three species of

Loxocorniculum (insulaecapriconinsis (0-9), labrynthica (0-10),

and sp. A) occur in large numbers and the ostracode fauna is

generally more abundant and diverse than in zone EE. The taxa

Cletocythereis sp. A (0-5), Hermanites (0-6) and Jugosocythereis

(O-7) are common as they were in zones AA and BB. Species that
are generally rare to absent also occur in this zone (ie.,
Caudites (0-4), Neocaudites (0-13), Triebelina (0-18). Common
Marginopora (L-1) and Sorites (L-3) in top of zone in XEN-3,
Sorites (L-3) absent in XSA-1 and XRI-1l. Rare to few

Heterostegina (L-1) and Marginopora (L-2) in rest of zone.

Lower Boundary. Gradual but generally recognizable; occurs near

sedimentary horizon 6.

Caudites/Pterobairdia

This zone characterizes sediment between horizons 6 and 7.

Although Caudites (0-4) Pterobairdia (0-17) occur rarely above

this zone, they are uncharacteristically common below about 270
to 280 feet in XEN-3. The ostracodes are generally very diverse
and clearly signify an assemblage distinct from those in
overlying sediments. Several ostracode species not inéluded in
the list of 19 key taxa occur in significant numbers including

Paradoxostoma, Semicytherura sp. B (OD-26), Macrocypris,

Bairdoppilata and Hemicytherura. Thus, this zone is
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Zone HH.

characterized by an important turnover in the ostracode fauna

from zone FF. Heterostegina (L-1) appears at bottom of this

zone in XEN-3. 1In OAK boreholes, some speclies restricted to
zones HH and lower zones in the KOA region are found
sporadically in zone GG. In the OAK crater region, zone GG also
has more conspicuous intervals of poor preservation and

recrystallization than in KAR-1.

Lower Boundary. Abrupt to gradational; corresponds to sediment

package 2/3 boundary. This transition has been difficult to
document. This is because the deepest EXPOE boreholes stopped
in zone GG, KAR-1 had poor recovery and poor preservation in
zone HH; and OAR-2/2A had poor recovery in this zone.
Consequently, it was not until OOR-17 was drilled in June, 1985
that a satisfactory faunal sequence has been documented for this

boundary.

Jugosocythereis bifurcata Zone
Microf ossils rare to absent and poorly preserved in heavily
recrystallized sediment. The thick-shelled ostracode

Jugosocythereis bifurcata (0OD-16) occurs in many samples. Other

species include rare Miocyprideis punctata (OD-29), and

Australomoosella sp. A (OD-31) Cletocythereis canaliculata (OD-

21, its uppermost occurrence), and a large "Loxoconcha" (in KBZ-

4-332 £t and OSR-21). The top of the zone is recognized by the
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Zone 1I.

Zone JJ.

LADs of species OD-29, OD-31, OD-21. Amphistegina occurs in

many samples.

Lower Boundary. Abrupt in KAR-1l, corresponds to interval below

alteration zone of a disconformity represented by sedimentary
horizon 8 at the sediment package 3/4 boundary. More gradual in

OAK boreholes, more difficult to identify.

Procythereis-Aurila 2Zone

The top of this zone marks the beginning of well-preserved
abundant microfaunas below the generally poor preservation of
Zone HH. Ostracodes marking the top of this zone in most cores
include the LADs of species OD-21 through OD-26, OD-32, OD-34,

OD-35, and others. Procythereis sp. A is the most distinctive

species in this zone and has been found in most cores just below
the HH-II boundary. The FADs of species OD-33 and OD-34 marks

the base of this zone.

Foraminifer species indicative of this zone include Gaudryina

rugulosa (BD-40) and Anomalinella rostrata (BD-41) and the top

of the zone is also characterized by the LADs of Tubulogenerina

butonensis (BD-2) and Peneroplis honestus (BD-21).

Lower Boundary. Gradual but consistently recognized in all

boreholes.

Miocyprideis Zone
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Zone KK.

The top of this zone is recognized by the LADs of P.

northpacifica (OD-11) and Q. trijugis (OD-11). The most

distinctive ostracode is abundant Miocyprideis (OD-29) although

this species does occur sporadically above this zone. Aurila

sp. A (OD-35) is rare, but restricted to zones JJ and II.

