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SUMMARY AND HIGHLIGHTS

This réport includes the first substantive body of in situ
density, bearing strength, shear strength, and moisture content
data measured by Project personnel. Emphasis in this fiscal
year's measurements was on low-density materials since available
data suggest that the upper meter or so of the lunar surface
consists of lowedensity material. In situ densities ranged up-
ward from 0.43 g per cc, and bearing strengths ranged from

4 to 4.6 x lO7 dynes per cm? (0.5 to 607 psi).

3.4 x 10

Tabulation of compressional wave data indicates that for
90 percent of the data, ground particle velocities at 30 m from
a 0.05 kg dynamite shot are between 0.23 and 16 x 10-3 cm per
sec with a median value of 2,1 x 10-3. Ranges of particle veloc-
ities at other distances have been tabulated and approximate
empirical conversion coefficients for ratios of energy due to
dynamite charges of various size, 45-kg weight drops, and blasting
caps are presented.

Physical properties studies made in the laboratory on cores from
six lunar analog sites show little correlation between seismic wave
properties and densities or strengths. In situ measurements at
23 sites show that the density (p) and the compressional wave

velocity (Vp) are related by the formula

p = 0.454 1nV_-1.46.



The rms deviation of observed data from calculated values is 0.24
g per cc.

Geologic documentation of lunar analog sites has continued
auring the éast fiscai year and reports covering geologic investi-
gations of-five lunar analog sites are presented in this report.

Petrographic examination of cores from the Sonora Pass granite
indicates that the rock is homogeneous quartz monzonite. The dry bulk
density averages 2.62 g per cc and the pgrosity averages 1.8 percent,

Examination of core and surface samples from the Mono Ash
site show that the material at the surface consists of dry
lapilli ash of Late Pleistocene-Recent age probably derived
from the adjacent Mono Craters. A tuff (probably equivalent
to the Bishop Tuff) occurs at and below 47 m in the core hole.
Density of material above the tuff averages about 1.26 g per cc.

Geologic mapping of the Southern Coulee indicates that the
coulee consists of three main parts: the dome,where the flow
was vertical; the flow, where the flow was lateral; and the talus
slope surrounding the flow., Three lithologic units were dis-
tinguished kmainly within the flow)on the basis of variations
of density. Analyses of samples from different localities
indicate that the flow is chemically homogeneous.

Examination of surface samples and cores from the Bishop
Tuff site indicates that the rock at the site consists of 18.6 m
of well-indurated pink rhyolitic tuff underlain by unconsolidated

ash of similar composition.



Petrographic examination of core from a 107-m core hole on
the south rim of Meteor Crater revealed a 10-m-thick debris
zone at the top in which the stratigraphic sequence was inverted.
The debris zéne was underlain by a 10.1-m thickness of fine-
grained calcareous sandstone of the Moenkopi Formation. The remain-
ing 87 m consisted principally of sandy dolomite of the Kaibab
Limestone,

Grain densities, bulk densities, porosities, compressional-
wave velocities, shear-wave velocities, elastic moduli by static
and pulse methods, compressive strength, tensile strength, and,
in some cases, permeability measurements have been completed
for coreé from six analog test sites. These data are tabulated
and presented in an appendix to this report.

Numerous other groups participating in the space program
have requested data on the Southern Coulee to support various
types of tests at this site. Plate 1 (in map pocket),'ﬁAtggotgﬁ

graphic map of the Southern Coulee

iérﬁéing puglished Qith this réport to aid other groups.
7 Aﬂditional copies are available upon request.

Compressional wave data, including Vp, attenuation, and fre-
quency measurements were completed essentially for all sites
during the past fiscal year. These data are tabulated in an

appendix to this report. Some problem areas may require reshoot-

ing after completion of further study of the data.



Drill logs for 2100 ft of diamond coring completed by Project
personnel are tabulated along with hole locations in the appendix.
In addition, the Project rig drilled over 9000 ft of shot holes.

Sixteen.operational subroutines prepared by Project personnel
are listed in the appendix, together with brief descriptions of the
functions of the subroutines. Increasing amounts of data are
being processed on digital computers and it is anticipated that
most of the seismic data originally processed by hand will be
reprocessed on digital computers during Fiscal Year 1967.

Shear-wave measurements have been completed at sites near
Flagstaff, Arizona. It is anticipated that shear-wave measure-
ments will be completed at the remainder of the sites during
July 1966 and results summarized in the next Project report.

Status of seismic studies, geologic mapping, coring,
petrography, laboratory physical properties measurements, and
in situ physical properties measurements at all lunar analog

sites is summarized in table 1



Table 1l.--Status of lunar analog site studies

[X~-complete, /--partially complete, O--not applicable, l--shear
wave data not complete, 2--relatively complete reports available
from other sources, 3--no adequate means of coring exists.
must be done from surface samples.]

Petrology

Site Seismic Geologic Cores Petrography Lab. Phys. In Situ
Data Map Prop. Phys. Prop.

Kana-a Flow X X X X X
Cinder Hills X 0 3 3 / /
S P Flow X X 3 X X /
Kaibab Limestone X 0 X 0 X 0
Mono Ash X1 0 X X /
Southern Coulee X1 X X X / X
Bishop Tuff X1 0 X X /
Sonora Pass X1 0 X X X 0
Amboy Flow X1 X2 / /2 X
Pisgah Flow X1 X2 /2
Meteor Crater X1 X2 X X X /
Middle Mesa X / X / /
Sierra Ancha X. 0
Sacramento alluvium X 0 0
Lompoc X 0 0 0 X
Inyokern X 0 0 0 0 X
Olancha X 0 0 0 X
White Sands X 0 0 0 0 X




IN SITU PHYSICAL PROPERTIES MEASUREMENTS

by Lawrence A. Walters

ABSTRACT. --In situ bulk density, moisture content, bearing ca-
pacity, shear strength, and compressional wave velocity were deter-
mined simultaneously on seven lunar analog sites. Bearing capacities
ranged from 3.4 x 104 to 45.9 x 109 dynes per cm? (0.5-675 psi).
Density ranged from 0.43 to 1.87 g per cc. A large range of proper-
ties for the same material was found for various physical states of
the material.

