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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 low-density material. In situ densities ranged up-
ward from 0.43 g per cc, and bearing strengths ranged from
3.4 x 104 to 4.6 x 10? dynes per cm2 (0.5 to 607 psi).

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 1an—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
during the éast fiscal 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 porosity 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 cores 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), a topo-
graphic map of the Southern Coulee, prepared by the Photogram-
metry Unit, Field Surveying Section, Manned Lunar Exploration
Studies, Branch of Astrogeology, on behalf of the In Situ
Project, is being published with this report to aid other groups.
Additional 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>operationa1 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 1.--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 / /
5 P Flow X X 3 X X /
Kaibab Limestone X 0 X 0] X 0O
Mono Ash X1 o 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 o
Lompoc X 0 o 0 X
Inyokern X 0 o) 0 0 X
Olancha X 0 0 0 X
White Sands X 0 0] 0 0 X
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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 10% to 45.9 x 10% 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 lO6 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 that 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

" FRECEDING PAGE BLANK NoOT FILI/ED
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parameters of materials by geophysical techniques.

Techniques
In situ bulk density was measured by two techniques:

1. A Nuclear-Chicago 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 f£illing 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 Nuclear-Chicago neutron-moisture apparatus. The Nuclear-Chicago
density apparatus is converted to a moisture content measurer by
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 polygonal 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 Af 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 ).
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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-swelling montmorillonite clay that has been extensively mined
by the United Sierra Talc and Clay Company for use as a filter aid
and insecticide carrier.

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 c¢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 clayey siltstone.

Data are tabulated in table 2.
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Lompoc Diatomite

The Lompoc diatomite site is a few kilometers south of Lompoc,
California, on the Johns-Manville property. This diatomite occurs
in the Miocene-Pliocene Sisquoc Formation.

The diatomite talus site is on a low-grade stockpile (no. 15)
on the Johns-Manville property (fig. 7 ). The stockpile is about
3.2 m thick and is underlain 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 cmx 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.
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Inyokern Volcanic Ash
The Inyokern volcanic ash site is located 23 km south of Inyokern,
California, on the Etna Mines property. The material consists of
volcanic ash ﬁith 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. Correl
the laboratory measurements have been poor at best and
unrewarding.

Correlation of 23 in situ measurements of bulk density and

P-wave velocities are encouraging. Z

During the last 18 months of the In Situ Physical Properties

.
tions from

at
generaily

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
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 preparation of 48
scatter diagrams in an attempt to find relationmships 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 , V_, unconfined compressive strength (ucs), and Young's modulus

P S

(E); Vp as a function of p, porosity, ucs, and E; Vs as a function

I~
~d



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 11.
Insofar as grain densities of cores from S P Flow are relatively
uniform, VS also correlates reasonably well with bulk density (p),

ag 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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figure 17 shows the rélationship 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
obtain 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 1nV _-1.46
P
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

ABSTRACT.--In a 1.5 year period, the In Situ Project Failing
CFD-1B Holemaster Combination 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.

A

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 a Failing CFD-1B Holemaster Combination mounted
on a R-190 International truck with a gross carrying capacity of
15,000 1bs. It is equipped 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
R-190 International
Cab and chassis~ = = = = = = = = = = =« = = $ 6,500
Front wheel drive and
25-ton winch = = = = = = = = = = =« - - = 3,000
Failing CFD-1B combination 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 = = = = = = = =« = - « - 500

Drilling Accessories

Mud pan - = = = = = = = = = = = = - - = = - = 200
SubS= = = = = = = = = @ & =@ 4 - - - - - - - = 300
Drive hammer- - = = = = = = = = = = = =« = = = 100
Reusable casing - = =~ = = = = = = = = - - ~ - 1,500
Hand tools- = = = = = = = = = = = = =@ = = « = 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, 543,250 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 hole;
and 2,100 ft of diamond 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 would 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 & .-~Recurring expenditures for in situ drilling program

for the period January 1965-June 1966

Expendible equipment

Diamond drill bits = = = = = = = = = = = = = = -
Rock bits = = = = = = = = = = = « = = = = = = -
Supplies, mud, cement, core boxes,

blocking, etc. = = = = = = = = = = = = = = = =

Maintenance costs
Drill rig - = = = = = = = = = = = = = - = = - -
Rock Dits = = = = = = = =@ = = = = = = = = = = =
Operating costs
Drill rig = = = = = = = = = = = = = = = = = = =