The foraminifers in this zone are characterized by the highest
occurrence of Svratkina sp. A (BD-28), Epistomaroides sp. A (BD-

29), and Loxostomum limbatum (BD-30). Indicative of the upper

part of the zone is Anomalina sp. A (BD-38) and Buccella sp. A
(BD-37); species with upper limits in the lower part of this

zone include Quinqueloculina byramensis (BD-36), Pyrgo

denticulata (BD-31), and Spiroloculina corrugata (BD-13).

Lower Boundary. Gradual, but consistently recognized; need many

samples to pinpoint precisely, occurs near sediment package 4/5

boundary.

Quadracythere trijugis Zone

The top of this zone is marked by the LADs of P. pseudojaponica

(OD-10) “"Palauella™ cf. P. spinosa (OD-13) and H. tschoppi (OD-

12). Cletocythereis canaliculata (OD-21) and Orionina aff. O.

flabellacosta (OD-23) are also abundant in this zone. Its base

is marked by the FAD of Australomoosella sp. A (0OD-31).

Foraminifer species helpful in this zone are the upper limits of
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Zone LL.

Siphonina sp. A (BD-12) and of "Slitoeponides"™ sp. A (BD-24) in

the lower part of the zone. Species that have their lowermost
appearance at the base of this zone include Svratkina sp. A (BD-

28) , Epistomaroides sp. A (BD-29), Loxostomum limbatum (BD-30),

Pyrgo denticulata (BD-31), and Quinqueloculina distorqueata (BD-

32).

Lower Boundary. Gradual, but consistent in all boreholes.

Pokornyella/ Hemicythere Zone

The top of this zone is marked by the LADs of Radimella sp. A
(OD-9) and J. pannosa (OD-6). The base of the zone is clearly
marked by the FADs of species OD-10, OD-12, OD-15, and OD-21

through OD-24. The ostracode species Pokornyella pseudojaponica

(OD-5) and Hemicythere cf. H. gordoni (OD-17) are abundant in
this zone. Ostracode fauna is generally abundant, diverse and
well-preserved and contains many species that characterize
assemblage II of Holden (1976) from the Miocene of Midway. The

distinctive ostracode "Capricornica" cristatella (OD-27) is

common in this zone.

Important foraminifer species for this zone include the LAD of

Astigerina tentoria (BD-4) and the FADs of Siphonina sp. A (BD-

12), Spiroloculina corrugata (BD-13), Schlumbergina

alveoliniformis (BD-14), Hauerina involuta (BD-15), H. diversa

(BD-18) , Lamarckina sp. A (BD-16), among others. The zone is

also marked by the disappearance of many species characteristic
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Zone MM.

of zone KK such as Svratkina sp. A (BD-28) and Epistomaroides

sp. A (BD-29). The upper limit of Austrotrilla sp. (B-8) marks

the lower part of the zone.

Lower Boundary. Transitional, fairly abrupt occurring over 10

to 20 feet in all deep cores, roughly corresponds with

sedimentary package 5/6 boundary.

Tenedocythere Zone

The top of this zone is marked by the LADs of several ostracode
and foraminifer species. Preservation is worse than in zone LL
and specimens are less abundant. Ostracode species OD-1, OD-2,
OD-3, OD-4, OD-7 and OD-8 are restricted to this zone, but, for
some of these species, more material is required to better

understand these species and their taxonomy.

Foraminifer species indicative of this zone include Valvulina

prominens (BD-3) and Valvulammina marshallana (BD-7). Numerous

species discussed under Zone LL have their FADs at the base of
zone LL and are absent from MM; other species have their LADs

lower limits in the upper part of MM,

Within Zone MM the following larger foraminifer LADs were used

for correlation of sedimentary packages 6 and 7:
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KAR-1 KBZ-4 OAR-2/2A OBZ-4 OOR-17

Lepidocyclina orientalis 920 £t 854.5 ft -- 814 £t 930 ft

Lepidocyclina sumatratensis 980 £t 915 ft 883.7 £t 827 ft 930 £t

Miogypsina thecideaeformis 985 ft 924.5 ft 883.7 ft 818 £t 941 ft

Miogypsinoides dehaartii 1140 £t 972.3 ft === 873 ft 959 ft

Note on Preservation of Microfossils

Ostracode bivalved carapaces and foraminifer tests are calcareous shells
secreted by the living organisms. There are many states of preservation but
four types should be mentioned specifically because of their relevance to
interpreting the biostratigraphy and faunal mixing. In the most common
preservation state, ostracodes and foraminifers are semitranslucent to opaque
white in color. Specimens sometimes have secondary calcite debris infilling
the external carapace, but usually preservation of the shell surface is very
good to excellent. 2Zones AA through GG generally have this type of
preservation.

