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PACIFIC ENEWETAK ATOLL CRATER EXPLORATION (PEACE) PROGRAM
ENEWETAK ATOLL, REPUBLIC OF THE MARSHALL ISLANDS

Part 4: Analysis of borehole gravity survey and other

geologic and bathymetric studies in vicinity of
OAK and KOA craters

CHAPTER 1:

INTRODUCTION TO PART 4 OPEN-FILE REPORT

By

Thomas W. Henryl/2 and Bruce R. Wardlaw!/3

GENERAL REMARKS

The Pacific Enewetak Atoll Crater Exploration (PEACE) Program was
established and funded by the Defense Nuclear Agency (DNA) to resolve a number
of questions for the Department of Defense (DOD) about the geologic and
material-properties parameters of two craters (KOA and OAK), formed by near-
surface bursts of high-yield thermonuclear devices on the northern margin of
Enewetak Atoll (fig. 1-1), Marshall Islands, in 1958, The multidisciplinary
studies conducted by the USGS in collaboration with the DNA, the Department of
Energy (DOE), and other organizations during 1984 through 1987 were part of a
much larger research initiative by the DNA to better understand the dynamic
properties of strategic-scale nuclear bursts and the relevance of the Pacific
Proving Grounds (PPG) craters to issues of strategic basing and targeting of
nuclear weapons.

The reader is referred to the reports cited in the succeeding section for
a detailed explanation of the events leading up to the PEACE Program and the
collaborative roles of the USGS, other Federal agencies, and scientists and
engineers from universities and private research laboratories.

1 Branch of Paleontology and Stratigraphy, U.S. Geological Survey.

2 Denver, CO 80225-0046. 3 Reston, VA 22092.
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FIGURE 1-1. -- Map of Enewetak Atoll, Republic of the Marshall Islands (RMI),
showing native names of principal islands and other features (military
site name in parenthesis), and location of OAK, KOA, and MIKE craters.

Inset map shows location of Enewetak within Pacific Ocean.

Map from

Henry, Wardlaw, and others (1986, p. 12, fig. 3).
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PEACE PROGRAM REPORTS

This volume is the fifth and final volume of a series of four U.S.
Geological Survey (USGS) Open-File Reports (Henry, Wardlaw, and others, 1986;
Cronin, Brouwers, and others, 1986; and Henry and Wardlaw, 1986a) and one USGS
Bulletin (Folger, 1986a) documenting geologic and geophysical data, analyses,
and interpretations for the PEACE Program. Syntheses for the geologic and
material-properties models for the craters are found in Wardlaw and Henry
(1986, Ch. 14) and Wardlaw (1987, Ch. 7, this Report). The material-
properties studies themselves, which provide quantitative parameters for
computational modeling, for the most part were not conducted by USGS personnel
and are published elsewhere for the DNA (e.g., Blouin and Timian, 1986a,
1986b; Borschel, Klauber, and Earley, 1986; McClelland Engineers, 1986;
Mueller, 1987; Patti and Schatz, 1987 [1988], in preparation, Schatz, Patti,
and Melzer, 1987 [1988], in preparation, and Simons and others, 1984).

DATA ACQUISITION AND BASES

The PEACE Program was truly a multidisciplinary endeavor. Field work for
the program on Enewetak Atoll was done in two parts, the Marine Phase (mid- to
late summer, 1984) and the Drilling Phase (late winter through mid-summer,
1985). The primary and derivative PEACE Program data bases and framework
groups consist of the elements shown in Table 1-1. For general discussion of
the fieldwork and data-acquisition procedures for the Marine Phase, the reader
is referred to Folger (1986b), and, for the Drilling Phase, to Henry, Wardlaw,
and others (1986, p. 29-97). For more detailed information about the field
and laboratory procedures employed for a specific data set, refer to the
individual Chapters or volumes (see tbl. 1-1). Many of the derivative data
sets and framework groups from the Drilling Phase utilized samples from the 32
deep and intermediate boreholes drilled from the M/V Knut Constructor in the
Enewetak lagoon. These boreholes (figs. 1-2 and 1-3) provide a data base upon
which the subsurface geologic framework is grounded and upon which
interpretations made from the geophysical and material-properties studies must
be validated.

A wide array of pre-PEACE Program data from the PPG was re-examined,
including (but not limited to) the following:

(1), Published accounts in USGS Professional Paper 260 series (see Emery,
Tracey, and Ladd, 1954) from the initial geologic, geophysical, and
oceanographic investigations in the Marshall Islands associated with
the early phases of nuclear testing,

(2). Published reports and raw data from the geologic and geophysical studies
of the PACE, EXPOE, and EASI Projects, sponsored by the DNA and
conducted on Enewetak by the Air Force Weapons Laboratory (AFWL)
(Couch, Fetzer, and others, 1975; Henny, Mercer, and Zbur, 1974;
Ristvet, Tremba and others, 1978; Tremba, Jones, and Henny, 1981;
Tremba, Couch, and Ristvet, 1982; and Tremba, 1987). For example, some
of the multichannel-seismic lines lines from EASI were reprocessed by
Grow, Lee, and others (1986), and selected PACE/EXPOE boreholes were
redescribed and analyzed stratigraphically and isotopically before the
Drilling Phase actually got underway (Henry, Wardlaw, and others, 1986;
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TABLE 1-1. -- Matrix of data bases and analyses from PEACE Program. In
heading, CH = Chapter; under heading PHASE, Marine or Drilling connotes
which phase the samples were obtained originally. The pilot gravity
survey in the old borehole on Medren (ELMER) Island was conducted in April
1984, hence the asterisk (*) in the appropriate column. The geologic and
material-properties models for the craters are presented in Wardlaw and
Henry (1986, Ch. 14) and in Wardlaw (1987, Ch. 8, this Report). U.S.
Geological Survey Open-File Report 87-665 is the current volume.

] DATA GRUUP | pHASE | PUBLICATION | CH. ] REFERENCE CITATION “_[
R e d athers (1986);
Bathymetric Bull. 1678 A Volger, Hampson, au
? ;;;; Harine 0OF-87- 665 5 Peterson and Henny (198/%).
$ide-Scan Sonar Marine Buil. 1678 B Folger, Robb, and others (1986).
Tmagery
Stngle-Chanuel Hartne Bull. 1678 c Robb, Foster, and others (1986).
Seismic Reflection
Nultichannel- Marine Bull. 1678 D Crow, Lee, and others (1986).
Seismic Reflection
Seismic-Refraction Marine Bull. 1678 E Ackermann, Grow, and Williams (1986).
Submersible Marine Hull. 1678 ¥ Halley, Stater, and others (1946);
Observatlons Buth OF-86- 595 13 Slater, Roddy, and others (1986).
Marine Bull. 1678 G tialley, Major, and others (1986);
bebris/Ejecta Marlae OF-86~ 555 3 Ludvig, Halley, and others (1986);
brilling OF-87- 665% 4 Polanakey and Ahrens (1987%).
Scuba Observations Marine Bull. 1678 1] shinn, Kindinger, and others (1986).
Béttum Samples l :“Tl?e OF-~86~ 555 10 Wardlaw, Henry, and Martlin (1946).
afuly
i
Boreholes Drilling OF-86- 419 - Henry, Wardlaw, and others (1046).
Lithostratigraphie Drilling  OF-86- 555 2 Wardlaw and ftenry (1986a).
Framework
Biostratigraphic . OF-86- 159 - Cronin, Broowers, and others (1986);
Frawework & Mixing Drilling OF-86~- 555 11 Brouwers, Cronln, aud Gibson (1986);
Studies OF-87- 665* 3 Cronin and Glbson (1987%),
86~ 1986).
Geophyslcal Logs Driltling OF-86- 555 7 telzer ( )
OF-87~ 6b5*% 6 Trullo (1987%),
Sty Drilling  OF-8b- 555 9 Tremba and Ristvet (1986D).
OF-Bo- 555 8 Beyer, Kistver, and Oberate-Lehn (1986);
Borehole Gravimetry Drilling OF-87- 6b5% 2 Beyer (1987%),
OF-87- 605% 6 Trullo (1987%),
Sr-isotope Marine Bull. 16748 G Halley, Ludwig, and others (1986).
Framework Drilling OF-86- 535 3 Ladwlig, Halley, and Simmons (1986).
X-Ray Miuneralogy brilling or-86- 595 4 Teemba and Ristvet (1986).
Organic Geochenlstry Drilling OF-86~ 555 5 Ristvet and Tremba (1986).
Ingoluble Residues Urilling OF--80- 555 4 Ristvet and Tremba (1986).
Radjation Chemiscry Drilling OF~B6- 555 12 Ristvet and Tremba (1986).
Electron~Spin britlin -
Resn&uuagl Mainl;g OF-87~ 605% 4 Polanskey and Ahrena (1987%).
Crater-Area Deililng OF-86- 559 4 Trewba and KRistver (1986).
Bottom Sanples OF-86~-555 1o Wardlaw, llenry, and Martin (1986),

———- - Patti and Schatz (1987) [19887].

Marine Bull. 1678 A Folger (1986b);
Crater Synthesis Both OF~86- 555 14 Wardlaw and Henry (1986b);
Both OF-87- b665*% 7 Wardlaw (1987%).
*

OF-87-665 is the current report.
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Cronin, Brouwers, and others, 1986; Halley, Major, Ludwig, and others,
1986).

(3). A broad spectrum of unpublished archival material from the PPG made
freely available to us by the DNA and the DOE. These data include pre-
and post-shot survey maps of the OAK and KOA crater areas, both black-and-
white and color, stereographic aerial photographs, other kinds of aerial
photographs, and pictures made (both pre~ and post-testing) from ground-
level of various crater features and man-made structures. The pre- and
post-shot Holmes and Narver maps of OAK crater were digitized and form an
essential part of the volumetric studies for the PEACE Program (Peterson
and Henny, 1987, Chapter 5 of the current Report).

(4). Other published reports, too numerous to cite here.

SYNOPSIS OF CHAPTERS OF CURRENT VOLUME
This Open-File Report consists of seven Chapters. The interrelationship

of each Chapter to the overall data base is depicted in Table 1-1. Salient
points of each Chapter are summarized below.

Borehole Gravity (Ch. 2; Beyer)

The borehole gravity measurements from the southwest transect of 0AK
crater and in the Medren (ELMER) Island borehole provide a critical set of
data for bulk density and porosity of both the undisturbed stratigraphic
sequence and the sediments and rock that were affected by the OAK event.

Significant densification, porosity dimunition, and mass removal are
indicated for discrete intervals within the boreholes in the central-crater
region of OAK. Zones in which these phenomena are indicated correspond
closely to the geologic crater zones and provide strong corroborative evidence
for their integrity.