Water truck (surplus)- - = = = = = = = =~ = = = =
Pickup (rental)- - = = = = = = = = = = = = = = =

Wages of driller and helper

Wages - = = = = = = = = = = = = - = =« = = = - =

Overtime = = = = = = = = = = = = = = = = = = = =

Per diem = = = = = = = = = = = @ ~ = = = = = - =
SUB TOTAL

Depreciation = = = = = = = = = = = = = = = = = = -
TOTAL
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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.

A utho
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 Valléy, 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.



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 Ad,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 A3O,O.05'

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 ABO E”EO.B which is used
bl
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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'

where v is the modal frequency of the head wave, Qa is a constant,
and o 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,
a2, and normalized amplitude, A30,0.05' For i (number of attenuation

. i . . . .
plots) the pairs (A3O,O.05, al) then define a set of signal amplitude

curves for 0.05 kg dynamite as a function of distance,

i
1 -a (d-30)
(A4,0.05 = %30,0.05 © )
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The amplitude at 30 m is A§O,O.05 and the slope is -gi (see fig. 19).
Figure 20 shows the pairs (A;O,O.OS’éé) for 178 attenuation measure-
ments from the sites previously mentioned with the attenuation
coefficient aé 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 and lower bounds for the set of 178 curves Ad,O.OS =

i e-al(d-SO)
A30,0.05 y

are values of A30 0 05,,which will bound a desired percentage of the
sVe

The upper and lower values for bounds at d = 30 m

i
values A30,0.05.
U

i -3 L . -
A3O,O.05 is 16 x 10 cm per sec and the lower, A30’0.05 is .23 x 10

To bound 90 percent of A;O,O.OS’ the upper bound,

3
cm per sec. These are obtained directly from figure 20, (Five per-
cent or 9 of the values of A;O,O.OS are to the left of A30,0.05 =

.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 can be accomplished by choosing a value of a
for the lower bound (g}) and one for the upper bound (gp) which will
similarly bound the desired percentage of the values gi. These are

also obtained from figure 20, and for 90 percent values, g} = 0.155 m-1

and 3” - 0.025 w L.
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Curves bounding 90 percent of the values of Ad 0.05 2re
,0.

plotted in figure 19. A curve representing the median values of

(A&O,O.OS,&I) 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

a1
13

o mmemo A= o2 le Tewa o e AN . A
LIIC Capd alld woiplit uiLupd at Jv

P )
111 [=3¥i0]}
Y930, cap

A30 wd) were read from the attenuation plots and tabulated. For
b

e T 2 e Y o L
Pililtuuced Lot

each of the nine sites, the means (K) and the medians (Aﬂ) of

30 0.05° A30 wd and A3O were determined and were denoted re-

spectively as Ay o 55 A30 0.05" 830 va’ A30 ad® B30 cape a0d

ole
“"

0,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 EMEO'3, which is used to normalize
b

data to the standard charge. The upper and lower bounds for signal

amplitudes resulting from 0.05-kg dynamite as a function of dis-

tance have been determined (fig. 19) from these normalized ampli-
) . . i

) and corresponding attenuation ccefficients (a)).

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

tudes (A§0,0.05
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.

FRECEDING PAGE BLANK NOT FILMED
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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 construction of the
Mono Craters Tunnel (Gresswell, 1940, p. 202).

Southern Coulee is one of the youngest deposits 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,
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Figure 21.--Index map showing location of Southern Coulee.
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and yet is accessible to heavy vehicles. 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.

Dome. --The dome makes up most of the high part of the coulee

and probably overlies the vent from which lava was protruded.
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Figure 24.--Geologic map and cross-section of Southern Coulee, California.
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EXPLANATION

t Talus deposits, at margin of Southern Coulee

%‘ Older volcanic deposits, in section A-A' only

........

-------- Ash deposits —includes small outcrops of obsidian and dense pumice

FLOW UNITS

Unit of lowest density (0.65g per cc avg.)