In some parts of the boreholes, substantial recrystallization causes
secondary calcite growth on the external parts of the shell making taxonomic
identification difficult. In these situations, ostracode carapaces generally
remain articulated (the two valves are still joined) making examination of the
internal features impossible. This type preservation is most common(in parts
of zones HH and MM (especially below 1,000 feet) and to a lesser degree in
parts of zone GG and II.

The third type of preservation is characterized by an unusually light
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brown color that occurs in specimens in sediments with significant organic
content. These occur exclusively in zones JJ through LL.

Finally, a fourth kind of preservation was observed in some specimens that
were characterized by extremely clear carapaces and tests, completely free of
calcareous debris. These were particularly conspicuous in the suspected sand
dike in OFT-8 and some samples in the upper 150 feet of OBZ-4 and OCT-5 (see
Chapter V). This preservation was conspicious because even after several
rounds of laboratory processing, microfossils often still retain some debris
adhering to the external surface but the specimens from OFT-8 appeared as if
they had been extensively washed before laboratory processing had been
performed on them.

These preservation states reflect the lithologic characteristics and
diagenetic history of the host sediment in which they occur and consequently
shell preservation was an important criterion for identifying mixed faunas

containing specimens from different zones.

Taxonomic Notes

To successfully develop and apply any biostratigraphic zonation, accurate
and consistent taxonomic identification of genera and species is necessary.
The Enewetak boreholes yielded many species that either have not been
described in the published literature or have an uncertain or confusing
taxonomic status. This was particularly true for the ostracodes for which
there have been few studies of atoll faunas.

Adequate time was not available to eliminate out taxonomic problems if

program objectives were to be met. Therefore, throughout this report many
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species are identified in open nomenclature or with questionable taxonomic
assignments. Other species names come from masters and Ph.D. theses and,
although not formally published, they are convenient names for some of the
more common taxa and are used informally here. Although time constraints
dictated using this preliminary taxonomy, it does not diminish the validity of
the biostratigraphy. Project members were internally consistent with
identifications of key species and the zonation is completely applicable to
the Enewetak section. For the present study, it was decided not to illustrate
the key species used but that it is better to wait for formal taxonomic
revision and description of the microfaunas from the boreholes and modern
lagoon samples. These studies are now underway and will eventually be

published in appropriate paleontologic outlets.
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CHAPTER V: APPLICATION TO KOA AND OAK CRATERS

The purpose of this chapter is to describe the faunal sequence in each
ground zero and transition-zone borehole and to interpret it relative to the
reference zonation described in the last chapter. Throughout the drilling
program, the programmatic objectives differed for many of the boreholes
depending on the various crater models being developed and tested and the
location of the core. This resulted in many ad hoc shipboard and post-
drilling requests by the geologists for the paleontologists to confirm or
refute various hypotheses about the stratigraphy at a particular drill site.
Consequently, in the following borehole-by-borehole descriptions, the specific
goals of the paleontologic analyses for that particular borehole will be
stated first. Terminalogy for the crater was taken from Ristvet and others
(1978) and the term "proposed excavational crater™ is the same as their use of
the term.

Diagrammatic cross sections were constructed to accompany the following
discussion of the biostratigraphy of most crater boreholes. Figure 16 (in
pocket) is a cross section of KOA crater, Figures 17, 18, and 19 (in pocket)
are respectively sections of northeast, southeast, and southwest segments of
OAK crater. Tables 10 and 11 summarize these results in tabular form and
should be referred to for specific values of the depth range below sea floor
for any biostratigraphic zone in a particular borehole. Tables 10 and 1l also
show the depth intervals below sea floor in which mixed microfossil
assemblages were found. Appendix 3 provides occurrence data for key index
taxa in the upper 300 feet of crater boreholes.