Introduction

In situ bulk density, moisture content, bearing capacity, shear
strength, and P-wave velocity were recorded simultaneously for the
following lunar analog materials: S P blocky andesitic basalt,
Meteor Crater rim material (previously shocked and fractured lime-
stone and sandstone), Southern Coulee pumice, Olancha bentonite,
Lompoc diatomite, Inyokern volcanic ash, and White Sands gypsum sand.
Bearing capacities ranging from 3.4 x 104 to 45.9 x 106 dynes per
cm2 (0.5-675 psi), and bulk density ranging from 0.43 to 1.87 g per
cc, were recorded for these diverse materials (table 2). A large
range of properties for the same material was found for various
physical states of the material, suggesting thap lunar materials
could have .an equally large range of properties dependent upon their
physical state.

This study is part of the continuing program of study of the
interrelationships of various physical parameters of possible lunar

analog materials whose tentative goal is to define the physical
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parameters of materials by geophysical techniques.

Techniques
In situ bulk density was measured by two techniques:

1. A gamma ray backscatterer with a 4.5 millicurie

source was used to determine the density of materials whose
maximum block size did not exceed 12.5 cm. Pits were excavated
to get subsurface density measurements because the maximum depth
of penetration of the gamma ray backscatterer probably did not
exceed 25 cm. A limiting diameter of 1 m at the base of these
pits was necessary to prevent backscattering interference

from the walls.

2. The bulk density of blocky materials whose largest dimension
exceeded 12,5 cm was determined by excavating and weighing a
large sample of material whose volume was known. The volume
of the excavated pits was determined by lining the pits with

plastic and filling them with water (Walters, 1966).

Bearing capacities were measured by forcing steel platens into
surface materials with a hydraulic jack anchored to the frame of a
one-ton truck. Ultimate bearing capacities were determined from
load-settlement curves (fig. 1). Loading increments never exceeded
25 percent and seldom exceeded 10 percent of the failure load. Each
load increment settled for 0.5-1.0 hrs. Most bearing capacities in
this report are subject to rechecking with larger platens when suit-

able loading apparatus is acquired.
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Moisture content was determined by wet and dry weights and by

the ! neutron-moisture apparatus. The J

the addition of a chemical neutron source and by an appropriate
voltage adjustment on the scaler.
Shear strength was determined at various depths with an Acker

vane shear tester equipped with a precision torque head.

S P Flow

The S P Flow is a highly fractured, blocky andesitic basalt
flow located in the northern part of the San Francisco volcanic field
near Flagstaff, Arizona. The flow extends 7.2 km north from the
base of S P Crater and reaches a maximum width of 3.0 km. The maxi-
mum thickness probably does not exceed 60 m.

The flow consists of loosely packed, angular pol&gonal blocks of
vesicular lava ranging in size from less than 2.5 cm to greater than
1.5 m. Abundant fines consisting of ash and residual weathering
products.occur in voids between the blocks of lava.

A bulk density pit was dug'3 m deep on the thickest part of

the flow. The bulk density was 1.23 g per cc (table 2 ).

11



Meteor Crater
A bulk density test pit was dug in the debris layer atop the
overturned flap on the southern rim of Meteor Crater near Winslow,
Arizona. Excavated material consisted of loose sand and platy
blocks of sandstone whose maximum size was 40 cm x 40 cm x 90 cm.
The pit was excavated to a depth of 2 m and the bulk density was

1.87 g per cc with a moisture content of 3 percent by weight (table 2 ).

Southern Coulee
Southern Coulee is the largest of four Recent, pumiceous,
rhyolitic flows of the Mono Craters area in eastern California (Loney,
this report). Three bulk density pits were dug on the coulee on
seismic lines DEF (pit 1) and PQR (pit 3), and in an area south-

east of line STU (pit 2). Locations are shown in figure 2.

Compressional wave velocities, bearing capacities, and moisture
content were determined at the same time density measurements were

made (table 2 ).

12
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Olancha Bentonite
The Olancha bentonite site is located 16 km east of Olancha,
California, at the southern end of Owens Valley. The material is
a non-swelliné montmorillonite clay that has been extensively mined

for use as a filter aid

4 éﬁ&ﬁznsgéticide carfier.
The bentonite talus site consists of material mined from adit
29 and dumped on the slope in front of the mine adit (fig. 3 ).
Minor amounts of an overlying dense volcanic rock are intermixed
with the bentonite. The bentonite talus is underlain by talus
composed of predominently dense volcanic rock (fig. 4). Talus
fragments range in size from fine lumps to blocks 30 cm x 30 cm x 7.5
cm (fig. 5 ).
The "in place' site (fig. 6 ) is underlain by at least 3.5 m of
compact bentonite which is in turn underlain by a claye§ siltstone.

Data are tabulated in table 2.

14
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Lompoc Diatomite
The Lompoc diatomite site is a few kilometers south of Lompoc,

California, This diatomite occurs

in the Miocene-Pliocene Sisquoc Formation.
The diatomite talus site is on a low-grade stockpile (no. 15)

)(fig.7 ). The stockpile is about

3.2 m thick and is underi;in by a more compacted diatomite stockpile
and "in place'" diatomite waste material. The diatomite talus mate-
rial ranges in size from very fine aggregates to lumps of material
25 cm x 25 cm x 5 cm (fig. 8).

The "in place'" site is on the crest of an anticlinal structure
on hill 24 (fig., 9) and consists of at least 30 m of "waste
diatomite”. The "waste diatomite" is diatomite interbedded with

clay and admixed clay.

18
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Inyokern Volcanic Ash
The Inyokern volcanic ash site is located 23 km south of Inyokern,

California, The material consists of

volcanic ash with varying degrees of alteration (kaolinization?)

(fig. 10).
The volcanic ash stockpile is approximately 3 m thick. It is

stratified vertically into various density and moisture units (table 2 ).
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White Sands Gypsum
Bulk densities, moisture content, and P-wave velocities were
measured for fine- and coarse-grained gypsum sand (table 2) at the

White Sands National Monument, New Mexico.
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CORRELATION OF PHYSICAL PROPERTIES--FROM LABORATORY
MEASUREMENTS AND FROM IN SITU MEASUREMENTS

by Joel S. Watkins, Carl H. Roach, and Ralph P. Christian

ABSTRACT. --Physical properties data have been measured in the
laboratory from cores taken from the more than 600 m of NX diameter
core collected at 10 lunar analog sites during the past 18 months,

Core data from six sites have been examined in detail including
preparation of 48 scatter diagrams in an attempt to find relation-
ships between the measured physical properties. Correlations from
the laboratory measurements have been poor at best and gemerally
unrewarding.