Unit of intermediate density (1.20g per cc avg.)

Unit of highest density {1.75g per cc avg.)
( Hypothetical flow lines shown in section)

Outer boundary of Southern Coulee

Contact between lithologic units and outer border of Coulee

Boundary of lava stream

Approximate boundary of domal area
Strike and dip of flow layering in spires
Strike of vertical flow layering in spires
Direction of flow

Core hole and number, map

Core hole and number, section

172 | 2 Kilometers
1 ] 1

Contour Interval : 20 Feet
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Borders of the dome are poorly defined, owing to the streams of
lava that extend out from it and obscure its margins, The dome is
characterized by numerous spires or pimnnacles that project through
the rubble. Most of the spires show prominent vertical striatiomns
and grooves, which indicate upward protrusion through orifices in
already solidified lava (fig. 25). A few spires are composed of
lightly cemented rubble (fig. 26) pushed up by still-liquid lava

from below. Spires range from sharp to blunt. They show stages of

+

heir normal development, during which they protrude upward and

¢

eventually tend to fall over (Williams, 1932, p. 55-57). This pro-
cess accounts for much of the surface rubble of the dome.

Flow.--The flow extends east-west from the dome. Movement of
lava in the flow is distinctly lateral, and vertically grooved spires
are absent. Ridges of rubble are commonly developed normal to the
direction of flow and in places are convex downstream (fig.24).
Surface layers of the flow are composed of loose rubble comprised
of angular blocks of pumice averaging 0.7 m across. The rubble
was produced mostly from the breaking up of the thick, highly
fractured crust during movement of the underlying still-fluid lava.
Locally, larger slablike masses are tilted at various angles. Slabs
in the ridges tend to strike parallel to the ridges and dip off on
either flank. Arrows in figure 24 showdirection of flow inferred
from large-scale streaks of prominent rock types (such as black
obsidian) which contrast markedly with the dominant gray pumice.

The flow can be divided into‘individual streams of lava that

have complex flow patterns. These streams seem to have moved at

RECERBING PAGE BLANK NOT FILMED.
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Figure 26.--Spire of lightly cemented rubble, dome of the

Southern Coulee.
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different times, or at least different rates, originating at differ-
ent parts of the orifice. The most perfectly defined stream ex-
tends westward from the northern part of the dome and forms most of
the northern half of the flow west of the dome. The crescentic
ridges in this stream are well developed and help define the sides

of the stream that seem to be bounded by shear zones. This stream
seems to be a late feature that cuts across, and, in places, disturbs
earlier streams. This cross-cutting relation is supported by its
generally higher altitude relative to adjacent streams and suggests
that it flowed out over parts of the adjacent streams.

Streams in the flow to the east of the dome are much shorter
and less well defined than those to the west. A large area of ash
obscures the northeastern part of the eastern area, and quarry
operations have obscured an equally large area in the southern part.
The most distinct ridges are in the central part immediately east
of the dome where a small stream, with distinct ridges, has flowed
east. Farther east, near the border of the large ash area, the
direction of the ridges is confused.

Ash deposits.--Ash deposits comprise three areas of air-fall,

pumiceous ash and lapilli. Scattered masses of blocky pumice and
obsidian project up through the ash from the flow below. The
largest area of ash lies in the northeastern part of the coulee,
and supports a substantial growth of pine trees. A smaller area of
ash is in the south central part of the flow, west of the dome, and
is covered with pines. The third area of ash lies along the north-
central margin of the coulee and forms high dunelike hills, mostly

bare of vegetation.
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It is thought that the ash and lapilli deposits were originally
part of an extensive blanket erupted early and were subsequently
disturbed by later eruptions of lava. The deposits seem to rest
on pumice of the highest density lithologic unit, part of which
must represent a pre-ash flow. Large parts of the densest unit,
together with the least dense and intermediate units, are virtually
ash-free and are later than the ash fall. It seems improbable, in
view of the generally widespread distribution of ash from known

eruptions {Powers and Wilcox, 1964

o’

, that late ash deposits would be
restricted to small patches now present on the coulee.