For those KOA and OAK boreholes studied in detail, the following

40



Table 10: ENEWETAK BIOSTRATIGRAPHY: KOA Crater
CORE

ZONE KAR-1 KBZ-4 KCT-5 KDT-6 KET-7 KFT-8
MIXED -— 0-137 0-140.1 0-43.55 -— 0-28.5
TRANS ITION -— 137-142 136.6-155.2 43.55-58.5 — 28.5-132.5
BASAL MIXED -— 137-142  140.1-144.75 -— _— —
AA 0-45.6 - —— —-_— 36.25-38.7 -—
BB 45.6-70.0 — —— —-— 38.7-41.15 ——
cc 70.0-131.6 - -— 58.5-87.6 — —
DD 131.6-157.7 — -— 87.6-110.6 -— 132.5-138.9
EE 157.7-215.8  142-166 155.2-165 110.6-122.55 — 150-155
FF 215.8-240.6  192-235 185-232 -— —-— 182.75-202.0
GG 240.6-278.9  235-259 250-255 - -— 310.315
HH 278.9-525.0  259-400 255-306.6 _— — _—
11 525.0-605.0  459-522 — _— — _—
JJ 605.0-725.0  555-600 _— _— _— _—
KK 725.0-800.0  650-740 -— -— _— _—
LL 800.0-900.0 770-845 -— — _— —
MM 2 900.0 > 850 -— _—— — _—

All depths are in feet below sea floor.

See text for discussion.

Mixed refers to interval of borehole in which definitively anomalous mixed

microfossils occurred.

Transition refers to interval between mixed and in situ zones.

Basal Mixed refers to lowermost part of mixed zone in which evidence for

mixing comes from one fossil group.
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subdivisions will be described separately:

Mixed zone: That interval in the upper part of the boreholes in the
crater in which anomalous microfaunal assemblages occur that, according to
known biostratigraphic ranges or ecologic tolerances of species, do not
represent real biological assemblages. They are clearly artifacts resulting
from the mixing of sediments from different faunal zones caused by the nuclear
events. This zone islstipled in Figures 16-19.

Transition zone: Not to be confused with crater transition zone as used
by Ristvet and others (1978), the term transition zone here is used to mean
that interval where the faunas grade from mixed to undisturbed. This interval
is designated with vertical lines in Figures 16-19. In some boreholes there
is a basal mixing zone in the transtion from mixed to undisturbed zones. This
interval is designated by circles in Figures 16-19.

In situ zone: The interval in cores below the mixing zone where normal
(undisturbed) faunal assemblages occur in their expected stratigraphic
order. These intervals are labeled with the letters of the appropriate
biostratigraphic zone in Figures 16-19. Intervals in which the zone is not
known with certainy are shown by diagonal cross-hatching.

Comparison with other boreholes: for some cores, brief comments on how

the sequence compares to those in other boreholes are given.

KOA Crater

Five boreholes were studied in KOA crater, one at ground zero and four
running in a transect south across the proposed excavational crater (Figure
16). The cores will be described in sequence from ground zero southward

towards the crater periphery.
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KBZ-4. As the first borehole drilled in either crater, KBZ-4 was studied
more intensely than most other boreholes because of the uncertainty about the
effects of the nuclear device on the abundance and preservation of
microfossils in the immediate blast region. The results from this borehole
gave the first indication that microfossils are well-preserved and abundant in
modern sediments at the surface (i.e., near sediment/water interface) and in
sediments below the sea floor in the crater £ill and the sequence below the
crater. Second, results from KBZ-4 revealed that the samples from the upper
part of the borehole contained mixed faunas comprised of species from several
different zones. Mixed faunas were subsequently identified in many boreholes
and were a primary means of identifying disruption of the sediment by the
event.