One of the primary goals of the gravimetry was to determine whether
densification of the shallow substrate in the crater-flank region (or "wings")
could account for the measured lowering of the sea floor. This is
particularly critical because the bulk of the volume of the apparent crater
lies within its flank region. Gravity analysis conducted in the upper parts
of transition-zone boreholes (0QT-19 and ORT-20, see fig. 1-3) demonstrates
conclusively that the materials (sediment, rock, and rock debris) are only
slightly denser than comparable intervals of materials in reference boreholes
OOR-17 and OSR-21. 1In fact, only perhaps about 15 percent of the documented
lowering of the sea floor in the crater wings region can be explained by
densification alone. Thus, for the wings region, processes other than
densification clearly are also involved.



Paleontologic Evidence for Mixing (Ch., 3; Cronin, Gibson)

Paleontologic analysis of the upper 1,200 ft of strata on Enewetak
established the division of the upper part of the carbonate cap into twelve
discrete biostratigraphic zones (named zones AA, the youngest, through LL, the
oldest -- see also Cronin, Brouwers, and others, 1986, and Brouwers, Cronin,
and Gibson, 1986). For the current study, additional samples from
stratigraphically undisturbed boreholes from the OAK crater area (i.e., from
the reference boreholes) were examined to refine the local zonation and to
more closely resolve key biostratigraphic boundaries. Several of these
boundaries, combined with physical stratigraphic datums, form surfaces or
marker horizons that are Lagrangian (see Chapter 6), permitting employment of
a powerful tool in the analysis of crater evolution.

The microfossil studies of OAK reference-borehole plus crater samples
provides si%nificant new information about the timing and methods of
emplacement® of materials from various biostratigraphic zones within the
materials that partially infill the crater itself., This includes for the
first time identification of sediments that were either at or within a few
centimeters of the pre-event lagoon floor. These new data have furnished
quantatative estimates of material from each zone (or group of zones) admixed
in the crater fill. These estimates include volumes and percentages of
materials originating from the deeper stratigraphic zones not involved in the
excavation of the initial crater itself and from shallower geologic units as
well. The editors emphasize that materials from stratigraphically shallower
zones pose a real problem of differentiation. For example, how does one
separate material that may have been emplaced from, say, zone CC from material
within CC that has not moved? Therefore, estimated volumes or percentages of
material that may have heen piped or otherwise moved from these shallow zones
may be underestimated, perhaps grossly.

Electron Paramagnetic Resonanace Studies (Ch. 43 Polanskey, Ahrens)

EPR spectrometry was applied to measure the peak-shock stress to which
calcitic materials were subjected during the OAK event. Most of the samples
analyzed can be characterized as either unshocked or very heavily shocked,
with few samples showing intermediate states. Samples of the '"transition
sand”" from OPZ-18 show the greatest concentration of very highly shocked
material, interpreted as originating in the proximity of ground zero and
plastered onto the walls of the excavational crater. Because of subsequent
collapse of the excavational crater walls and dilution by mixing with less-
shocked or unshocked materials, this lining, as a discrete stratigraphic unit,
is identifiable only in the OPZ-18 borehole. Suprisingly, none of the 26
samples from the ground-zero borehole OBZ-4 showed significant shock damage.
However, a zone containing less concentrated, very highly shocked material can
be recognized in the three transition-zone boreholes studied (OCT-5, OET-7,
and OFT-8), and its base occurs at progressively shallower depths away from
ground zero.

The term emplacement is used as a generic term to describe the deposition
of material transported from one point to another without reference to the
mechanism involved,
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Bathymetric Studies of OAK Crater (Ch. 5; Peterson, Henny)

Three pertinent base maps were digitized and processed with a computer to
facilitate analysis of the changes in the sea-floor bottom topography
(bathymetry) and corresponding volumes in the area affected by the detonation
of the OAK device (June 29, 1958) and by subsequent, longer term geologic
processes. These maps are: (1) the pre-shot Holmes and Narver (H&N) survey,
completed three days prior to the burstj; (2) the post-shot H&N map, surveyed
47 to 67 days after the burstj and (3) the USGS map, made during the Marine
Phase of the PEACE Program, 26 years after the burst,

The USGS map, in the format presented by Folger, Hampson, and others
(1986), was not amenable for comparison with the two H&N maps (even
undigitized) primarily because the USGS depth contours are given in meters
rather than feet. The irregular area common to all three base maps is shown
in Figure 5-1.

OAK is a strongly asymmetric craterj part of the asymmetry is a geologic
function of the reef being on one side of surface ground zero and the atoll
lagoon on the other. Many independent lines of evidence demonstrate that the
excavational crater was appreciably smaller and more nearly circular than the
current (or apparent ) crater. Using the standardized digitized data for the
common area of the base maps, three pairs2 of vertical-difference contour maps
were prepared. These maps show that: (1) the pre-shot topographic (geologic)
features significantly influenced not only the evolution and final size/shape
of the crater but also the initial distribution and subsequent reworking of
debris from the OAK eventj (2) the area of greatest downward displacement of
the sea floor between the two post-shot base maps is that of the inner
crater; and (3) the entire map area was lowered (and not uniformly) an
average of 23 ft by 67 days after the burst and by another 12 ft during the
next 26 years. As the surface of the lagoon and crater floor in this area was
lowered, areas of positive-difference in relief (i.e., those areas that were
higher post-shot than pre-shot) also decreased from about 27 percent by 67
days to about 14 percent 26 years later.

Two notes of caution must be clearly understood in using these maps for
quantitative estimates for cratering calculations. The first is that there is
no Lagrangian marker for the pre-event lagoon floor. The second is that the
debris volumes estimated from these maps are understated simply because the
apparent crater of OAK extends beyond the areas mapped, including the USGS
map, which ecompasses the largest area.

1 Following the glossary presented in Henry and Wardlaw (1986a), the
apparent crater is defined as the locus of the zero-difference contour line
surrounding a crater -- viz, the locus of points where the effects of an
explosion can no longer be detected when the pre-event contours are compared
with the post-event contours (fide, B.L. Ristvet.)

2 A negative- and a positive-relief-difference (called A -relief) isopachous
map was constructed for each combination of two base maps.
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Constraints on Densification and Piping for OAK (Ch. 63 Trulio)

As mentioned previously, it is established from a wide array of data that
the excavational crater of OAK had an appreciably smaller radius than that of
the apparent crater. Because crater volume is a radius-squared function, it
is evident that most of the volume of OAK is contained within its flank or
"wing'" area. What is (are) the significant mechanism(s) reponsible for
forming the wings of the large apparent craters in the PPG? Trulio presents a
number of different models dealing with the PEACE Program data bases and makes
a number of inferences about these mechanisms based on these models.

Using the data base from the gravimetry (Chapter 2), Trulio applies
mathematical analyses to the data, from a purely physical viewpoint, and
verifies Beyer's conclusion that densification (or, in Trulio's terminology,
"simple subsidence") accounts for just a small part of the formation of the
wings of OAK crater. As a best estimate, only about 8 percent of the sea-
floor drop on the wings can be attributed to density increases caused by the
burst.

Another explanation for part of the observed sea-floor lowering
phenomenon is piping, or movement (driven by gravity and density differences)
of a sediment/water slurry through conduits (cracks, fissures, etc.) to
generally shallower depths or to the surface through vents to form "sand
volcanoes"., That piping occurred associated with the OAK and KOA bursts,
particularly in the central crater region, is supported by independent lines
of evidence (see Chapter 7 for discussion). However, at issue are: (1) the
role of piping relative to other mechanisms to account for the drop in the sea
floor; and (2) the amount of material transported by this mechanism. Mean
values for the density of material piped up to the sea floor from beneath 0AK
can be derived from the combination of sea-floor base maps and gravimetry
profiles, 1If correct, this model poses limitations on the amount of material
transported out of the crater by piping. The best estimate based on this
model is that the piped and residual materials differed by only about 0.2
g/cc, a density difference that can drive piping, in Trulio's words, "but
weakly". Trulio cautions that the sequence of events leading to the transport
of piped material out of the crater is subject to interference at many
points.

It is suggested that plastic flow also should be considered as a
plausible mechanism to account for most of the phenomenon of sea-floor
lowering. Trulio points out, however, that little is known about the
displacement field around a flow crater,

See caveat in italics on page 1-8. The editors also emphasize that the
observed "subsidence" or sea-floor lowering on the wings of the Enewetak
craters studied is not reasonably attributable to one mechanism operating
alone. The lowering was caused in part by densification, in part by piping
(certainly upwardly and probably laterally as well), probably in part to
plastic flow, and possibly to other mechanisms that may not have even been
thought of yet.

1-10



Additional Studies of Geologic Crater Models (Ch. 7, Wardlaw)

The final Chapter provides an integration of the new information from the
various studies presented in the current Open—-File Report with the previously
developed analyses of PEACE Program data. Of particular interest to the
material-properties community is the formulation of a set of material-
properties units for the normal stratigraphic (geologic) sequence and a
discussion of the relationship of these units to the sedimentary packages
presented in Wardlaw and Henry (1986a, 1986b).

Using available evidence, the pre-event geology beneath the OAK and KOA
crater areas is reconstructed, including paleotopographic contour maps of
several of the more significant subsurface datums. Wardlaw points out that
topographic differences of the pre-event Holocene ground surfaces (i.e., the
pre-1958 lagoon, reef, and island surface) between the KOA and OAK area
produced differences in the surface configurations of the two craters.
Differences in cementation and structural competency of key stratigraphic
intervals beneath the surface ground zeros of KOA and OAK and the effects of
these differences on the development of the two craters are summarized.

A study of the thinning of the stratigraphic units influenced by OAK and
KOA is presented. A more comprehensive interpretation of the models for these
two craters given in Wardlaw and Henry (1986b) is developed based primarily on
the inferred pre-shot elevation of certain datums and thicknesses of
stratigraphic intervals in contrast to their post-shot attributes. The case
is ade that movement of material laterally ("lateral flow") may account for
much of the "subsidence” and formation of the wings.

An idealized succession of cratering and depositional events is
presented.
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CHAPTER 2:

ANALYSIS OF BOREHOLE GRAVITY SURVEYS AT OAK CRATER

by

L. A. Beyerl

INTRODUCTION

Borehole gravity (BHG) surveys were made in selected PEACE Program
boreholes at OAK crater on Enewetak Atoll because they provide the only means
to directly and accurately measure in situ bulk density of large volumes of
rock and sediment that surround the boreholes and to provide data to calculate
the total porosity of these materials2. The differences between the density
and porosity of undisturbed atoll materials and the sediment and rock involved
in the excavational and apparent craters are crucial to understanding various
cratering phenomena. In addition, accurate and representative density and
porosity measurements of undisturbed atoll materials are important for
nuclear—event calculations. The nature of BHG measurements, rationale for
siting BHG boreholes, field techniques, and preliminary (apparent) BHG density
data and calculated porosity values are given in Beyer, Ristvet, and Oberste-

Lehn (1986).