Correlation of 23 in situ measurements of bulk density and
P-wave velocities are encouraging.

During the last 18 months of the In Situ Physical Properties
program, over 600 m of NX diameter core have been recovered from a
variety of lunar analog sites. These cores have been sampled at
intervals, and measurements of grain density, bulk density, porosity,
P-wave velocity (Vp), S-wave velocity (VS), elastic moduli, uncon-
fined compressive strength, and in some cases, tensile strength and
magnetic susceptibility have been made in Geological Survey labora-
tories. These measurements were made as part of a detailed documen-
tation program of the lunar analog test sites, and also in hopes
that some relationships might be observed between the various physical
properties.

Briefly, the measurement techniques were as follows: (1) sonic
properties were measured on one-inch diameter core specimens taken

from the axial region of larger NX cores; (2) dry bulk density and
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porosity measurements were made on the same core specimens; and (3)
static properties were measured on segments of NX-core immediately
adjacent to locations where the smaller one-inch diameter cores were
taken.

Electrically-excited barium titanate transduced P-wave energy
into rock cylinders and P-wave velocities (Vp) were measured directly.
S-wave velocities (Vé) were obtained from two barium titanate trans-
ducers in combination with two AC cut quartz transducers that con~
verted P-waves into S-waves and transmitted the S-waves longitudinally
through core specimens., Elastic constants were calculated from
values of Vp’ Vs’ and bulk density.

Bulk density and porosity measurement techniques for small core
specimens were summarized by Roach and Johnson (1966). Some sonic
measurements were made by the bar-resonance technique described by
Birch (1937).

For compressive strength tests, rock core with length versus dia-
meter of 2:1 and with ends plane parallel to within 0.001 inch were fitted
with four SR-4 strain gauges on the outside surface of each along a
plane perpendicular to the long axis and passing through the geo-
metric center of the core. Pairs of gauges were diametrically
opposed and oriented normal to each other. One pair averaged longi-
tudinal deformation and the other averaged lateral deformation.

The core was placed in'a static load press. Each core was
cycled twice at approximately 50 psi per sec to a load of about
0.25 expected failure pressure. On the third cycle the load was

applied until rock failure occurred.
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Electrical energy supplied by the load cell and resistance
changes in the strain gauges were recorded simultaneously by two X-Y
recorders, one of which plotted Young's modulus and the other Poisson's
ratio. A continuous plot was made until rock failure occurred, but
moduli quoted in this report were derived from the early linear part
of the first cycle of loading.

Physical properties data collected in the laboratory from cores
from six sites were examined in detail, including preéaration of 48
scatter diagrams in an attempt to find relationships between the

physical properties measured.

Three of the six sites sampled were basaltic or andesitic basalt
lava flows located near Sunset Crater, Arizona, (Kana-a basalt flow);
Amboy, California, (Amboy pahoehoe basalt flow); and the S P Flow
approximately 30 miles north of Flagstaff, Arizona,(andesitic basalt
flow). Two of the sites consisted of late Paleozoic and Mesozoic
sedimentary rocks. The Kaibab Limestone site consisted of interbedded
arenaceous limestone and calcareous sandstone; the Meteor Crater
site included fragments of the Coconino Sandstone, Kaibab Limestone,
and Moenkopi Sandstone, which had been badly broken and brecciated
during formation of Meteor Crater. The sixth site consisted of a
massive granite cropping out near the Sonora Pass of the Sierra
Nevada in eastern California. More detailed information can be ob-
tained for most of these sites from previous project reports.

Scatter diagrams include plots of density (p) as a function of
v, Vs’ unconfined compressive strength (ucs), and Young's modulus

P
(E); Vp as a function of p, porosity, ucs, and E; VS as a function
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of p, porosity, ucs, and E; porosity as a function Vp, Vs’ and ucs;
unconfined compressive strength as a function of p, Vp, Vs’ porosity,
E, and Poisson's ratio; Young's modulus as a function of p, Vp, Vs’
and ucs; and_Poisson's ratio as.a function of ucs.

Correlation of the unrelated properties was poor and not signi-
ficant. Those few instances where correlations can be inferred
generally show scatter large enough to render the correlations
virtually useless as a method of estimating one property from another.
One of the best correlations, relationship of porosity and VS ob-
tained from cores taken at S P Flow, Arizona, is shown in figure 1l.
Insofar as grain densities of cores from S P Flow are relatively
uniform, VS also correlates reasonably well with bulk density (p),

as does V_.
P

Figure 12 shows the relationship of Vp and p for S P Flow,
Kana-a Flow, and Amboy Flow samples. Figure 13 is a similar dia-
gram showing the relationship of Vp and p for cores from sedimen-
tary rocks at Meteor Crater and the Kaibab Limestone site in Arizona.
Figure 14 shows the relationship between unconfined compressive
strength and VS; and between unconfined compressive strength and
porosity of samples from S P Flow. it is difficult to detect any
meaningful trend or correlation in any of these three figures.

Figures 15, 16, and 17 show relationships between parameters
that are mathematical functions of one another. Figure 15 shows re-
lationships between Vp and E for samples from the Kana-a Flow; figure

16 shows the relationship of p and E from cores from S P Flow; and
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wave velocity (V_ ) (pulse method), S P Flow, Kana-a Flow, Arizona,
and Amboy Flow, Ralifornia.
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Figure 13,--Relation of dry bulk density (p) and compressional
wave velocity (V_) (pulse method). Meteor Crater and Kaibab
Limestone sites,"Arizona.
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figure 17 shows the relationship of VS and E from cores from S P Flow,
Arizona. The relatively good correlations between these functions
result from the fact that E is a function of p, Vp’ and Vs' In
actual field data, the range in p is relatively small at a given
site, and VS is roughly proportional to Vp.

In situ physical property measurements, which are discussed in
more detail elsewhere in this report, have been more difficult to
ébtain than the laboratory measurements, but 23 measurements show
promise of significance. Figure 18 shows the relationship between

Vp and in situ bulk density (p).