Mixed zone (0-140 feet).~-Samples from the uppermost part of the mixed zone
(0 to 30 feet) contain 18 of the 19 key ostracode species (Appendix 3). In
comparison, correlative samples from the reference core KAR-1 and from modern
lagoon sediments usually have only 7 or 8 species for a sample picked for the
same number of specimens. In fact, KBZ-4 results were only the first
indication of a general pattern of diversity that was recognized in both KOA
and OAK craters - anomalously high microfossil species diversity is frequently
an artifact of sediments disturbed by the nuclear blast. It is still unclear
how this occurs but it is probably a combination of the physical disturbance
of many stratigraphic horizons homogenizing their distinct faunas together and
the subsequent settling of microfossils as a consequence of post-event
sedimentary processes. Microfossils are also generally more abundant in these
mixed sediments, perhaps due to selective sorting. Regardless of the precise
sequence of processes involved, the mixed assemblages represent unnatural

biologic groups that cannot be the result of natural taphonomic processes.
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The upper 137 feet at KBZ-4 contains microfossil assemblages that
indicate vertical mixing both from above and below. For example, in the upper
30 to 40 feet, upward mixing is indicated by the common occurrence of
foraminifer species from zones DD, EE, and FF which usually occur below 100
feet or more below sea floor. Conversely, downward mixing is indicated by the
occurrence of zone AA and BB species in samples from about 100 feet in the
borehole.

Transition zone.-- The transition from mixed to in situ sediments in
KBZ-4 is subtle and was difficult to identify because the event apparently
disturbed zone DD and uppermost zone EE only slightly. In samples from 137,
142 and 147 feet, the relatively common occurrence of the distinctive

ostracode Paracytheridea dromedaria suggests a normal sequence from DD to EE;

however, the benthic foraminifer data suggest that the sample at 137 feet is
mixed with species from zones AA and BB. The sample at 142 feet appears to be
the first undisturbed sample encountered in this core. The mixing in the
transition zone is, therefore relatively thin compared to that in upper
samples and the interval between 137 and 142 feet is referred to as a basal
mixing zone.

In situ zone.-- A normal zonal sequence was recognized for zones EE, FF,
GG, and the deeper zones. Zone boundary LL/MM was particularly clear,
occurring between about 845 and 850 feet. The sequence of faunas and zones
below 300 feet generally confirmed that recognized in the reference borehole
KAR-1.

Comparison with other cores.-- The most important result from KBZ-4 was
the identification of the mixed to in situ transition at about 137 to 142 feet
which allowed a prediction of what might be found in nearby transition

boreholes. The results described below for KCT-5 and KFT-8 show that the
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faunal sequences are remarkably similar in this transition zone and even occur

at the same depths in those boreholes (Figure 16).

KCT-5. KCT-5 was drilled near the ground zero borehole, KBZ-4, as part of
the planned transect from ground zero to the crater periphery. Efforts were
made to determine if the effects of the blast reached the same depths as at
KBZ-4.

Mixed zone.--The same pattern of high diversity ostracode assemblages in
the uppermost samples and mixed foraminifer and ostracode assemblages down to
and including the sample at 136.6 feet characterize KCT-5 as it did in KBZ-

4. We infer mixing down to 140.1 feet.
Transition zone.~- The samples at 140.1 and 144.75 feet show a relatively

high proportion of Paracytheridea dromedaria, and this unusual pattern is

almost identical to that found between 137 and 147 feet in KBZ-4. As in KBZ-
4, it is interpreted as a basal mixing zone at the bottom of the excavational
crater in which there was a minimal amount of disturbance of the normal
stratigraphy. There is little data for the interval between 144.75 and 155.2
feet. Below this level, the samples at 155.2 and 161.2 contain typical low
diversity zone EE faunas and appear to complete the transition from mixed to
in situ faunas. Thus, in figure 16 the transition zone is shown between 140.1
to 155.2 in which a basal mixing zone is recognized between 140.1 and 144.75
feet.

In situ zone.--A normal sequence of microfossils was found below about

155.2 feet to the base of the borehole. This was highlighted by an excellent
zone GG fauna at 252.25 feet. 2Zone GG is drawn between 250 and 255 feet and
Zone HH from 255 to the base of the hole at 306.6 feet.

Comparison with other boreholes.--In addition to the standard zonation, a
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distinctive species which is not a key taxon was found that helped correlate
between KBZ-4 and KCT-5. The occurrence of the very rare genus

Ponticocythereis at 252.25 in KCT-5 and at 251 feet in KBZ-4 probably

represents a brief, infrequent time interval when this genus inhabited this
part of the lagoon. The comparable depth in borehole for its occurrence
supports the overall similarity of microfossils between the two boreholes.
KCT-5 also has ;he following similarities with the next borehole in the
transect - KFT-8: a mixed, diverse assemblage in the upper 35 to 40 feet and
abundant, well-preserved, in situ faunas between 250 and 260 feet. The
boreholes differ in that KCT-5 seems to have a slightly deeper mixed zone than

KFT8, possibly reflecting its closer proximity to ground zero.