This report presents the models used to correct the apparent (BHG)
density and porosity data for large-scale lateral density changes across the
reef margin (due to natural facies changes) and for smaller-scale lateral
density changes due to cratering phenomena. Corrected BHG density data and
calculated porosity values are described in terms of their modification due

to cratering processes.

Ancillary topics include: (1) general results of the BHG survey in the
E-1 borehole on Medren (ELMER) Island (Appendix 2-1), (2) brief comparison of
estimates of density and porosity from BHG, gamma-gamma, and neutron logs, and
(3) relationship between grain density and BHG porosity in undisturbed atoll
materials. A short description of how average interval grain density was
determined from the x-ray mineralogy and organic analyses studies of core
samples is found in Appendix 2-2.

The locations of 0AK crater and E-1 and F-1 deep boreholes referred to
later in this chapter are shown in Figure 2-1. Locations of boreholes drilled
at OAK crater during the PEACE Program are given in Figure 2-2, along with a
table that summarizes pertinent information about the boreholes in which BHG
surveys were made. Locations of two cross sections presented later in the
chapter also are shown in Figure 2-2.

1Branch of Sedimentary Processes, U.S. Geological Survey, Menlo Park, CA.
2Bulk density and total porosity are abbreviated as density and porosity in

this Chapter. Porosity is calculated from a combination of in situ density
and grain-density data derived from x-ray mineralogic analyses.
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The efficacy of BHG surveys to determine subtle density differences at
OAK crater depends in great part on the precision of the field measurements.
This is determined by making repeated Wg/Wz measurements over the same depth
interval. Of 98 intervals surveyed in six boreholes, 8 percent were repeated
four or more times, 81 percent were repeated three times, 10 percent were
repeated two times, and 1 percent were not repeated due to operational
constraints. These repeated Wg/Wz measurements indicate that the precision of
the surveys is quite high and fully adequate for the purposes of the 0AK study
(fig. 2-3). Standard deviations of repeated measurements are given in column
3 of Tables 2-2 through 2-7 (located at the end of the current Chapter), are
illustrated graphically on BHG density and porosity profiles in subsequent
figures, and are explained in Appendix 8-2 of Beyer, Ristvet, and Oberste-Lehn
(1986).

BOREHOLE GRAVITY ANALYSIS

The analysis of BHG measurements at OAK crater follows the only logical
path available in the absence of independent data such as a detailed surface
gravity anomaly map and reliable density data from gamma-gamma and/or core
measurements. BHG measurements are corrected for recognizable lateral density
variations so that the corrected BHG densities are reasonably accurate
measures of the atoll materials within a few tens to a few hundreds of feet of
each surveyed borehole. Then, comparisons of density (and porosity) can be
made between different boreholes in and near OAK crater.

Corrections can be made rationally for submarine topography (Beyer,
Ristvet, and Oberste-Lehn, 1986), for large-scale lateral density changes
across the reef margin that are caused by natural facies changes, and for
smaller-scale lateral density changes related to cratering processes. A
summary of the range of corrections calculated and applied to the BHG surveys
is given in Table 2-1. 1Individual corrections are presented in Tables 2-2
through 2-7, located at the end of the Chapterl.

Corrections cannot be made for even smaller-scale lateral density changes
on the order of tens to about a hundred feet distant from each borehole,
because data needed to model these very small density changes were beyond the
scope of the PEACE Program. We will note where these very small-scale effects
may be present. Neglect of them does not impair the objectives of the BHG
phase of the PEACE Program.

Please note that these corrections are computed as vertical gravity
gradients which, when multiplied by 0.25 k, where k is the Newtonian
gravitational constant, become density corrections in g/cm3. Lateral density
variations that cause a downward positive vertical gravity gradient result in
a positive density correction, whereas a downward negative gradient causes a
negative density correction (see Appendix 8-2 of Beyer, Ristvet, and Oberste-
Lehn, 1986).

1A11 tables are located at the end of the Chapter.
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20 T 1 !

15 F -

n= 83

 meani=.009 g/om® . |

FREQUENCY

0] .01 .02
STANDARD DEVIATIONS OF REPEATED

Ag/Az MEASUREMENTS

(expressed in g/cm3)

FIGURE 2-3. - Distribution of 93 sets of repeated Ag/Az measurements during
borehole §ravity surveys in OAK boreholes, expressed in g/cms. Mean 1is

.009 g/cm® and is a measure of the high quality of the borehole gravity
surveys (Beyer, 1968; Black and Herring, 1983).
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LARGE-SCALE LATERAL DENSITY CHANGES ACROSS REEF MARGIN

A substantial body of work by many investigators at modern Pacific atolls
has shown that forereef and reef core facies generally are more highly
cemented (and therefore denser) than lagoon facies, and that atoll reefs
generally prograde seaward (e.g., Buigues, 1985). These relationships are
believed to be present along the northwest margin of Enewetak Atoll according
to B. L. Ristvet, who provided the author with a sketch of the probable
distribution of facies and densities across the reef margin at OAK crater.
Other PEACE Program studies (Folger, 1986a) and earlier work at Enewetak,
especially deep boreholes E-1 and F-1 and the XEN series of boreholes on
Engebi Island (Ladd and others, 1953; Ladd and Schlanger, 1960; Couch and
others, 1975), led to this assessment of atoll margin structure. Densities
provided by Ristvet were wmodified slightly using the BHG densities from the
E-1 borehole on Medren Island (see Appendix 2-1).

Deeper density contrasts (e.g., between the volcanic core and overlying
carbonate rocks of the atoll) and possible incomplete isostatic compensation
of the atoll also can affect the vertical gravity gradients (and BHG
densities). Corrections for these possible effects are almost certainly
negligibly small and, if determined, would cause only a very small, constant
de-type shift of all density data. The absence of even a rudimentary surface
gravity anomaly map and more detailed deep borehole data prevent any attempt
to examine these effects.

The two-dimensional density model prepared for the atoll margin at OAK
crater is shown in Figure 2-4. Vertical gravity gradient corrections were
calculated for the two-dimensional model with a well-established algorithm
(Talwani and others, 1959) that has been modified for borehole gravity
applications. These corrections are given in column 5 of Tables 2-2 to 2-7
and probably are unnecessary but their magnitudes needed to be evaluated.

CORRECTION FOR LATERAL DENSITY CHANGES DUE TO CRATERING PROCESSES

Lateral density variations due to cratering processes also can affect the
BHG densities and, therefore, were evaluated. The model used to correct for
these crater-related lateral density changes was developed along the southwest
transect from OPZ-18 to OOR-17 by using BHG densities (corrected for submarine
topography and large-scale density changes across the atoll margin) and a
correlation cross section prepared by D. Oberste-Lehn and modified by B. R.
Wardlaw (fig. 2-5; correlation cross section CD, fig. 2-6, also was prepared
by Oberste-Lehn and Wardlaw). The density model is shown in Figure 2-7 and
was assumed to have circular symmetry about OPZ-18. Trial gravity
calculations taking into account the departure of OAK crater from circular
symmetry about OPZ-18 (based only on correlation cross sections) showed that
the assumption of circular symmetry is valid. The size of the corrections due
to crater-related lateral density changes is so small that the question of
true three-dimensionality versus circular symmetry about OPZ-18 is academic.
The question of the actual crater density structure along cross section CD
remains. A very careful sea floor gravity survey or more BHG drillholes and
surveys would shed light on this question.
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In order to perform density calculations using the model shown in Figure
2-7, the assigned densities must be recast as density contrasts relative to
the surrounding medium. The density of the surrounding atoll material was
determined from the BHG density profiles of reference boreholes OOR-17 and
OSR-21 which were assumed to be unaltered by crater-related processes. The
density model for the surrounding medium is summarized in Table 2-8, and
values are shown along the left side of Figure 2-7. These reference density
values were subtracted from laterally juxtaposed crater density model elements
to arrive at a density contrast model.

Corrections to the BHG densities in OPZ-18, 0TG-23, 0QT-19, and ORT-20
were calculated from the density contrast model using a well-established
algorithm for three-dimensional density elements (Plouff, 1976) modified for
borehole gravity application. These corrections proved to be very small
(column 6, tables 2-2 through 2-7), which could be predicted from the gentle
dips of the density element boundaries as shown in Figure 2-7.

CORRECTED BOREHOLE GRAVITY DENSITY AND POROSITY AND COMPARISON
WITH GAMMA-GAMMA AND NEUTRON DATA

Tabular and graphical summaries of BHG density and porosity with error
estimates, grain densities with error estimates and interval-averaged density
and porosity from gamma-gamma and neutron logs are presented in Tables 2-2
through 2-7 and Figures 2-8 through 2-13. Open-hole well log curves also are
shown in Figures 2-8 through 2-12. Interval-averaged neutron porosity is not
graphically displayed in Figures 2-8 through 2-12 because of a systematic
error that has made all values too large. 1Interval grain density profiles are
derived from individual grain density values, examination of open-hole well
logs, and descriptions of cores and samples, sedimentary packages, and
boreholes (Henry and Wardlaw, 1986; Wardlaw and Henry, 1986a; Holloway and
Young, 1986). Errors in interval grain density are only estimates that may be
increased or decreased with further information about the mineralogy of
individual intervals, particularly intervals with both aragonite and calcite.

A number of questions about the reliability of the gamma-gamma density
and neutron porosity logs run in OAK boreholes were raised during the analysis
of the borehole data. Corrected BHG density and porosity provide a reliable
standard against which gamma-gamma and neutron logs can be evaluated. 1In 0AK
boreholes, the differences between BHG density and interval-averaged gamma-
gamma density decrease with increasing depth below the sea floor (fig. 2-14).
This result agrees with the well-documented body of literature from the
petroleum industry, which indicates that shallow-penetration radiation well
logs, such as the gamma-gamma and neutron logs run in OAK boreholes, perform
poorly in loosely consolidated, highly permeable sediments where formation
damage caused by rotary drilling is almost always substantial.

Relatively good correspondence between BHG and gamma—-gamma data is
obtained for intervals deeper than 600 ft below sea level in OOR-17 and
0QT-19, and deeper than 500 ft below sea level in ORT-20 where drill-induced
borehole and formation damage is less because sediments are somewhat more
consolidated than at shallower depths (figs. 2-8, 2-10, and 2-11). More
specifically, Figure 2-14 suggests that gamma-gamma density departs
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gamma density versus depth below sea floor (bsf). Seventy differences are
from boreholes OOR-17, OPZ-18, 0QT-19, ORT-20 and OSR-21.
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unsystematically from BHG density by as much as +10 percent at depths
shallower than about 400 ft below the sea floor. At depths greater than about
500 ft below sea level, gamma—-gamma density appears to vary from BHG density
by about 2 percent or less.