In figure 18, the least squares fit
p = 0.454 1an-1.46-
and has an rms error of .24 g per cc.

Better correlation of in situ data probably results from de-
creased effect of small cracks, pore orientation, and bedding. These
factors tend to average in the in situ measurements but are dominant
factors in measurements of very small core samples.

Correlations of laboratory measurements have been unrewarding
and will be continued only to the extent that data will be com-
puterized and least square fits will be computed with standard
deviations.

Correlation of in situ measurements of bulk density (p) and Vp
are encouraging. However, more and better data, especially with

respect to the bulk density, are required.
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IN SITU DRILLING PROGRAM

by Robert A. Elmer and Lawrence A. Walters

ARSTRACT.--In a 1.5 year period, the In Situ Project ! __
) ~drill rig has been used to drill 9 ,400
feet of shot holes and 2,100 feet of diamond core holes. This opera-
tion was achieved at a total operating cost of $51,740. It is
estimated that this amount of work done on a contract basis would
have cost $66,000 without yielding many of the intangible benefits
derived from the project owned rig.

The In Situ Project has operated a drill rig on behalf of the
National Aeronautics and Space Administration, Manned Spacecraft
Center, Houston, Texas, since January 1965. This paper summarizes
operating costs and work accomplishments for an 18-month period.

The drill rig is  mounted
on a - ) 7~"ﬂtfucgwwith a groséméaérying caéacity of
15,000 1bs. It~is equiéped with a 31.5-ft hydraulically raised-and-
lowered mast that can handle 20-ft lengths of drill rod. The rotary
table has a 7.5 in opening. The power feed is capable of exerting
15,000 1bs on the drill string. The rig is capable of drilling
holes from 4 in to 5.6 in diameters to depths of 1,000 ft using
water. The rated capacity for the same size holes is 500 ft using
air., A driller and a driller's helper are required to operate the
rig and the supporting water truck.

Table 3 tabulates the capital investment for the drill rig and

nonexpendible accessories. Capital investment will be depreciated

on a straight-line basis over a 7-year period for calculation purposes.
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Table 3.--Capital expenditures for in situ drilling program

[ Straight-line depreciation at 14.287% per year
over a 7-year period]

Drilling
"7~ 7" Cab and chassis- - = = = - = - R $ 6,500
Front wheel drive and
25-ton winch = = = = = = = = = =~ - - - - 3,000
o ' ’Jcombination rig- - - - = - - - 19,350
7.5~ in opening rotary table - = = ~ - - - < = 1,500
Drill Pipe
Four 20-ft drill collars- = = = = = = = = ~ = 1,250
Nine 20-ft flush joints = = = = = « = = = -~ - 900
Four 20-ft external upsets- - = = = = = - ~ - 275

Core Barrels
Four 3 1/2-in-outside diameter barrels- - - - 1,500

Three 5 3/4-in-outside diameter barrels - - = 1,500
Accessories for above = = @ = = = = 2 = - - - 500

Drilling Accessories

Mud pan = = = = = = = = = = = = = = = = = ~ = 200
Subs= = = = = & e e e e e e a e e e e e .. 300
Drive hammer- = = = = = = = = = = = o = =« « = 100
Reusable casing = = = = = = = = =« = = = - - - 1,500
Hand tools- = = = = = = = =@ = = 2 = = o = « = 1,250
TOTAL $39,625
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Table 4 tabulates the recurring expenditures for a l.5-year period.

For the period January 1965-June 1966, $43,250 was spent for
operating costs and expendible supplies. To this amount must be
added 21.42 ﬁercent of the capital investment to get a total cost
of $51,740 for the operating period.

During this 1l.5-year period a total of 9,400 ft of shot holeé
and 2,100 ft of diampnd.coring was accomplished. Using average prices
for drilling as $3 per ft for shot holes and $12.50 per ft of NX
diamond cores, approximately $54,000 of work was realized. Footage
costs take moving costs into account for inaccessible areas and over-
burden costs. Contracted work woﬁld have included a $12,000 salary
of an experienced drilling supervisor. Hence, a comparable amount
of work would have cost the In Situ Project $66,000.

Intangible benefits, such as availability of drilling equipment
when it was needed, reliable personnel familiar with attempted prob-
lems and willingness to undertake problems that many experienced
companies are reluctant to attempt, cannot be adequately evaluated
in terms of dollars.

The greatest benefit derived from this program was excellent
core recovery, a factor which cannot be achieved with a contract
driller primarily interested in footage.

Appendix A shows locations and drill logs for the In Situ dia-
mond drilling program. All of the Kana-a drilling was contracted
and footage figures for these holes are not included in the cost

operations calculations.
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Table 4 .--Recurring expenditures for in situ drilling program
for the period January 1965-June 1966

Expendible equipment

Diamond drill bits = = = « = = = = = = = = = = = $ 5,000
Rock bits = = =« = = = = = = = o = v = = = =« = - 1,500
Supplies, mud, cement, core boxes,

blocking, etc., = = = = = = = = = o = = o - = & 1,900

Maintenance costs

Drill rig = = = = = = = @ = = = = = = = = = = = 1,350
Rock Dits = = = = = = = & = @ &0 = & & = = = = = 250

Operating costs

Drill rig = = = = = = = = = = = = = o« = = = = 2,350
Water truck (surplus)= = = = = = = = = = = = =« - 1,500
Pickup (rental)= = = = =~ = = = = = = = = = = = = 3,500

Wages of driller and helper

Wages = = = = = = = == 2o o«=@0---n-- 17,800
Overtime = = = = = = = = = = @ = = = = = = = = = 5,500
Per diem = = = = = = = o o = = o o m .= - .o~ 2,600

SUB TOTAL $43,250

Depreciation = = = = = = = = = 2 @ 2 o @ @ o @ - - 8,490

TOTAL $51,740
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LIMITS OF HEAD-WAVE AMPLITUDES FOR SHORT SPREADS
FROM VARIOUS CHARGE SIZES, BLASTING CAPS,

AND 45-KG WEIGHT DROP

by Hans D. Ackermann

ABSTRACT. --Measurements of head-wave amplitudes obtained with
various charge sizes at 12 in situ test sites have been normalized
to a standard distance (30 m) and charge size (.05 kg dynamite).
The upper and lower bounds of head-wave amplitudes as a function
of distance for the standard charge have been estimated and empirical
relationships determined to predict such bounds when other charge
sizes, blasting caps, or 45-kg weight drops are used as the energy
source. Only distances less than 300 m are considered.