The ash and lapilli deposits show a much higher degree of
crystallinity than do the flow rocks of the Southern Coulee. Quartz,
plagioclase, biotite, and possible potassium feldspar have been
identified by x-ray diffraction. This higher degree of crystallinity
suggests a source for the ash other than the coulee.

Talus slope.--The talus slope is composed of debris from the
steep edges of the coulee (fig. 23), and mostly consists of blocks
of pumice similar to those found on the surface; but also includes
finer pumice and obsidian fragments, and ash and lapilli in places.
The talus slope encircles the coulee except where covered by the
deep ash deposits on the north margin. Its location can be dis-
tinguished easily in figure 24 by the regular close-spaced contours.
Outcrops of pumice and obsidian of the flow project through the
talus slope about three-quarters the distance from the bottom and

form a nearly continuous belt around the coulee (fig. 27).
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Lithology

Three lithologic units have been mapped in the lava of the
Southern Coulee (fig. 24). Each unit has a characteristic range in
density and distinctive physical characteristics related mainly to
the degree and nature of vesicularity. No significant compositional
differences between the units have been recognized (table 6). Quarry
operations are confined to the least dense of the lithologic units.

An individual lithologic unit is not homogeneous and contains
subordinate layers and laminae of rock types that also occur in the
other units. The general discussion of lithologic features that
follows holds for all units. Contacts were based generally on abrupt
changes in the character of the rock types in the rubble because
the surface of the coulee is mostly rubble. No gradational contacts
between units were seen. Little mixing of rock types occurs along
these contacts, and every indication is that the rubble has been
moved but slightly by erosional processes and closely reflects the
underlying rock. In most instances, the rubble seems to have either
broken up in place or merely rolled down a nearby slope.

Major lithologic units extend east-west parallel to the direc-
tion of flow. Units seem analogous to different streams of ice
in a large valley or piedmont glacier that result from coalescence
of smaller tributary valley glaciers. The areal distribution of
these units suggests that they came from different parts of an orifice
that was elongate in a northerly direction, parallel to the trend of
the Mono Craters. Lava flowed east and west from the orifice below
the dome, but the majority of it flowed west, probably because of

lower altitude and fewer obstacles.
65



T1°66 LL™66 001 001 001 001 001 001 001 001 ung

--- TTu 90° Lo* Lo° 60° Lo 90° S0° > 80° Nou
90° TTu 90° G0° 90" IT° G0° 90~ 90° c0° QU
0" 13 S0° Lo- (4% otT* Lo° otr* G0°* 00° mowm
0z 1T €0° S0° 70 °* 0 70° 70° S0° 70° Nowa
Nmu- ot1° 13 oL® ST 0°1 0°1 1L TL° TL° +0Mm
== TTu 80" ¢T” 1T° 61° 91° 91~ 60° L _0OH
6°Y G8°¢ 1°6 1°6 0°s 6% 1°§ 1°6 Sy 8y ONM
7€ S6°¢ 1% L 8 ¢ 6°¢C 0y 0% 0’y 8°¢t ONmz
A% 08°1 Is° 9" 4% (4% 9° 29 79 (478 0®ed
8T’ 91~ S0 S0° ot I%° S0’ S0° G0° 01" 03N
°'1 12°¢ €e’ 09° V'R 8¢ ” (45 99° Vo 0s” 024
8° 86" e Vi% 19° 1€’ £c’ Le” 9" 4N momwm
0°¢1 L(8°¢T 9°71 8°¢C1 G°¢l 9°Ct G°¢l1 9°C1 T°¢1 G el moN~<
8°GL 00°€L 29L 6°6L L%l £°6/ £°6¢ G°6L L°GL VAR No«m
juaoxad 3yS8iom ur ‘sapixo xoley
01 : 6 8 L 9 S V4 € [4 1

*Juol ‘suols *JI18D L31suaq £31suaq L31suaq 31U

-MOTT®X ISOM ‘Uil Sseid 31say3ty 93eIpawaajuy 31samo] 2130104311

m>w>u:m 1e21301099 *S°'N
¢19yo3a1d 'q ‘L £q ‘sisdieue orydeaBoiajoads aarjejrjuenb £q sjuswats Ioull ‘4Adaang [edITZ0703) °S°N
¢sT3ay 119M07T pue ‘sijog weg ‘daouly [ned £Aq ‘sisfyeue o001 prdei Aq sapIXo 1ofew 93TNO) UIBYINOS]