Cross plots between BHG porosity and neutron porosity, gamma—-gamma
porosity and neutron porosity, and gamma-gamma porosity versus BHG porosity
confirm that the neutron data are not adequate (fig. 2-15). These cross
plots, along with Figure 2-14, emphasize the need for caution in the use of
the gamma~gamma logs for quantitative density or porosity evaluation.
Furthermore, bulk density and total porosity data derived from core
measurements should be viewed skeptically if they differ significantly and
systematically from corresponding BHG density and porosity.

NATURAL DENSITY AND POROSITY VARTATIONS OF ATOLL MATERTIALS

Natural variations of density and porosity of atoll materials represent
the background "noise" through which density and porosity changes caused by
cratering phenomena must be determined. At the volume scale of core samples
of several cubic feet, a broad range of values of densities and porosities
from virtual sea-water—filled voids to dense crystalline carbonate is
expected. At the volume scale of BHG studies (hundreds of thousands of cubic
feet——an appropriate scale for studies of large craters), one expects the
range of values of natural densities and porosities to narrow considerably
because of the averaging effect. This is confirmed by the BHG surveys at OAK
crater where the range of densities in reference boreholes OOR-17 and OSR-21
is not great.

At shallow depths in OOR-17, OSR-21, ORT-20 and 0QT-19, density
fluctuations are substantial but can be averaged to give nearly identical
values (fig. 2-16). Based on the similarity of averaged BHG densities for
OOR-17, OSR-21, ORT-20, and parts of 0QT-19, the "noise" problem connected
with natural density and porosity variations is believed to be small.
However, close correspondence between individual BHG intervals from borehole
to borehole can not be expected because of natural variations of density in
porosity.

A general systematic relationship exists between BHG porosity and
interval grain density based on data from reference boreholes OOR-17 and
OSR-21 (fig. 2-17). Back reef sediments dominated by aragonite have higher
porosities than sediments dominated by calcite. Effects on porosity caused by
mechanical compaction and grain-size distribution and uncertainty about values
of interval grain density may account for some or all of the scatter of points
in Figure 2-17. Nevertheless, the rate of change of porosity with respect to
aragonite content, as estimated by the dashed line, is almost identical to
that found by Schmoker and Hester (1986) in a study of the late Pleistocene
Miami Limestone. However, porosity values of the Miami Limestone are lower
than Enewetak back-reef sediments by about 15 percent for equivalent aragonite
content, emphasizing the different geologic settings of these two locations.

If bulk density is held constant, the mineral volume increase

accompanying simple transformation of aragonite to calcite causes porosity to
decrease by about 5 percent (line A in fig. 2-17). It is clear from Figure
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40

27 28 2.9
INTERVAL GRAIN DENSITY (G/CM3)

FIGURE 2-17., - Interval grain density versus BHG porosity. Data from refer-
ence boreholes OOR-17 and OSR-21. Line A shows decrease in porosity (due
only to mineral volume increase) during transformation of an aragonite-
bearing sediment to calcite-bearing sediment, assuming 100% aragonite
sediment has porosity of 58.5%, and bulk-density is held constant.
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2-17 that calcite solution and recrystallization, deposition of externally
derived carbonate cement, some compaction, and other processes during well-
documented cycles of atoll emergence and submergence (Ristvet and others,
1974; Tracey and Ladd, 1974) also have contributed to porosity loss in the
back-reef sediments around OAK crater.

DENSITY, POROSITY, AND MASS CHANGES RELATED TO CRATERING PHENOMENA

A corrected BHG density and porosity model of the south-southwest
transect of OAK crater is shown in Figure 2-18. This generalized model
closely, but not exactly, follows the disconformity, facies changes, and
geologic crater zone correlations defined by Wardlaw and Henry (1986a,b). The
density elements of this model are based on the interval divisions of the BHG
surveys that were selected during field work prior to knowledge of the exact
downhole locations of the geologic boundaries. Intervals of BHG density and
porosity have not been divided to correspond to the geologic boundaries
because such divisions would be arbitrary in the absence of gravity station
readings at the downhole locations of the geologic boundaries. Furthermore,
BHG density and porosity are based on mass/volume characteristics that may or
may not coincide with divisions based on the geologic characteristics of the
sediments. This is clearly seen in Figure 2-5 where a significant number of
major BHG density changes occur between, rather than at, the geologic
boundaries defined by Wardlaw and Henry (1986a,b). Lack of exact depth
correspondence of geologic and density/porosity models does not interfere with
comparisons of geologically equivalent intervals between boreholes (figs. 2-16
and 2-19). (Application of the borehole gravity data to the geologic
interpretation of OAK crater is expanded in Chapter 7 of the current Open-File
report.)

A primary goal of the BHG phase of the PEACE Program was to determine if
densification in crater-flank regions could account for observed sea-floor
subsidence. BHG surveys were made in transition-zone boreholes 0QT-19 and
ORT-20 to investigate possible densification. There is considerable variation
of BHG density and porosity in the upper parts of these boreholes but averages
over larger intervals show that the sediments are not now appreciably denser
than in the reference boreholes OOR-17 and OSR-21 (fig. 2-16).

Because documented subsidence of the sea floor at 0QT-19 and ORT-20
cannot be explained by densification of the upper few hundred feet of
underlying sediments alone, mass displacement from this region and
densification of deeper materials probably occurred. Selective removal of
finer fractions in this way could be investigated by comparing grain-size
distributions of core samples from 0QT-19 and the reference boreholes. Slight
but definite densification and porosity decreases are present at greater
depths in 0QT-19 (figs. 2-16 and 2-19).

Unmistakable densification and porosity diminution are inferred in
boreholes OTG-23 and beneath 292 ft below sea level in OPZ-18 (figs. 2-16 and
2-19). 1Independently documented mass transport (Wardlaw and Henry, 1986b)
also can be quantified with the BHG density and porosity data. For example,
the mass columns at 0QT-19 and OPZ-18 are mass deficient by 3 to 5 percent and
6 to 8 percent, respectively, when compared to the mass column at reference
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(Beyer, Ristvet, and Oberste-Lehn, 1986); (2) generalized two-dimensional
density variations associated with large-scale facies changes and diagenesis
across the reef margin (fig. 2-4); and (3) generalized three-dimensional
density changes due to cratering processes (fig. 2-7). Corrections range from
.067 to .156 g/cm3 for submarine topography, .018 to .025 g/cm3 for two-
dimensional density variations across the atoll margin, and +.025 to —-.021
g/cm3 for generalized three-dimensional density changes due to cratering
(tables 2-1 through 2-7).

The following conclusions can be drawn from the corrected BHG densities
(fig. 2-5), the derived crater density model (fig. 2-18), and comparisons of
corrected BHG density and porosity of geologically equivalent intervals along
the south-southwest transect from OOR-17 to OPZ-18 (figs. 2-16 and 2-19):

1. Large natural variations of density and porosity of atoll materials are
well-known from numerous geological observations at scales of cubic inches
to hundreds of cubic feet. Serious concern was expressed prior to this
study that these natural variations of density and porosity would obscure
those due to cratering phenomena. The shallow portions of the BHG density
profiles from OOR-17, OSR-21, ORT-20, and 0QT-19 suggest that this concern
may be well-founded when attempting to compare shallow vertical intervals
in different boreholes that are on the order of tens of feet thick (fig.
2-5). However, averages of BHG densities over larger vertical intervals
show that natural variations of density and porosity tend to average out
so that valid lateral comparisons of geologically equivalent intervals can
be made (figs. 2-16 and 2-19). Also, over the depths surveyed in 0AK
boreholes, the range of natural variation of density and porosity appears
to decrease slightly with depth, allowing valid comparisons of smaller
vertical intervals with increasing depth (fig. 2-5). These results are
based solely on BHG surveys made on a trend nearly parallel to the reef
along which facies and density changes are believed to be minimal.

2. The shallow section beneath the crater-flank region penetrated by 0QT-19
and ORT-20 is not appreciably denser than the equivalent section
penetrated by the more distant reference boreholes OOR-17 and OSR-21 (fig.
2-16). Crater-flank subsidence in this area cannot be explained by
densification of this shallow section, but probably involved mass removal
and densification of a larger vertical interval. Slight densification is
evident at greater depth in 0QT-19 but cannot be confirmed at greater
depth in ORT-20 (figs. 2-16 and 2-19).

3. Atoll material penetrated by O0TG-23 within the excavational crater is
significantly denser over the surveyed intervals than the geologically
equivalent sections penetrated by reference boreholes OPR-17 and OSR-21
and crater flank boreholes ORT-20 and 0QT-19 (figs. 2-16, 2-18, and
2-19). Porosity reduction also has occurred as a result of cratering
processes.

4. At the bathymetric center of OAK crater, the section penetrated by OPZ-18
is dominated by cratering effects. Major discontinuities of BHG density
and porosity occur midway through crater zones b, _ and B3. Beneath the
second discontinuity midway through zone B3, and extending at least to the
J/K biostratigraphic boundary, a large amount of densification and
porosity reduction has resulted from cratering processes (figs. 2-16 and
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2-19). 1In the lower part of this densified interval, the low BHG
densities compared to the indicated thinning of geologic units means that
major amounts of mass have been removed (fig. 2-19). Densification and/or
mass removal appears to extend beneath the depth of the BHG survey in
OPZ-18, and may be evaluated by careful study of the lower portions of the
gamma-gamma density logs from OAM-~1/0AR-2, OBZ-4, OCT-5, and OOR-17.

Mass deficiencies of about 3 to 5 percent at 0QT-19, and 6 to 8 percent at
OPZ-18 are indicated from mass column calculations that utilize BHG
densities at OOR-17, 0QT-19, and 0OPZ-18.

Other conclusions of this study are as follows:

In reference boreholes OOR-17 and OSR-21, back-reef sediments dominated by
aragonite have higher porosities than materials dominated by calcite (fig.
2-17). The mineral volume increase that accompanies the transformation of
aragonite to calcite is not sufficient to explain the observed decrease in
porosity. Not surprisingly, other diagenetic processes, such as calcite
solution and recrystallization and deposition of externally derived
carbonate cement, must have contributed to (or dominated) the observed
natural decrease of porosity that accompanies the transformation of
aragonite to calcite in these back-reef materials.