Introduction

This paper reviews the relationship between the velocity of
ground-particle motion of initial head waves from various energy
sources released near the ground surface at 12 in situ sites: Amboy
Flow, Bishop Tuff, Cinder Hills, Kana-a Flow, Middle Mesa, Mono Ash,
Pisgah Flow, Sacramento Valley, Sierra Ancha, Sonora Pass, Southern
Coulee, and S P Flow.

The Bishop Tuff, Mono Ash, Sonora Pass, and Southern Coulee
sites are described elsewhere in this report. Kana-a and S P flows
have been described in previous project reports; other sites, except
Sacramento Valley, a thick alluvium deposit, have been summarily

described in the FY-66 Work Plan,
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Energy Sources

Energy was released within 0.6 m of the ground surface and was
initiated by either a charge of dynamite weighing between 0.03 and
4.5 kg (1/16'and 10 1bs), an electric blasting cap, or by a 45-kg
(100 1bs) weight dropped from a height of 2.4 m. Charge size was
selected so that the first half cycle of the head wave could be
measured with sufficient accuracy and had an adequate signal-to-
noise ratio, but also so that the overdriving of amplifiers, caused
by higher amplitude later arrivals, was minimized, After recording,
amplitudes were measured in equivalent volts input to the seismic
amplifiers and converted to displacement velocity from velocity

seismometer calibration curves.

Data'Reduction

Comparison of signals generated by caps, weight drops, and
dynamite necessitated normalization of amplitude data to a standard
distance and charge size., A short distance (1-10 m) seemed preferable;
but on many spreads the nearest seismometer to the shot point was 30 m
from it which was too far for confident projection of signal attenua-
tion data. Hence, 30 m and .05-kg dynamite, respectively, were
chosen., The symbol A&,E will be used to denote signal or wave ampli-
tude at distance, d, resulting from charge E. Thus, normalized ampli-
tude is represented by ABO,O.OS'
It was observed from sites where a range of charge sizes were

used that a tenfold increase in charge roughly doubled signal ampli-

tude. This is equivalent to the expression A30 EMEO‘B which is used
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for normalization. The observed relationship seems consistent with
expected energy loss in shallow holes. Observed data are badly
scattered, and the general use of this relationship is by no means
conclusive.

Values of signal amplitude recorded at 30 m from the shot were

tabulated from attenuation plots and normalized graphically to

A30,0.05°

Amplitude-Distance Relationships

If a is defined as

3

v

é:

O

o
o

where vV is the modal frequency of the head wave, Qa is a constant,
and « is the head wave velocity, then an expression for amplitude

of the head wave (A) at some distance, d, is

A =Ke -~

where K and a are constants (see Godson and others, 1965, p. Fl1).
Thus, a is an attenuation coefficient. A log-normal graph of A as

a function of d is a straight line with slope -a, and each attenua-
tion plot therefore results in a value for attenuation coefficient,
2, and normalized amplitude, A3O,O.05° For i (number of attenuation
plots) the pairs (A§O,O.05, éi) then define a set of signal amplitude
curves for 0.05 kg dynamite as a function of distance,

. i
i -al(a-30)
(A4,0.05 = %30,0.05 © )
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The amplitude at 30 m is A§0,0.05 and the slope is 131 (see fig. 19).
Figure 20 shows the pairs (A;O’o.osxgi) for 178 attenuation measure-
ments from the sites previously mentioned with the attenuation
coefficient ag a function of amplitude. This is a convenient form
of presentation for the following analysis.

In order to determine bounds on values of signal amplitude for
0.05 kg dynamite as a funtion of distance it is necessary to determine
the upper a?d lower bounds for the set of 178 curves d;0.05 =
A;O,o.ose-al(d-3o). The upper and lower values for bounds at d = 30 m
are values of A3O’O.05‘,which will bound a desired percentage of the
values A§0,0.05' To bound 90 percent of A§0,0.05’ the upper bound,

U

\ =3 L . -
A30,O.05 is 16 x 10 © cm per sec and the lower, A30,0‘05 is .23 x 10

cm per sec, These are obtained directly from figure20. (Five per-

3

cent or 9 of the wvalues of A;O,O.OS are to the left of ABO,O.OS =
.23 x 10-3 cm per sec and 5 percent to the right of A30,0.05 =
16 x 10"3 cm per sec.)

For a curve bounded at d = 30 m, the slope g? may be such that
it will leave the bounds at a larger distance (fig. 19). Similarly,
a curve outside the bounds at d = 30 m later may become bounded.

The total percentage bounded will be maintained approximately for
all distances, This cah be accomplished by choosing a value of a
for the lower bound (g}) and one for the upper bound (5?) which will
similarly bound the desired percentage of the valueslgi. These are

also obtained from figure 20, and for 90 percent values, 5} = 0,155 m-1

and EP = 0.025 mfl.
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Curves bounding 90 percent of the values of Ad 0.05 are
»0.
plotted in figure 19. A curve representing the median values of

(A&0,0.0stgl) also is shown.

Comparison of Signal Amplitude

In addition to dynamite, blasting caps or weight drops were used
as an energy source at nine sites. The weight drop consisted of a
45-kg lead weight dropped from a height of 2.4 meters. Signal
amplitudes from the caps and weight drops at 30 m (A30,cap and
A30,wd) were read from the attenuation plots and tabulated. For
each of the nine sites, the means (Z) and the mediaﬁs (A%) of

A30’0’05, A30,wd and A3O,cap were determined and were denoted re-

ofa
o~

spectively as £30,0.05° #30,0.05° #30,wd’ %30,wd’ 430,cap’ "¢

*

A3O,cap'

" ible 5 summarizes ratios of cap versus normalized dynamite
amplitudes, weight drop versus normalized dynamite amplitudes, and
weight drop versus cap amplitudes; and shows the number of measure-
ments for each energy source. Data from table 5 suggest that
signal amplitudes generated by the 45-kg weight drop were slightly
greater than those generated by a cap. Signal amplitudes from
both caps and weight drops generally are between one and ten per-

cent of those generated from 0.05-kg dynamite.
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Conclusions
Measurements of head-wave amplitudes for 178 attenuation

measurements at 12 in situ test sites, obtained with various charge
sizes, have‘been normalized to a standard distance (30 m) and a
charge size (0.05 kg). Field measurements using different dynamite
charges have given an approximate empirical relationship between
amplitude and charge size, A30,E~E0.3’ which is used to normalize
data to the standard charge. The upper and lower bounds for signal
amplitudes resulting from 0.05-kg dynamite as a function of dis-
taﬁce have been determined (fig. 19) from these normalized ampli-

) and corresponding attenuation coefficients (gi).