291no) uasaynog ‘erep osr1ydeadoazad pue s3asATrue [EOTWAYD--°g 3]qeL

66




L1 6°1 (A4 6°C 4 £°C L1 L1 JTwagy

L°L6 1°L6 6°56 6°G6 £°96 8°96 G°L6 7°L6 oTtes
1° c’ [ [ [ T° T [ 22
1° z’ € z* A ¢ T° --- de
T° 1 T° T° T° T° T° T° 1T
G ' 8° 7 €’ G* 6° 9° Ju
Y 8" G* 0°t [ 1 6° £’ 9° s3
T° T* 1 0°'1 1° T° T° ¢’ ua
v === --- - VA £ == el oM
6° z'¢C 7°1 %'l T°1 71 14 9°'1 ue
L9 €'1¢ 1°C¢ 0°¢ce 8 EE 8°€E 8 €t 1°¢¢ qe
1°0¢€ 1°0¢€ G°6¢C 6°8¢C 1°0¢ 1°0¢ 9°9¢ '8¢ 10
--- A € ?* === - 9-° €1 2
0°¢¢ 1°¢te 6°Z¢ [AA2 °1¢ S°1€ 6°€¢C 8°¢te b

SUION *M°d°I°‘D

£e°e <6°1 {871 65T 7'l ZC°1 8L’ 09 ° 320y

£€°C - --- - --- .- -——— ~== (00 /uB)ssely

£31suaq

98%°1
-=- === 88%°1 === a8y 1 e8Y 1 === -=- 100" +
£8%°1 68%°1 G6%°1 68%°1 cev'1 88%7°1 L8%7°1 68%°1 Gy

67



0¢ 1¢ 1¢ 0¢ 0¢ 1¢C Le 0¢ A

€ € € € € £ ¢ > € Ol
0S > 0S¢ > 0S > 0¢ > 0¢ > 0s > 0s > 0s > el
€ € € € € € Y € °S
01 01 01 01 01 01 0t 01 qN
7 7 K € € € 4 € od
S > S > S > S > S > S > G > G > A
01 11 11 1 4! Al 44 Al 1s
0€ e 8¢ 9¢ 8¢ 9¢ 6€ €e ed
T 1 4 1 4 [4 | 1 IN
¢ > Z > ¢ > ¢ > ¢ > ¢ > ¢ > < > 0D
oY 0% o7 oY oY o7 oY 0¢ d
[4 4 4 [4 4 [4 1> 4 12
Y4 08¢ 68¢ SLT G8¢ 08¢ 0Lt 00€ up
91 81 L1 91 ST L1 91 LT BD
14 1 [4 [4 1 [4 1 4 nj
1> 1> 4 [A T > 1> 1> 1> 3y
oY (% oYy oY 013 015 o€ oY qd
(Wdd) (Wad) (Wad) (Wad) (Wad) (Wad) (Wdd) (Wdd)
8 L 9 S ¥ € [4 1
*jJuoy ‘Quo03ls *JITED K3Tsua(q A3Tsua(q A31suaq Jtug
-MOTI®X 3IS8M "UIW SSBID 1s9y31y 93eBIpowWIAIUL 3S9MOT 3180104311

sjuswaTq IOUT[

pONUIIU0D--22TN0) uIdyinos ‘eirep o1ydeadoaiad pue sasA1eue TeOoTWayd--°'9 3aIqel

68




) *(Aaaang 101807099 *§°'n ‘90TY) *H pue
‘s3jog s ‘moraeq °I ‘@aoury [ned Lq sisdjeue (g uswioads ‘pg)y *d ‘g9gl ‘uoljruweq) UeIpPISqO 93TTOAYY