The BHG survey in the E-1 borehole on Medrin (ELMER) Island provided BHG
densities of the shallow section that differed only slightly from those
measured across Enewetak Atoll at OAK crater (figs. 2-1 and 2-20). BHG
densities of the deeper section in the E-1 borehole were important to the
construction of the two-dimensional density model of the reef argin (fig.
2-4). The BHG survey in the E-1 borehole also revealed a cyclical pattern
of density and porosity that may be due to diagenesis caused by repeated
periods of atoll emergence and submergence since middle Miocene (fig.
2-20).

BHG measurements permit examination of volumes of materials measured in
hundreds of thousands of cubic feet. Unlike conventional, shallow
penetration gamma-gamma and neutron logging methods, the large volume of
material examined by the BHG method makes it immune to formation damage or
borehole rugosity that commonly occurs when drilling through loosely
consolidated, highly permeable strata or alternating soft and hard beds.
Not unexpectedly, BHG density and porosity in the OAK study are about an
order of magnitude more reliable than the next most reliable density or
porosity logging method, the gamma—-gamma density log, at depths less than
about 400 ft below the sea floor in the five 0AK boreholes where
comparisons were possible (figs. 2-8 through 2-12, 2-14, and 2-15).

This first BHG study of the carbonate deposits of an atoll island and of

the materials beneath a large nuclear crater affirms the unique ability of
borehole gravimetry to evaluate the density and porosity of heterogeneous
and/or loosely consolidated geologic formations.
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TABLE 2-1. -- Range of corrections for lateral density changes calculated from
submarine topography and density models for six BHG surveys at OAK Crater,

Range of Corrections Expressed in g/cm3 Due to

Submarine Large-Scale Lateral Smaller-Scale Lateral
Borehole Topography Density Changes Across Density Changes Related
Reef Margin to Cratering Processes
OOR-17 .156 to .144 .021 to .019 negligible
OPzZ-18 .118 to .067 .025 to .021 .025 to -.021
oQr-19 .145 to .135 .024 to .020 .008 to -.004
ORT-20 .140 to ,130 .023 to .020 .005 to -.005
OSR-21 .137 to .126 .020 to .018 negligible
0TG-23 .122 to .108 .022 to ,024 .019 to ,014
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TABLE 2-2.--(on adjacent page) Bulk density, porosity, and grain density
obtained from borehole gravity, gamma—-gamma, and neutron measurements in
borehole OOR-17 and from analysis of cores taken from OOR-17. Gamma-
gamma and neutron data averages over depth intervals of BHG survey.
Grain densities were calculated by the procedure described in Appendix

2-1 using data from Tremba and Ristvet (1986) and Ristvet and Tremba
(1986).

—
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TABLE 2-~3.-~(on adjacent page) Bulk density, porosity, and grain density
obtained from borehole gravity, gamma-gamma, and neutron measurements in
borehole OPZ-18 and from analysis of cores taken from OPZ-18. Gamma-
gamma and neutron data averages over depth intervals of BHG survey.
Grain densities were calculated by the procedure described in Appendix

2-1 using data from Tremba and Ristvet (1986) and Ristvet and Tremba
(1986).
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TABLE 2-4.--(on adjacent page) Bulk density, porosity, and grain density
obtained from borehole gravity, gamma-gamma, and neutron measurements in
borehole 0QT-19 and from analysis of cores taken from 0QT-19. Gamma-
gamma and neutron data averages over depth intervals of BHG survey.
Grain densities were calculated by the procedure described in Appendix

2-1 using data from Tremba and Ristvet (1986) and Ristvet and Tremba
(1986).

————
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TABLE 2-5 (On opposite page). —— Bulk density, porosity, and grain density
obtained from borehole gravity, gamma—-gamma, and neutron measurements in
borehole ORT-20 and from analysis of cores taken from ORT-20. Gamma-gamma
and neutron data averages over depth intervals of BHG survey. Grain
densities were calculated by the procedure described in Appendix 2-1 using
data from Tremba and Ristvet (1986) and Ristvet and Tremba (1986).
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TABLE 2-6 (On opposite page). —- Bulk density, porosity, and grain density
obtained from borehole gravity, gamma-gamma, and neutron measurements in
borehole 0SR-21 and from analysis of cores taken from OSR-21. Gamma-gamma
and neutron data averages over depth intervals of BHG survey. Grain
densities were calculated by the procedure described in Appendix 2-1 using
data from Tremba and Ristvet (1986) and Ristvet and Tremba (1986).

2-48



*3u90393 Uy TRAILUT yIdep Jo3 K3ysozod uvoizneu abevieay i wannd

¥1 uwnyod) A3jsuep vwweb-wwweb wolj peleInoTEd Juscaad uy X3ysorod veweS-vumed €1 waniod

.nlo\m uy Teazejuy yadep 303 AITsuep veweb-vemreb sbeieav Z1| wanyod
*(g uwwnyod) Kyysuep

2p pIVPUNIS wWO1] peIeInoTed) juenied A3ysoxzod uy A3ysozod pEE uy Ajureiraedsun 11 uvantod

K3Tsusp uteab ‘(; uwnyod) A3jsuep DRE WOIZ PIWINOTED Jusdzed up A3ysozod ome ot wanyod

.nlO\v £0°1 jJo Aaysuep zejem-wes puw (g wwniod) A3ysu

uteah uwem uy Ajuyeizeoun puv (§ uwniod) A3ysuep DAY
.nlb\m €0°t 30 Kaysuep lejem-ess pue |

.mﬂo\m uy Aaysuep uyesh uewm uy AJuTelIOUN PRINWTIAISI 6 wangod
*{z°t xjpuaddy ees) sesiywur woyIyuby-uvo-ssol

pue uUOTIDRIIITP Awx-x woi] perwaTIse sebeiuaoaed 3Ju pue TeIauTw WO} POIRTNOTED) nIO\m Uy TeAze3uy y3idep 203 A3ysuep uyeabd :-!h 8 wmanyod
* BUBEBOO0T!

buyaezeid pue sebuwyo sejoe] ojboroedb O3 enp sUOTY " Teze3ey puv Aydezbodol BUTIVWKNE J0J UOTIDLII0O I233je wo/b uy X3ysuep HHE L wnyw)
*(L°7 ®Inbj3 wes) g|- nmo anoqe TedTIJoumuks

y Kytsusp Teaeley 103 .mﬂO\o uy pesesidx®) UOTIDWII00 Juetpezb K3yamib [wOyIAeA 9 uwnyod

sq 03 P pue 28 pejelei-ze3ead Aq pesned
*(¥°z ®Inb1a ®9s) jJeal Iyl ssoidw sebuwyd

sa1ow} uaooaorm Xq pesneo (IRUOTSUSETP-OA3 oq O3 pouUmMEWE}: X3yeusp Teizejel 107 . wo/b UT pesseldxe uOT3IOEI100 JueTpeIb A3TAawab Tesyazes ¢ wantod
*(ZL6l ‘03¥qI0D puw Ieieg °ue. *1 3o Xaysuep nITA 1030A wes Bujovides Aq peIRTROTEO UOTIORNIICD °(BISIBWOTTY

£°99]) S9TTW 83INIWIB G°£0f JO SOURIBTP (eIPeI ® OF; 03 PUTIWNS I0j ( WO/Db U pessaidx’) uOTIODBII00 JURTpeRib X3TAwib TwOTIILA y wangod

s mo/b uy vcnmUumxo sjusweiansesw 2zy/6 ¢ peawadaz jJo uOTIRTAIP pIVPUEIS € uwniod

* (s9pT3 snl ; 331Ip vcamuoﬂumua.:do jusmnI3BUT 107 PeIdDRII0D) nlo\o ut A3jsuep SR IJusreddy z umniod

aD. [eAsY we8 moTeq 1823 Uy Tvazajut yided | uwniod
1
~N
o

2] ‘0 €S b1 11 1°6¥ 4 9861 "0 020" LET® 020 628°1 PCh-"VOV

ﬂ ‘0 8°09 L1 6°0 €6V Z 261 0 020" LET® 910" S9L°1 ‘vov-"v8E

‘0 1°6S €8°T $°0 L° 1S 4 688°1 "0 610° 9€T1” L00" PEL'T "PBE~-"PSE

"0 T°8S 8L°T S°0 0°2s -2 068°T ‘0 610° SET” 600° 9€L"T “PGoE-"PZE

"0 T°€S L8’'t $°0 1°2S 4 888°T "0 610° PET” 800° SEL'T ‘bZE-"V6C

"0 0°2s 88°T S0 €789 4 SP6°1 *0 610" 2ET” 600° boL"T ‘P6C-"992

‘0 S ¢S L8°1 b0 1°06S § 2 €T6°1 ‘0 6T0° T€T” Lo0" €9L°1 ‘v92-"vET

‘0 6 ¢S 88°T S°0 6 VS 4 LES'T R ‘0 6T0° 62T° 600° 689°T "PEZ-"60C

‘0 1°18 06°1 870 AN 4% 4 SPe°1 ‘0 610° 821"’ $10° 869°1 ‘602-"98T

‘0 8° S €8°T 0°T L 6V R'C 026°T 0 810" 921" 8T0° 9LL"1 ‘P8T-"6ST

‘0 0°8t 96°1 2°0 ¥ 9b 686°1 "0 8T0° 9¢1- 00" S¥P8°T "6GT-"PET

14} €l [4] ) ol L 9 S 14 € 4 l




TABLE 2-7 (On opposite page). —— Bulk density, porosity, and grain density
obtained from borehole gravity, gamma-gamma, and neutron measurements in
borehole 0TG-23 and from analysis of cores taken from 0TG-23. Gamma-gamma
and neutron data averages over depth intervals of BHG survey. Grain
densities were calculated by the procedure described in Appendix 2-1 using
data from Tremba and Ristvet (1986) and Ristvet and Tremba (1986).
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- Table 2-8. -— Density model for atoll material surrounding OAK crater. Den-
sity layers are averages of BHG densities from OOR-17 and OSR-21 and are

contrasted with the crater density model of Figure 2~7, Averaged grain den-
sities and BHG porosities are also shown.

Approximate Depth Averaged BHG Averaged Grain Averaged BHG
Interval Density Density Porosity
(feet below sea level) (g/cm3) (g/cm3) (%)
134 - 410 1.92 2,81 50
410 - 587 1.98 2,73 44
587 - 747 2.01 2.84 46
750 - 962 2.09 + .03 (estimate from gamma-gamma log run in
OOR-17)
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APPENDIX 2-1

BOREHOLE GRAVITY SURVEY, BOREHOLE E-1, MEDREN ISLAND

The BHG survey in borehole E~1 on Medren (ELMER) Island (see fig. 2-20)
was conducted in April, 1984, by the U.S. Geological Survey to determine if
reliable BHG data could be gathered in the microseismic environment of an
atoll and to evaluate the range of natural density variations of reef-forming
materials. Near-surface vibrations caused by wave action were minimal and the
repeatability of BHG measurements generally was excellent. The tabulated data
for this survey are given in Beyer, Ristvet, and Oberste-Lehn (1986).