0,0.05
These bounds with the relation Ad E\.DO'3 can be used to predict

tudes (A;

signal amplitudes for varying distance and charge size.

An empirical relationship between seismic energy released by
a 0.05-kg dynamite charge, a cap, and weight drop has been estab-
lished. This information combined with that in figure 19 can be
used to estimate limits of head-wave amplitudes at sites where

caps, weight drops, or similar energy sources are used.
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STRUCTURE AND COMPOSITION OF THE SOUTHERN COULEE,

MONO CRATERS, CALIFORNIA--A PUMICEOUS RHYOLITE FLOW
by Robert A. Loney

ABSTRACT. --The Southern Coulee is the southermmost and largest
of the four Recent pumiceous rhyolite coulees, or stubby flows, of
the Mono Craters, eastern California. It is one of the youngest
volcanic deposits of the Mono Craters and is mostly bare and uneroded.
The coulee is 3.6 km long and averages 1.2 km wide and has a minimum
thickness of 150 m. It was protruded from a north-trending fissure,
beneath and parallel to the crest of the Mono Craters ridge.

The coulee has three main parts: the dome, located over the
orifice, where flow was about vertical; the flow, where movement was
lateral; and the talus slope, which surrounds the coulee and which
formed from the advancing steep flow front. Three small areas of
air-fall, pumice ash occur on the coulee and seem to be remnants
of an ash eruption that took place during an early phase of the
coulee eruption.

' Three distinct lithologic units based on rock density or
degree of vesicularity have been mapped as follows: unit of lowest
density (0 = 0.65); unit of intermediate density (P = 1.20), and
unit of highest density (P = 1.75). Contacts between units are
abrupt in spite of the fact that core drilling has shown the coulee
to be a jumbled mass of blocks down to at least a depth of 45 m.

The two less dense units, which consist of highly inflated, thick-
bedded pumice, form two connecting, boat-shaped outcrops along the
entire south margin of the coulee. These units are probably not
over 25 m thick and are underlain by the unit of highest density,
which seem to form the rest of the coulee. The dense unit consists
of thin- to medium-bedded, dense pumice and lesser amounts of
obsidian,

Distribution of lithologic units was probably caused by the
eruption of all the units from the southern part of the fissure,
while only the unit of highest density erupted from the northern
part. The lava protrusion involved several streams that had an
anastomosing flow pattern. This complex flow modified the original
spatial relations of lithologic units.

The petrographic and chemical data indicate a uniform compo-
sition for the lava that belies its heterogeneous aspect. The lava
is composed almost entirely of clear glass (average n, = 1,488 = .001)
and contains only trace amounts of microlites and cristobalite-
sanidine spherulites, Eight chemical analyses show a silica range
of from 74.7 to 76.2 percent and indicate a rhyolite of the sodi-
potassic subrange. This composition is characteristic of glassy
fluidal rhyolites.
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Introduction

The Southern Coulee (Russell, 1889; Putnam, 1938) is the
southernmost and largest of the Recent pumiceous rhyolite flows, or
coulees, of Mono'Craters, eastern California (fig. 21). The coulee
extends east-west 3.6 km, roughly normal to the trend of the Mono
Craters ridge with about two-thirds of the coulee lying west of the
crest of the ridge. It averages about 1.2 km wide and has a minimum
thickness of 150 m. The maximum altitude of thg coulee is 2,717 m
on the surface and the minimum altitude at the western toe is
2,250 m.

According to Kistler (in press), the northward arcuate trend of
the Mono Craters is probably controlled by a major ring fault that
bounds a circular area of subsidence, centered about 4 miles west
of the craters (fig.21). A major fault zone beneath the southern
end of the craters was revealed during the comstruction of the
‘Mono Craters Tunnel (Gresswell, 1940, p. 202).

Southern Coulee is one of the youngestAdeposits of the Mono
Craters. It overlaps rhyolitic domes and associated craters on
both sides. The major part of its surface is free of the pumice ash
deposits that blanket most of the Mono Craters and the surrounding
country. Other coulees in the northern part of the craters are
also young deposits, mostly free of ash.

Southern Coulee was selected for study by the In Situ project
because it is an excellent example of a pumiceous,fluidal,silicic

lava flow that is virtually untouched by erosion and alterations,

52



7
Location of § ‘)’q{@
Figure 1. g }‘) ’//f

............... 0 X0\ n.o‘t" : .o.t.o.o‘:
California NS THERN GOULEE.

......................

Devils {Pun v_a

‘.
(44 .
..
.

.

*

*
LI e

®e .®
0000000000000

Village of
June Lake

Figure 21.--Index map showing location of Southern Coulee.

e

53



and yet is accgssiblg to'heavylvehicles. The uneroded fresh con-
dition of the coulee makes it analogous to lunar volcanic terranes.
Access by vehicles to the surface of the coulee was limited to the
southeastern part, where pumice blocks are being quarried.

The upper surface consists of extremely rugged hills and ridges
of loose rubble as much as 25 m high. Spires of solid pumice pro-
ject through the loose rubble (fig.22). The terrain is extremely
difficult to traverse. The coulee is surrounded by a steep talus
slope that ranges from 60 to 90 m high. The rubble of the slope lies
at the angle of repose or perhaps locally at greater angles where

permanently frozen (£fig.23).