‘01

PUBJUOW ‘EBIIB SUOISMOT[IX 1IS9M

*(uewspiay quexg £q stsdreue {/ °ou ‘1 9IqeI ‘gLE] ‘uosiapuy) UBTPISQqO 33TT0AYY

‘6

PIUIOJTTR) ‘B3JIE UTBJUNO| SSBIYH

um 7 03 00" woay yiduaj ur

93uex ‘asaeds sa93T770adTW {LBA8 NIBP JO SYBIIIS JUTERI YITM UBIPISQO IBINOTSIAUOU ‘snosuadlowoy yoerg
"y3s8ua] ur um gOQ° INOqe 98eIdGAT S9ITTOIOTW {HITYF umt ¢* 03 7* siakey

uryy Li1sa ojur pajeajusduod ‘jusdiad 1 ueyl sso] L1qeqoad Ing ‘Isow UBY] JUBPUNGE DIOW SIITTOIDIN
*9pPTM U (O] SB YOdNW SB SI[OTS3A YITm 2dTund paleIIurl ATY3Ty Jo ¥OTY3 um Q] O3 ¢ SISUI] PUB SBUTWE]
asuap (um | 33eIDAR) UTYI JO UOFIBUISI[ER 03 onp Suraefey (soyund paiasafey L13ourisip ‘Aea8-jieq
‘y3a8udy ur umw 7° o3 um g woxy SurBuexa ‘ssaeds Liaa sa3TloIDTW

{saqny a3je8uoie Ai1da ‘OpIM ww QOO ° ueyl ss3] AJ[rId2ua8 s3T0TsaA {aorund snosusdouwoy ‘Leid-31ysiy
*yia8uay ur um ¢y(Q° 23eIvAr ‘osieds LIaA SIITTOIADTW {YIPIM

uT um | 03j umt ZOQ* woiy d8uel jeyl saqnl 93e3uO0Td SaTOIsaA {aotund snosuadowoy ‘ALei8-unypowm-3y3IT
*y38ual ur um gQQ° @3easae ‘osaeds Lx9A so3TToIOTW {SuUO] umn | pue OpIM um ¢°* a3eIdAE

‘xerngnl sa7OTs9A [ (3OTY3l wum | ueyl s$s3]) sasua] dotwnd ixasusp Leild ioyaep Surary ad7und LeaSsunipsy
*y3dual ur wm ¢7Q° 93vaoar {9saeds LadA SIITTOIADIR

‘UIPTM UT uw ¢ O3 T* WOlJ d3JurI pUuR IBINQN] JIB SITOTSOA {SSaUNOTYJ UT uml ¢ OF um | woxj o8uea

JBY] 92TS 9TOTS3A JUSIBIITP LIPayirw JOo SISUD] pue saade] palernuaad Suraey adtund Aea8-yiep unipol
*Buoy umt ¢ a3eivae pue 9sieds AT3WBIIXD $DITT0IOTW fYIPTM Ul um ¢* a8eisAe IBYI SAQN)]

@3e3uo(a AJoA S3TDTSdA { 03 JFB[TWIS HD0X1 {oeuTwe] Idsusp ‘jurey ‘osieds K1sa pue ootund Leaf-3ysSiq
*8uol um 70°* 98exeae {osieds L1reis

-us3 S9ITTOIDTW ‘uml | O3 uml ¢(° WOIF YIPTA uy 28uel pue IB[NQN] I8 SI[OTSVA ¢ (YOTYI Wll.t* -SA®)
seutwe] 9otwnd Ssuap aaow ‘Aeid IoNIBP ‘IUTEI YITM poyesals A1asaeds ‘ovojund Aead ystusea8 wntpoy

‘8

1

(8=1) ®BIUIOITIRD ‘93TN0H UIdYINOg

*d pue ‘0 ‘el ‘YL ‘Tl ‘pD ‘uz ‘1g ‘ug ‘qS ‘sy ‘@9 ‘M ‘3d ‘aI ‘SH ‘ny :puno3y jou 3Ing 103 P9300] sjuawery

G81 081 091 QLT GST SLT 114 G561 qy
) g S S S S Y 9 sD
LS L8 ] 1Y Ly 86 LZ 139 1
. STl YAl 01T 011 o%1 CT1 88 011 1z



Southern Coulee consists of predominantly layered pumice
(density 0.53-2.01 g per cc; see table 6) that lacks megascopically
visible crystals. Densities of pumice were determined by weighing
cylindrical cores of known volume. Obsidian (density 2.33 g per ce),
a minor but ubiquitous constituent of all units, occurs as lenses
and laminae in the pumice (fig.28). The obsidian also lacks mega-
scopically visible crystals, but contains sparse spherulites that
range in diameter from less than 1 mm to more than 40 mm and average
about 2 mm. The spherulites can be locally abundant. They are
partially leached out near former fumaroles, a condition that gives
the obsidian in such localities a false appearance of coarse vesicu-
larity, which it generally lacks. X-ray diffraction indicates that
the spherulites are composed of sanidine and well-ordered cristobalite.