The borehole gravity survey in the E-1 borehole shows that the bulk
density of atoll materials to a depth of 1,800 ft ranges from about 1.9 to
about 2.3 g/cm3 and averages slightly more than 2.0 g/cm3 at the scale
examined by the BHG survey. Several density patterns are evident.

1. Higher densities between 1,140 and about 1,290 ft correspond to harder
rocks as indicated by slower drill rates (fig. 2-20).

2., The gravity station at 1,410 ft (point labeled "A" in fig. 2-20) probably
is in close proximity to a sizable cavern that has caused measured gravity
to be unexpectedly low. This one anomalous gravity reading incorporated
into the overlying and underlying density calculations explains the
generally high and low densities of the two adjacent intervals.

3. A repeated pattern of density variations (labeled "1" through "5" in fig.
2-20) may be due to facies changes and/or diagenesis associated with
relative sea-level changes. These repeated patterns of downward decrease
in density (increase in porosity) followed by more abrupt increase in
density (decrease in porosity) should be examined for possible correlation
with available geologic data.

Densities in the upper 600 ft are slightly higher than the densities over
the same depth interval in PEACE Program reference boreholes OOR-17 and OSR-21
at OAK crater. Part of this may be due to the E-1 borehole being much closer
to the ocean edge of the reef than are OOR-17 and OSR-21. Boreholes OOR-17
and OSR-21 are more likely to be in a less dense, more lagoonward facies.
Corrections for submarine topography are more critical at the E-1 borehole
because of its closer proximity to the outer reef slope than the PEACE Program
boreholes. Unfortunately, bathymetry is less well known adjacent to the E-1
borehole, and some of the density differences between E-1 and OOR-17 and
OSR-21 may be due to errors in corrections for submarine topography at E-1.
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FIGURE 2-20 - BHG density profile for borehole E-1, Medren (ELMER) Island.
Drilling time profile and geologic ages are from Ladd and Schlanger
{1960). Large interval averages of density along righthand depth scale
correspond to vertical dashed lines. Diagonal dotted lines labeled "1"
through "5" designate suggested repeated density (porosity?) cycles.
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APPENDIX 2-2

DETERMINATION OF INTERVAL GRAIN DENSITY

An estimate of interval grain density is needed before BHG porosity can be
calculated from BHG density. Grain densities of individual core samples were
estimated from x—ray mineralogy and organic analyses by Tremba and Ristvet
(1986) and Ristvet and Tremba (1986) and are shown in Figures 2-8 through
2-13.

An example of how grain density was calculated from x-ray mineralogy and
organic analyses follows. Calcite (and magnesium calcite), aragonite, and
organic matter were assigned grain densities of 2.72, 2.93, and 1.00 g/cm3
respectively. If organic matter was present and measured in weight percent of
dry solids (generally 3 percent or less), the remainder of the dry sample was
assumed to consist of inorganic material (generally 97 percent or more).

Thus, for a sample with the analysis

Calcite Aragonite Organic Matter
(wt %) (wt 7%) (wt %)
29 71 2.5

The grain density is
[(.29)(2.72) + (.71)(2.93)](1-.025) + .025 = 2.82 g/cm3

If the sample had no measurable organic matter, the grain density is
(.29)(2.72) + (.71)(2.93) = 2.87 g/cm3

The plots of grain densities of core samples were generalized to average grain
densities for BHG intervals as shown in Figures 2-8 through 2-13. Grain
densities averaged by sedimentary packages by Tremba and Ristvet (1986) were
too generalized for the BHG data. Uncertainties of .02 or *.04 g/cm3 were
assigned in order to estimate errors in porosity calculations (columns 8, 9,
11 of Tables 2-2 through 2-7; also see Appendix 8-2, Beyer, Ristvet, and
Oberste-Lehn, 1986).
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CHAPTER 3:

PALEONTOLOGIC EVIDENCE FOR SEDIMENTARY MIXING
IN OAK CRATER

by

Thomas M. Cronin and Thomas G. Gibson!

INTRODUCTION

In 1985, during the course of paleontologic studies of OAK and KOA
craters, Enewetak Atoll, it was discovered that the analysis of the
distribution of microfossils aided the understanding of the dynamic processes
involved in the formation and evolution of the nuclear craters (Cronin,
Brouwers, and others, 1986; Brouwers, Cronin, and Gibson, 1986; Henry,
Wardlaw, and others, 1986; Henry and Wardlaw, 1986; and Wardlaw and Henry,
1986). These paleontologic studies were particularly useful in determining
the depth of origin (or provenance) and sedimentologic history of the
disturbed and mobilized materials that partially infilled KOA crater after the
initial excavation by the detonation of the nuclear device.

The primary purpose of the present study is to determine the composition
and provenance of crater-fill materials and the nature of sediment mixing in
OAK crater using micropaleontologic data. This study is an extension of the
paleontologic component by the U.S. Geological Survey for the PEACE Program
(Cronin, Brouwers, and others, 1986; Brouwers, Cronin, and Gibson, 1986). 1In
this study of OAK, we intend to establish the depth limits of mixing of: (1)
surficial material, (2) sediment from the uppermost 50 ft of the stratigraphic
section, and (3) material from intermediate depths (50 to 300 ft).
Furthermore, we intend to determine the pattern of "piping" of deep material
emplaced in the crater-fill from horizons 500 to 900 ft below the lagoon
bottom or sea floor. Our results are integrated with geologic and geophysical
data to form a general model of crater formation in Chapter 7 of this Open-
File Report.

MATERIAL AND METHODS

To accomplish our objectives, detailed restudy of samples from reference
boreholes OAR-2A and OOR-17 was necessary to refine our zonation of the
microfaunal sequence in the upper 400 ft of the stratigraphic section (for
discussion of the succession of microfaunal zones used on Enewetak, see
Cronin, Brouwers, and others, 1986, and Brouwers, Cronin, and Gibson, 1986).
The laboratory and biostratigraphic procedures used herein are the same as
those described in the reports cited above. Microfossils were extracted from
sediment between 63 and 850 um in grain size. Samples from two central-crater
(ground-zero) boreholes (0BZ-4 and OPZ-18) and three transition boreholes

1 Branch of Paleontology and Stratigraphy, U.S. Geological Survey,
Reston, VA 22092.
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(0CT-5, OFT-8, and OKT-13) were examined in detail for the mixing study of OAK
crater. Table 3-1 lists the depths of all 159 samples studied.

Throughout this report, depths of zonal boundaries are occasionally
rounded off to whole numbers for convenience. Of course, the accuracy of any
particular faunal zone is limited by the resolution of the sampling interval.

STANDARD MICROFAUNAL SEQUENCE

Quantitative data on the occurrence of diagnostic ostracode species
(Appendices 3-1 and 3-2) and semiquantitative data on benthic foraminifers
(Gibson and Hill, in preparation) from boreholes OAR-2/2A and OOR-17 were used
to improve the standard zonation of Cronin, Brouwers, and others (1986) and
Brouwers, Cronin, and Gibson (1986), in which 12 faunal zones, designated AA
through MM, in descending order, were defined. 1In addition, the percent of
specimens of the ostracode Neonesidea schulzi with preserved setael was used
as a new measure to quantify the amount of material mixed downward from the
surface. Only living or recently dead specimens of this species found in
surficial lagoon sediments have setae preserved (generally 70 to 80%).
Ostracode setae normally are degraded and destroyed by natural processes soon
after death of the organism and burial of the shell. Therefore, the
occurrence of setae in specimens below the sediment surface in the crater-fill
materials is taken to indicate mixing of specimens from the surface
sediments.

The following zones were used in the quantitative analyses of ostracodes:

Surface: The percent of Neonesidea schulzi with setae preserved.
Zone AA: The combined percentages of Hermanites mooneyi and

Loxoconchella sp. A.

Zone BB-CC: The combined percentages of Cletocythereis sp. A and
Loxoconcha heronislandensis.

Zone EE-FF: The combined percentages of Caudites sp. A, Caudites sp. B,
Cletocythereis rastromarginata, Loxonconcha labrynthica,
and Loxoconchella sp. C.

Zone FF-GG: The combined percentages of Australimoosella sp. A,
Bythoceratina sp. A, Cletocythereis canaliculata,
Procythereis sp. A, and Semicytherura sp. A.

Zone II1-MM: The combined percentages of all species restricted to zones
I1, JJ, KK, LL, and MM as determined by Cronin, Brouwers,
and Gibson (1986). In Appendices 3-1 and 3-2 at the end
of this Chapter, the totals for these species are given
in row 41. Procythereis sp. B generally occurs in zones

l Setae are small hairs that occur on the exterior of the valves of some taxa
of ostracodes.

3-2



TABLE 3-1. — Depth (ft bsf) in boreholes of samples examined during the study
of the mixing of crater-fill materials from OAK.

0AR~-2A OBZ~-4 0CT-5 OFT-8 OKT-13 OOR-17 OPZ~18
0.25 2.8 0.2 8.75 10.4 0.25 7.0
2.3 11.8 8.8 18.6 18.5 14.15 35.0
6.0 21.1 17.5 27.9 25.4 25.75 44.6
9.3 33.0 39.5 35.1 28.75 38.4 57.85
11.85 40.5 57.55 43.1 36.0 49.7 74.3
14.5 58.5 66.8 48.85 55.65 60.2 89.45
17.1 66.35 76.65 64.0 59.9 66.75 102.0
20.8 75.15 86.15 74.0 68.2 72.8 115.05
22.75 84.15 95.35 - 80.0 83.7 131.0
23.75 93.1 104.25 - - 89.8 139.7
26.05 104.55 113.15 - - 100.45 154.2
31.9 112.9 124.0 - - 101.4 169.35
34.75 121.8 132.8 - - 110.5 174.95
40.2 130.0 140.9 - - 119.1 182.3
43.55 144.5 149.65 - - 125.25 198.0
62.5 151.55 157.6 - - 131.95 207.3
74.8 166.85 166.4 - - 137.15 210.4
90.4 178.6 176.25 - - 146.1 229.95
95.8 186.8 186.0 - - 154.25 232.1
115.1 193.6 - - - 165.6 239.15
127.8 196.5 - - - 173.05 -
134.0 205.1 - - - 184.25 -
157.45 213.9 - - - 193.6 -
171.2 225.65 - - - 200.8 ~
188.25 - - - - 209.3 -
195.3 - - - - 215.5 -
204.9 - - - - 226.05 -
212.45 - - - - 233.35 -
223.9 - - - - 239.0 -
234.6 - - - - 250.3 -
244,55 - - - - 261.5 -
246.8 - - - - 270.1 -
268.45 - - - - 285.65 -
282.55 - - - - 292.1 -
289.7 - - - - 299.15 -
337.05 - - - - 310.7 -
379.5 - - - - 320.2 -
- - - - - 331.2 -
- - - - - 339.0 -
- - - - - 367.9 -




II-MM; however, it does occur higher in the section in
single samples from OOR-17 (331.2 ft bsf) and in OAR-2A
(223.9 ft). Specimens of Procythereis sp. B in crater
boreholes are considered piped, so that the percent of
II-MM species includes species groups 36 and 41 from the
appendices.