Morphology

Topographic features of the coulee are mostly constructional
and related to the extrusion of the coulee. The Southern Coulee
can be divided into four parts (fig.24): (1) the dome, in which
the movement of lava was mostly vertical; (2) the flow, in
which the movement of lava was mostly lateral; (3) the ash
deposit, which is air-fall, pumiceous ash and lapilli and (4)
the marginal talus slope. The ash deposit is not directly
related to the coulee and may be entirely foreign to it. The talus
slope is a secondary feature formed during and after the advance of
the steep-sided flow.

ngg.--The domg makeéiﬁp most of the high part of the coulee

and probably overlies the vent from which lava was protruded.
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Table 10.--Meteor Crater drill hole 4 core log

Depth Thickness ’ Description
(m) - (m) - RN . - Lt om cee o~ .~ .-
0.0-1.2 7 1.2 Sandstone, yellowish-gray, fine-gréined;

grains rounded, average 0.25 mm in
diameter; broken core.

1,2-4.9 3.7 Sand, yellowish-gray, fine; rounded
grains average 0,25 mm in diameter,

4.9-6.1 1.2 4 Sand, silty, varicolored grayish-yellow
and moderate reddish-orange; contains
rock fragments up to 1.2 cm.

6.1-6.9 0.8 Silt, sandy, grayish-yellow; plastic;
calcareous; contains rock fragments up
to 1.2 cm.

6.9-7.6 0.7 Silt, sandy, moderate reddish-orange;
contains broken rock fragments up to
40 mm in length; fragments are calcar-
eous sandstone and sandy dolomite.

7.6-8.1 0.5 Dolomite, very pale orange, fine-grained;
contains small lens-shaped cavities;
broken core.

8.1-9.3 1.2 Sandstone, white, fine-grained; irregu-
lar pale yellowish-orange threadlike
streaks; sand content at 8.8 m is
74 percent.

9.3-10.0 0.7 Sandstone, pale yellowish-orange, fine-
grained; numerous pockets averaging 5 mm
in diameter of white fine-grained, friable
granular carbonate. Sand content at
9.5 m is 59 percent.

10.0-20.1 10.1 Sandstone, calcareous, pale reddish-
brown to grayish-red, very fine-grained;
scattered pockets. of sericite and fine-
grained muscovite; locally shaly from
11.6-12.8 m, 14.8-14.9 m, 19.8-20.0 m.
Sand content at 11.4 m is 72 percent.



Depth
(m)

Table 10.--continued

Thickness
(m)

Description

20.1-20.2

20.2-21.0

21.0-21.6

21.6-21.8

21,8-22.2

22.2-24.8

24.8-39.6

39.6-41.5

- 41,5-92.4

0.1

0.8

0.6

0.2

0.4

2.6

14.8

1.9

50.9

Dolomite, grayish-orange, fine-grained.

Dolomite, light brown, coarse-grained
aggregate; averages 2.5 mm in diameter
with occasional lenses of colorless
carbonate.

Calc-dolomite, pale yellowish-orange,
fine-grained; 10 percent scattered
coarse colorless calcite crystals
averaging 3 mm; occasional vugs averag-
ing 2 mm in diameter contains rhombs
of dark yellowish-orange carbonate.

Dolomite, mottled moderate orange pink
to pale greenish-yellow, coarse-grained;
carbonate grains 1-3 mm in diameter;
some pockets of fine-grained calcareous
sandstone; rock is very well indurated.

Dolomite, pale yellowish-orange, fine-
grained.

Dolomite, mottled moderate orange pink
to pale greenish-yellow, fine-grained;
average dolomite grain size is 0.2 mm;
some pockets of fine-grained dolomitic
sandstone. Sand content at 22.6 m is

25 percent.

Dolomite, very pale orange to white,

-fine-grained; fossil shell-solution

cavities between 29.5 and 34.2 m. Sand
content at 30.2 is 5 percent.

Dolomite, pale yellowish-orange to gray-
ish-yellow, fine grained.

Sandstone and dolomite, white to yellow-
ish-gray, fine-grained; gradational con-
tacts. Sand content as follows:

45.5 m = 41 percent
61,0 m = 74 percent
75.6 m = 70 percent

= 49 percent

91.5 m
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Table 10.--continued

Depth Thickness Description
(m) (m)
92.4-93.0 0.6 ~Dolomite, very pale orange, fine-
grained. =~ 7
93.0-95.5 2.5 Sandstone, white to yellowish-gray,

fine-grained; sand content at 95.0 m
is 76 percent.

95.5-107.3 39.6 Sandstone, pale yellowish-orange to
grayish-yellow, fine-grained; fossil
solution cavities at intervals from
96 m to 106 m; calcite with dolomite
from 102 to 106 m; scattered round to
oval pockets up to 10 mm in length of
friable, very fine-grained white car-
bonate from 105 to 107 m. Sand con-
tent as follows:

98.5 m = 66 percent

101.5 m = 72 percent

106.0 m = 57 percent
107.3-107.4 0.1 Sandstone, white, fine-grained; consists

of well sorted colorless quartz grains
averaging 0.25 mm in diameter; dissemi-
nated minute black (opaque) grains

0.05 mm in diameter surrounded by rusty
halos.
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Table L1, Relative abundance of clastic quartz (insoluble residue)
[ percent by weight]

Depth Quartz

(m) (percent) Formation

8.8 74.1 _ Debris zone (Kaibab Limestone)

9.5 58.8 " " " " -
11.4 71.7 Moenkopi Formation

22.6 24.6 Kaibab Limestone

30.2 5.1 " "

45.5 41.4 " "

61.0 73.7 " "

75.6 69.6 " "

91.5 48.5 " "

95.0 76.4 " "

98.5 66.0 " "
101.5 ' 71.5 " "
106.0 56.5 " "
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Table 12, Visual estimate of modal comp031t10n from thin sections
[ percent by volume;.

Depth Carbonate Quartz Cavities Formation
(m) _(percent) (percent) (percent)
8.9 ' 15 85 ' ' S ‘Debris zome
9.5 A 40 60 -- " "

11.4 25 75 -~ Moenkopi Formation
16.1 45 55 -- " "
18.3 20 80 -- " "
20.1 40 60 -- " "
21.0 97 3 Trace Kaibab Limestone
21.4 95 2 3 " "
22.0 95 5 -- " "
22.7 65 35 -- " "
23.3 40 60 -- " "
29.9 75 10 15 " "
32.6 70 10 20 " "
37.5 75 25 -- " "
45.5 75 20 5 " "
53.4 75 10 15 " "
61.0 35 65 -- " "
67.5 75 10 15 " "
69.8 55 45 - " "
75.7 44 55 1 " "
81.8 55 43 ) 2 " "
87.4 60 40 - " "
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Tablel2. Visual estimate of modal composition from thin sections--
continued, [percent by volume].