KDT-6. KDT-6 was drilled at the outer margin of the proposed excavational
crater 1182 feet from ground zero. The objective was to identify the depth of
mixing and the in situ zones.

Mixed zone.--The samples in the upper 43.5 feet of KDT-6 show strong
evidence for significant mixing of microfaunas from several biostratigraphic
zones. For example, at 9.3, 24.5 and 29.75 feet, foraminifer assemblages
indicate zones AA through FF. Because the mixing zone at the location of this
borehole did not reach zones EE or FF; specimens from zones EE and FF that
were found at the top of this borehole might have been transported laterally
from other parts of the crater, probably from closer to ground zero where the
disturbance of the original sediment was deeper. They also may have peen
transported during other nuclear events such as MIKE.

At 29.8 and 36.3 feet reliable zone BB/CC ostracode species occur at a
level that should be zone AA, thus providing confirmation of mixed faunas.

The sample at 43.55 is probably mixed.
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Transition zone.--The interval from 43.55 to 58.5 feet is difficult to
interpret in terms of whether it is mixed or in situ. The ostracode
assemblage could be interpreted as in situ zone BB and CC faunas because the
predominant species (0-5, 0-8) are two excellent indicators of zones BB and CC
and consistently appear down borehole during drilling when the first
disconformity has been passed. The transition zone in KDT-6 is within this
interval and is plotted in Figure 16 between 43.55 and 58.5 feet.

In situ zone.--Samples 67.75, 76.0 and 8l1.5 are close to typical cone CC
assemblages and are considered in situ. Below the discontinuity at 87.6 feet,
the ostracode fauna consists of diagnostic zone DD species, particularly by

the presence of Paracytheridea dromedaria in four consecutive samples. The

foraminifers support this interpretation. Zone EE begins below the
discontinuity at 110.6 feet.

Comparison with other boreholes.--The sequence in KDT-6 between about 90
and 115 feet is similar to the basal mixed zone of KBZ-4 and KCT-5 where a
minimal amount of disturbance occurred. However, the possible presence of in
situ BB/CC samples above this zone, the recognition of two undisturbed
disconformities and the lack of down-section transport of AA or BB species
suggests this interval is in situ. Thus, RDT'-6 differs from KBZ-4 and KCT-5
in the significantly shallower depth to mixing as shown in Figure 16 and

listed in Table 10.

KET-7. KET-7 was a shallow borehole drilled outside the proposed
excavational crater, 1326 feet from ground zero, to a depth of 41.1 feet. The
samples contain microfossil assemblages indicating the boundary between zones

AA and BB occurs between the samples at 36.3 feet and 41.15 feet, this latter
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sample containing key zone BB species 0-5 and 0-8. No obvious mixing was

noted in this borehole.

KFT-8. KFT-8 was drilled in the north-south transect 870 feet from ground
zero inside the proposed excavational crater.

Mixed zone.--In the sample from 28.5 feet, seven of the key 19 ostracode
species are present along with three additional species occur not usually
found in zones AA of BB, suggesting a mixed assemblage. The foraminifers in
the upper 0 to 28.5 feet came from zones AA through EE. Samples below 30 feet
are not as obviously mixed as those at similar depths in KBZ-4 and KCT-5 and
are discussed as part of the transition zone.

Transition zone.--In KFT-8, the transition zone was difficult to identify
because the microfossils in samples between 53 and 115 feet were not as
obviously mixed as those in the uppermost samples. The high ostracode
diversity at depths 53.8 and 99.1 feet is anomalous for zones BB and CC and
suggests mixing with material from other zones, but no definitive foraminifer
or ostracode species occurrence confirms this hypothesis. The precise
location of the transition zone above 132 feet remains uncertain and is shown
as such in the cross section in Pigure 16.

In situ zone.--At 132.5 feet, benthic foraminifers suggest zones CC or DD
and the interval 132.5 to 138.9 feet is interpreted as in situ zone DD based
on both groups of microfossils and is shown as such in Figure 16. Below 155
feet, a normal sequence of microfaunas o<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>