For the companion analysis of the foraminifers, the zones used are
characterized as follows:

Surface: The presence of chitinous inner linings and original
(natural) coloration in several species.

Zone AA: The presence of Calcarina spengleri and C. hispida. Upper
AA is characterized by coloration in specimens of C.
spengleri that is not present in specimens in the lower
part of this zone, as determined from the reference
boreholes.

Zone BB: The presence of Epistominella tubulosa and Anomolina sp. A.
Zone CC: The presence of advanced forms of Calcarina rustica.
Zone EE: The presence of Calcarina delicata and primitive forms of

Calcarina rustica.

Zone FF-GG: The presence of Calcarina calcar and Cibicides sp. A.

The percentages of ostracodes for each category (excluding the Surface!
and II-MM categories) are plotted for boreholes OAR-2A and OOR-17 in Figures
3-1 and 3-2. These were used for comparison with the mixed faunal sequences
in the central crater and transition boreholes. It is noteworthy that the two
faunal sequences in OOR-17 and OAR-2A are very similar to each other,
enhancing the accuracy of estimates of the original depths of mixed specimens.

A large proportion (generally about 40 to 607 of each sample) consists of
long-ranging species not restricted to a particular zone. Some of these non-
diagnostic species probably also were mixed during crater filling.
Consequently, the percentage values for samples from crater boreholes are, in
some cases, minimum values (i.e., if mixed specimens of non-diagnostic species
could be identified, the true percentage of an assemblage from any particular
zone would be slightly higher).

In many ways, the use in the mixing study of selected species that have
acme zones (intervals of greatest abundance) is an exercise in probability.
Those species chosen as diagnostic of zones AA, BB-CC, EE-FF, and FF-GG in the
upper 400 ft of normal stratigraphic section have a high probability
(generally about 80 to 90%) that they originated from within that interval.

l Sediments from the lagoon floor or the upper several inches of sediment
below the lagoon floor itself are referred hereafter as Surface materials.
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Confirmation of a zone assignment from both fossil groups increases
significantly the probability that the zone assignment is correct.

The use of percentages of specimens from zones II-MM probably
underestimates the real percentages by no more than 5 to 10%, because far
fewer species from the upper 300 ft of section range downward into these
zones. This index of piped specimens is considered an accurate indicator of
the proportion of piped material represented in a sample. The percentage
piped from a depth interval may be considered representative of the entire
sedimentary assemblage at that level if two assumptions are correct. First,
we must assume all particles of all sizes behave the same as those between 63
and 850 um (the size range from which ostracodes were extracted). Second, we
must assume sediment particles of different shapes and densities behave the
same as the ostracode valves and carapaces. With these assumptions in mind,
and given the error margins associated with the limits to microfossils
zonations discussed above, these data are useful in making volumetric
estimates of the proportion of crater-fill sediments piped from depth.

The percentage of Neonesidea schulzi having setae is a distinct type of
index that gives an approximate estimate of the actual percentage of surface
material, at least to the extent that it can be determined from using this one
common species of ostracodes.

A large proportion of the foraminifer assemblage in most samples 1is
composed of Amphistigina madagascarensis. This species is abundant in the
modern reef environments on Enewetak and continues downward into the Miocene
strata in the Enewetak boreholes. Therefore, its occurrence alone cannot be
used for biostratigraphic determination; however, its preservation state is
indicative of its zone of origin or provenance. Translucent specimens of this
species occur only in zone AA. Below this zone (i.e., in the Pleistocene
section and in older strata), they are opaque. Thus, the occurrence of
translucent specimens of A. madagascarensis indicates that their provenance is
the Holocene section (zone AA). Many other foraminifer species also have long
ranges and cannot be placed definitely. However, the evolutionary changes in
the Calcarina lineage are most helpful for determination of the horizons,
particularly because they are among the most numerous species in the
assemblage.

In some other cases, the preservation of ostracodes and foraminifers also
is important in identifying provenance. For example, conspicuous brown
specimens of long-ranging species clearly could be identified as originating
from deeper zones II-MM. Also, in the injection dikes between 189 and 208 ft
bsf and at 233 ft bsf in OPZ-18, the preservation state is almost identical to
that of specimens in the upper part of zone AA; therefore, the origin of even
non-diagnostic species with the appropriate shell preservation can be shown
confidently to be from zone AA.

RESULTS

The following results can be shown from our current studies of samples
from OAK crater.



Central Crater (Ground Zero) Boreholes

Boreholes OBZ-4 and OPZ-18 were cored near ground zero in OAK crater; we
examined 39 and 21 samples, respectively, from each. The following is an
informal zonation of the crater—-fill materials based on the characteristics of
the mixing of microfossils. The zones of material in the crater-fill from top
to bottom are: (1) the Homogenized Zone, (2) the Upwardly Mixed Zone, (3) the
Maximum Piping Zone, and (4) the Basal Mixed Zone. The boundaries between
these zones are gradational and their depths approximate. In addition, we
examined material from several injection dikes. The results are based on the
ostracode—occurrence data given in Appendices 3-3 and 3-4, many of which are
presented graphically in Figures 3-3 and 3-4, and the benthic foraminifer data
is summarized in Tables 3-2 through 3-6, located at the end of this Chapter
immediately preceeding the Appendices. To appreciate the nature of the mixing
described in the next few pages and to see the actual percentage values, it is
useful to compare directly the '"normal" pattern of ostracodes (figs. 3-1 and
3-2) with that of the mixed sequence (figs. 3-3 and 3-4).

Homogenized Zone (0 to 40 ft). — In this interval, high percentages (50
to 607%) of Neonesidea schulzi with preserved setae and specimens of Discorbis
and Cymbaloporetta with chitinous inner linings originated from the Surface.
High percentages of AA species, low to moderate numbers of specimens from CC,
low to moderate occurrences of EE-GG species, low percentages of presumably
piped specimens of II-MM species, and 3 to 6% BB-CC mixed material also
characterize the Homogenized Zone. In general, this interval is easily
identified by its anomolously high species diversity, resulting from the
homogenization of material from virtually all zones with apparently equal
contributions from most sub—AA zones. Specimens from the Homogenized Zone are
characterized by widely varying preservation states.

Upwardly Mixed Zone (40 to 100 ft). —— This interval contains
consistently low percentages of EE-GG ostracodes and greater percentages of
piped material from zones II-MM than occur in the upper 40 ft of OAK crater-
fill. The absence of surface material is conspicuous (with the exception of a
single sample from 84 ft bsf from OBZ-4), Some samples from the Upwardly
Mixed Zone contain less AA material than the overlying Homogenized Zone; in
others, zone AA foraminifers still predominate. This interval
characteristically contains moderate amounts of BB-CC material. The boundary
between the Homogenized Zone and the underlying Maximum Piping Zone is not
sharp, although this may be due to sample spacing. However, the relative
contributions to the Upwardly Mixed Zone of foraminifers and ostracodes from
various zones are quite distinct from the rest of the crater- fill. The piped
specimens from this zone are from KK-LL and possibly from MM.

Maximum Piping Zone (100 to 160 ft). —— The highest percentages of piped
specimens (9 to 12% in both O0BZ-4 and OPZ-18) occur in this zone. LL-MM zone
foraminifers and ostracodes are common at 121.8 ft bsf in OBZ-4, where at
least eight separate ostracode species were emplaced from depth. Low
percentages of AA foraminifers are characteristic of the upper part of the
Maximum Piping Zone; however, no definite AA ostracodes or foraminifers are
recorded from below about 125 ft in OBZ~4. This interval contains low to
moderate numbers of specimens from zones CC and EE-GG. Here, piped
foraminifers are not as obvious in OPZ-18 as in OBZ-4. Anomolously large
numbers of single ostracode valves and still-articulated carapaces are broken
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in samples from the Maximum Piping Zone, suggesting a kind of shock
fracturing. The base of the Maximum Piping Zone is marked by an abrupt drop
in the percentage of piped specimens in the samples.

Basal Mixed Zone (160 to 190 ft). -~ The Basal Mixed Zone contains low
percentages of piped material, low percentages of zone AA foraminifers, and
high percentages of zone EE-FF material. Most of the sediment in the Basal
Mixed Zone probably originated from zones EE and FF.

Statistical Analysis of Crater—-Fill Materials. —— A simple linear-
regression analysis of depth versus percentage of piped specimens was
performed for samples from the upper 160 ft of 0BZ-4 and the upper 145 ft of
0PZ~18 (i.e., for all of the samples taken from above the Basal Mixed Zone in
both boreholes). This statistical analysis was conducted to further analyze
piping in the crater-fill from boreholes OBZ-4 and OPZ-18. Figures 3-5a and
3-5b show this relationship for 20 upper samples from OBZ-4 and 14 samples
from OPZ~18. A positive correlation exists with correlation coefficients of
r = 0.46 and r = 0.52, respectively. If samples from these depth intervals
containing no piped specimens are excluded (9 samples in OBZ~4, 1 in OPZ~18;
see Appendices 3-3 and 3-4), the correlation coeffecients are much higher, r =
0.64 and r = 0.93, respectively (figs. 3-5c and 3-5d). The absence of piped
specimens in some samples may be a result of the small number of specimens
that could be extracted. Nonetheless, in both boreholes there is a positive
correlation, suggesting a diminishing contribution of piped material toward
the upper intervals of crater-fill.

Injection Dikes. —- Injection dikes were sampled only in borehole OPZ-18
from 189 to 208 ft and 233 ft bsf. Well-preserved AA foraminifers and
ostracodes and many articulated, translucent ostracode carapaces occur in
these samples. Bright-red Homotrema is also common. The samples from 189.25,
198.0, and 207.3 ft bsf are composed of almost identical assemblages of
species, and the preservation is almost identical also. In these dikes,
material from BB-CC is conspicuously missing. All evidence suggests an origin
for almost all material between 189 and 208 ft from the upper part of zone AAj;
however, the lack of Neonesidea schulzi with setae argues against any material
originating from the Surface. The sample at 210.4 ft contains recrystallized
microfossils, and the samples at 229.95 and 232.1 ft bsf contain zone AA
species. These are mixed with zone EE-GG species. No piped II-MM zone
material occurs in this dike.