Depth Carbonate Quartz Cavities Formation
(m) (percent) (percent) (percent)
91.6 60 35 5 Kaibab Limestone
95.0 25 75 -- " "
98.5 40 60 -- " "
103.0 20 75 5 " "
106.0 40 : 60 -- " "
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The Kaibab Limestone consists of sandy dolomite in the upper
25 percent of the formation, sandy dolomite interbedded with dolo-
mitic sandstone in the central 60 percent of the stratigraphic sec-
tion, and calc-dolomitic sandstone in the lower 15 percent of the
cored section. The clastic quartz content is almost invariably
high in the dolomite layers. Dolomite is relatively coarse-grained
above 24.8 m, and microcrystalline granular below 24.8. The

lithology suggests near-shore chemical precipitation.

Reference
Shoemaker, E. M., 1963, Impact mechanics at Meteor Crater, Arizona
in The Moon, meteorites, and comets--The solar system, vol. IV:

Chicago, Univ. Chicago Press, p. 301-336.
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"INVESTIGATION OF IN SITU PHYSICAL PROPERTIES
OF SURFACE AND SUBSURFACE SITE MATERIALS
BY ENGINEERING GEOPHYSICAL TECHNIQUES' PROJECT

FY 1967 WORK PLAN

Introduction

Physical properties data of the lunar surface are essential
to the proper assessment of astronaut safety during the Apollo
missions. They are necessary for the full interpretation of the
geophysical data obtained by instruments in the Lunar Surface
Experiments Package. The data are essential for the understanding
of the mode of formation of the lunar near-surface materials,
lunar near-surface structures, and other lunar geologic problems;
and are necessary for a full and proper interpretation of the
data obtained from the lunar-orbiting satellites.

Mission success and its corollary, astronaut safety, are
first considerations of any engineering physical properties inves-
tigation. Of the engineering properties, bearing strength and
trafficability are thought to be most important because they are
directly related: (1) to the ability of the Early Apollo Lunar
Excursion Module to land safely on the lunar surface; (2) to the
ability of the astronaut to safely carry out his assigned mission,
and (3) to the ability of the ascent stage of the Lunar Excursion
Module to leave the surface. The physical properties measurements

thus can be divided: (1) those engineering properties that are
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directly related to bearing strength and trafficability of the
lunar surface materials, and (2) those physical properties which
will assist in interpreting geological investigations conducted
on the 1unaf surface.

Physical properties controlling the surface bearing strength
and general trafficability of the lunar surface materials will
receive highest priority since these properties will be of prime
importance to mission success. Engineering properties such as
shear strength, creep, cohesion, compressive strength, tensile
strength, Mohr's envelope, porosity, bulk density, particle size,
distribution and shape, and composition will help to determine
if the lunar surface materials will allow an early Apollo space-
craft to land safely and remain in a safe attitude throughout the
lunar mission. These engineering properties will also largely
control astronaut trafficability and safety while conducting
missions on the lunmar surface.

Elastic rock properties can be calculated from density,
compressional wave velocity, and shear wave velocity. The inter-
relationship between laboratory calculated values and in situ
values is being studied because the direct measurement of many of
the engineering properties would be extremely difficult and time-

consuming to measure on the lunar surface.
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Work Plan
Objectives

The overall objective of the project is to develop methods
for determining physical properties of lunar surface and subsurface
materials by employing seismic parameters. Emphasis is on the
interrelationship of physical properties which will assist in
determining bearing strength and trafficability, and in interpreting
early Apollo geophysical and geological investigations.

The effort on this project has been divided into four phases:
1. Selection of appropriate lunar analog sites;
2. Surface and subsurface geologic control and the measurement of

of mechanical physical properties (laboratory and in situ) ;

3. Gathering seismic data on near-surface materials;
4. Correlating data and formulating criteria by which certain

engineering properties can be deduced from seismic parameters.

Status of work and accomplishments to date

Eighteen potential lunar analog sites have been selected
for study. These sites cover a varied spectrum of physical
characteristics.

Seismic field measurements have been completed at these sites
except for the possibility of some rework and minor extension
recommended by future data analysis. Seismic measurements were
designed primarily to record head-wave motion induced in near-

surface materials by dynamite charges and weight drops. Data is
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recorded in both analog and digital form. Data from seismic analog

recordings have been analyzed for compressional-wave and shear-

wave velocities and compressional head-wave attenuations. Several

empirical and theoretical relationships have been studied that

relate these parameters to observed physical properties. Two im-

portant relationships are:

1. The in situ bulk density of dry granular and fractured materials
can be determined from the compressional wave velocity with
an rms error of about 0.24 g per cc.

2. The calculated shear modulus and Young's modulus of granular
and fractured materials can be estimated from the shear-wave
velocities without consideration of the other parameters as
indicated by the elastic theory. These calculated moduli
are being compared with the measured in situ moduli.

In situ mechanical properties measurements include bearing
strength, shear strength, penetration resistance, bulk density
and moisture content. Laboratory measurements include confined
and unconfined compressive strength, tensile strength, bulk
density, grain density, porosity, permeability, chemical analyses,

compressional-wave celocity and shear-wave velocity.
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Areas of concentration in FY 1967

Geologic and physical properties investigations

Geologic persomnel will complete the surface and borehole
petrography of the remaining unfinished sites and will be respon-
sible for the physical properties measurements.

Laboratory physical properties investigations will continue
as in past years but on a smaller scale since most of this site
data is completed. The only new measurements that will be made on
existing core samples will be scleroscope hardness.

A significant part of the project effort during fiscal year
1967 will be spent measuring in situ mechaﬁical properties. This
investigation will include the measurement of bearing capacity,
shear strength, bulk density, moisture content, and penetration
resistance. In situ bulk density is now being measured on the
surface of fine-grained sites with a 4.5 millicurie gamma ray
backécattering device. The present gamma ra<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>