Transition Boreholes

Transition boreholes O0CT-5, OFT-8, and OKT-13 were sampled for
microfossils for the current mixing study.

OCT-5. ——- Samples from borehole OCT-5 were analyzed semiquantitatively
for ostracodes (Appendix 3-5) and foraminifers. Both microfossil groups,
particularly ostracodes, are much less abundant than in samples from OBZ-4 and
0PZ-18, and the following zonation is based more heavily on the foraminifers.

0-9 ft. -- Samples from this interval in OCT-5 have anomolously high
diversity, with approximately equal contributions from all mid-upper zones
(AA-GG), as was the case in the Homogenized Zone of OBZ-4 and OPZ-18. A few
piped foraminifers are found at 8.8 ft bsf.
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Figure 3-5. —- Plot of percentages of piped specimens versus depth. .

borehole 0BZ-4, upper 160

(5¢) borehole 0BZ-4

(5d) borehole OPZ-18, upper 145 ft,

(5b) borehole OPZ-18, upper 145 ft;
piped specimens omitted;

ft;
omitted.

r 160 ft, samples having no
28 having no piped specimens



39-77 ft. —— Abundant zone AA foraminifers, sparse BB-CC ostracodes, and
low percentages of EE-GG material are found in samples from these depths.

86-105 ft. -— Samples from here differ from the overlying ones in lacking
zone AA species; this interval has mostly CC-GG foraminifers; however both
ostracodes and foraminifers are extremely sparse.

113-140 ft. —— Zone AA species predominate in these samples; preservation
of the specimens is similar to specimens from zone AA and bright-red Homotrema
(indicative of zone AA) also occurs; samples from here contain low percentages
of CC-GG foraminifers.

149-187 ft. —— In this borehole, samples from this interval are almost
barren and contain no diagnostic species of either ostracodes or
foraminifers. Part of the explanation for the paucity of ostracodes may be
that zone EE (normally at roughly comparable depths in the reference
boreholes) typically contains few ostracodes in the normal stratigraphic
section. However, samples from 149 to 187 ft in OCT-5 also lack even benthic
foraminifers, which do occur in zone EE.

OFT-8. —- This borehole has diagnostic microfaunas in all samples
examined, allowing a threefold subdivision of the upper 75 ft (Appendix 3-6).

0-19 ft.-— This is a mixed interval containing material from zones AA to
probably no deeper than FF. Samples from this interval resemble the
Homogenized Zone of the upper parts of other central crater and transitional
boreholes. In the uppermost sample at 0.0 to 0.25 ft bsf, a single
foraminifer and a single ostracode specimen occur, suggesting piping from
zones JJ-MM.

27-50 ft. —- This interval consists almost entirely of material from zone
AA, as indicated by the foraminifers. The ostracode species also occur
typically in AA and are preserved like those from that zone. There is a
noticable absence of zone BB-CC material, also indicating a lack of mixing.

64-75 ft. —— At 64 ft bsf, a mixture of AA and sparse FF-GG foraminifers
occurs with typical BB-CC ostracodes. The 74.0-ft sample appears to be from
sediment that is essentially in place and consists exclusively of BB-CC
material. A detailed sampling across the interval from 50 to 75 ft would be
necessary to better document the transition into undisturbed sediments at this
borehole site.

OKT-18. —— This borehole contained highly diagnostic ostracodes and
foraminifers that allowed a fourfold subdivision of the upper 80 ft (Appendix
3-11). The results from the two fossil groups match each other more
consistently, and, thus, these zones are more definitive than in any borehole
yet analyzed.

0-19 ft. —— Samples from this interval are noted for their anomolously
high species diversity and homogenization of zone AA-GG material. These
samples resemble those from the uppermost parts of boreholes 0BZ-4, OPZ-18,
and 0CT-5. No piped specimens are found.

25-37 ft. —- These samples contained almost exclusively material from
zone AA; small percentages from EE-GG are noted from the sample at 25.4 ft
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bsf. The microfaunas from this interval resemble those from the injection
dike in OPZ-18 in both species composition and preservation.

55-66 ft. — The samples studied contain only material from zones CC-
DD. Especially noteworthy is the occurrence of Paracytheridea remanei (which
has its acme in DD in all reference boreholes) in OKT-13 at 55.65 (abundant),
59.9, and 68.3 ft. Also, the abundance of Orionina sp. at 59.9 ft is
noteworthy. This latter very distinctive species 1s abundant in OAR-2A at 62

to 75 ft, and a biostratigraphic correlation is probable for strata between
59.9 ft in OKT-13 and 62-75 ft in borehole OAR-2A.

68-81 ft. —— A typical EE-FF assemblage occurs in this interval; there is
no obvious mixing from AA or BB.

SUMMARY AND CONCLUSIONS

Our primary conclusions from the mixing study for the OAK crater area
follow:

1. Piped material: an inverse relationship exists between sample depth and
the percentage of piped material (from zones II-MM) in OBZ-4 between
the surface and 160 ft bsf and in OPZ-18 between the surface and 145 ft
bsf. Sparse piped specimens occur in the upper 10 ft of OCT-5 and the
upper 1 ft of OFT-8; no piped specimens were found in OKT-13.

2. Mixing of abundant Surface material occurs in OBZ-4 and OPZ-18 downward to
a depth of 35 ft, although sparse specimens from the Surface occur as
deep as 84 ft in OBZ-4.

3. Mixing of abundant material from zone AA is evident in OBZ-4 and OPZ-18 to
about 50 to 60 ft bsf; AA material is less common to a depth of about
120 £t bsf in both boreholes.

4. Mixing of moderate amounts of material from zones EE~GG (occurring from
100 to 300 ft bsf in the normal stratigraphic sequence) is encountered
in the upper 100 ft of the two central-crater boreholes (0BZ-4 and
OPZ-18) and in the upper 20 ft of the transition boreholes. Mixing of
BB-CC material is less significant than that of EE-GG material in all
boreholes.

5. An apparent injection dike between 189 and 208 ft bsf in OPZ-18 contains
almost exclusively AA microfossils. In addition, sediment from these
dikes is greenish-gray, like that from the normal AA section.
Distinctive microfaunas at 25 to 37 ft in OKT-13 and 27 to 50 ft in
OFT-8 are extremely similar to those in this injected OPZ-18 material,
although it is not clear if they are genetically related.

6. A Homogenized Mixed Zone containing approximately equal proportions of
AA-GG material is a general characteristic of all central-crater
(ground-zero) boreholes (down to 40 ft) and in transition boreholes
(down to 20 ft).
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7. The overall consistency between the ostracodes and foraminifers and our
ability to quantitatively revise the standard and mixing zonations to a
high degree of resolution gives us confidence that the only limits to
our ability to further refine zonations of mixed material, to more
accurately identify provenance, and to improve volumetric computations
of mixed materials are manpower constraints and sample/core recovery.
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Table 3-2.--Summary of foraminifer occurrences in OAK crater borehole OBZ-4.

DEPTH
(£t bsf) FORAMINIFER DATA

2.8-3.05 Mostly AA, some mixing from CC-GG (most likely CC), piping
from KK-MM.

11.8-12.05 Mostly AA, moderate amount of CC-GG (most likely CC), piping
from JJ-KK.

21.1-21.35 Moderate amount of AA, some CC and EE-GG, piping from II-KK.

33.0-33.25 Mostly AA, mixed with minor CC.

40.05-40.3 Moderate amounts of AA, CC, and EE-GG, moderate amount of

58.50-58.75
66-35-66- 60
75.15-75.4

84.15-84.4
93.1-93.35

104.55-104.8
112.9-113.15

130.0-130.25

166.85-167.1
178.6-178.85

186.8-187.05
193.6-193.85
196.5-196.75
205.1-205.35
213.9-214.15
225.65-225.9

piping from II-LL.

Mixed AA, CC, and EE-GG, moderate amount of piping from KK-
LL.

Mixed AA, CC, and EE-GG, more of ?CC or EE-GG than in above
sample, some brown specimens presumably from KK-LL.

Mixed AA, CC, and EE-GG, more of EE-GG, some brown specimens
presumably from KK-LL.

Mixed AA, CC, and EE-GG, some piping from KK-LL, possibly MM.

Mostly CC and EE-GG, sparse AA, some brown specimens
presumably from KK-LL.

Mostly CC and EE-GG, sparse AA, piping from KK-LL.

No definite AA; some from ?CC, definite EE-GG, piping from
KK-LL and possibly from MM.

Definite AA and CC and ?EE-GG, some piping from KK-LL.

Mostly CC with some EE-GG, sparse brown specimens possibly
from deeper zones.

?CC and EE-GG.

?CC and EE-GG, some brown specimens presumably from deeper
zZones.

?CC and EE-GG.

?7CC and EE-GG, some brown specimens presumably from deeper
zones.

?CC and EE-GG.

?CC and EE-GG.

EE-GG (probably FF) with ?CC.

EE-GG (probably FF) with ?CC.

EE-GG.

EE-GG.
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Table 3-3.--Summary of foraminifer occurrences in OAK crater borehole OCT-5.

DEPTH
(£t bsf) FORAMINIFER DATA
0.2-0.45 Specimens from EE-GG, abundant AA, CC; some specimens from
IT-MM.

8.80-9.05 Mostly specimens from EE-GG, some from AA, some from KK-MM.
17.5-17.75 Some EE-GG, probably BB-CC, no AA.
39.50-39.75 AA and EE-GG with possibly CC and possibly deep zones.
57.55=-57.8 Abundant AA and EE-GG.

66.8-67.05 Abundant AA, probable CC and definite EE-GG.

76.65-76.9 Mostly AA, some EE-GG.

86.15-86.4 All from CC-GG, no AA.

95.35-95.6 Same as above sample.
104.25-104.5 Very few specimens, but similar to above sample.
113.15-113.4 Few specimens, definite AA dominant, some from CC.

12400—124‘25

132.8-133.05
140.9-141.15
149.65-149.9
159.6-157.85
166.4-166.65
176.25-176.5
186.0-186.25

Abundant AA, sparse specimens probably from CC, possibly CC-
GG.

Almost entirely AA, few specimens from CC or CC-GG.

Same as above sample.

Barren.

Only 1 specimen probably from CC, possibly from BB-GG.

Only 1 specimen, provinence uncertain.

Only 1 specimen, provinence uncertain, probably CC-GG.

Few specimens of CC-GG, probably CC.
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Table 3-4.--Summary of foraminifer occurrences in OAK crater borehole OFT-8.

DEPTH
(£t bsf) FORAMINIFER DATA
0.0-0.25 Few specimens, definitely AA (but not uppermost AA), few
specimens from EE-GG, scattered light-brown material with
l immature specimen possibly from JJ-MM, not certain there
is deep ma<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>