Permanent clear ice occurs in fractures and open pores in the
rocks of the coulee from a few feet below the surface down to an
unknown depth. Its presence often delays quarrying operations.

Core drilling shows it to be abundant down to about 23 m and in

trace amounts down to at least 45 m. This decrease in the

abundance of ice below about 23 m coincides with an abrupt de-

crease in porosity of the pumice below that depth. The ice is prob-
ably frozen ground water that has become permafrost (chemical analyses
show that the water is relatively pure) owing to a combination of

low mean annual temperatures and the low heat-conductive properties

of the pumice.

Although flow layering is nearly nresent everywhere, it varies
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Figure 28.--Thin
inflated p




considerably in aspect. The pumice appears massive in places, but
generally close inspection shows that this appearance is due either
to medium-to-thick beds of homogeneous rock separated by thin incon-
spicuous laminae or to a very thin, subtle layering. Generally the
layering is represented by differences in the degree and form of
vesicularity., 1In a few places, surfaces of flow layers are coated
by pale pink very fine-grained material, which has been shown by
x-ray diffraction to be a mixture of sanidine and well-ordered
cristobalite similar in composition to the spherulites in the obsid-
ian. The pink coatings and pumice layers are broken in places,
apparently due to more plastic behavior of adjacent layers, and the
fragments scattered along the flow layers.

The pink sanidine-cristobalite material commonly fills fractures
and coats the surfaces of the pumice blocks. The skins formed by
zoatings on the pumice blocks are cut by numerous fractures (fig. 29).
The common sigmoidal form of the fractures indicates contemporaneous
fracturing and differential plastic flow of the skins. The material
in the interior of the blocks has been squeezed into the fractures
which indicate that interiors of the blocks were still plastic after
the fractures were formed. Skins occurring on several surfaces of
blocks suggest that blocks formed while the lava was still hot.

The color of the rocks of the units ranges from black (in
obsidian) to light gray (in pumice); pumice shows all gradations
from light-to-dark gray. The thicker the walls of the glass frame-
work of the pumice, the darker is the color. However, the darker

gray rocks are not necessarily the densest because the presence
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of large vesicles may more than compensate for the thick walls.
Vesicles are most commonly flattened tubes that tend to be
elongated parallel to the direction flow. Intersection of the
elongate vesicles and flow surfaces produces many of the widespread
fine striations. Lenses of coarse vesicularity occur in finely
vesicular pumice or in nonvesicular obsidian in places. These
coarse vesicles are seldom flattened or much elongated and seem to
represent pockets between layers of flowing lava where pressure
was released normal to the layering. 1In other places, vesicles in
large masses of pumice are elongated at a high angle to the flow
layering, which is expressed by thin layers of lower vesicularity
that show marked elongation parallel to the layering. This phenom-
enon is particularly widespread in the rather coarsely vesicular,
dark-gray phase of the lowest density unit., The ibove observa-
tions suggest that, for a given viscosity, the form and orientation
of vesicles seem to be mostly a result of three conflicting stress
fields: (1) gravity, which results in an upward release of pressure;
(2) plastic flow, which results in a release of pressure parallel
to the direction of flow; and (3) shear, which résults in a more
complex force distribution. Stress due to plastic flow dominates.

lowest density unit.--The lowest density unit is charac-

terized by pumice that has a density range from 0.51 to 0.78 g per cc.
Minor amounts of denser pumice (1.00 to 1.75 g per cc) and obsidian
are interlayered with the less dense rocks. The unit narrows to the
west and pinches out in a series of complicated fingers (fig. 24).

The northermmost of the fingers is in contact with the narrow upper
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east end of the intermediate-density unit, but the relations between
the two units are not clear. The intermediate unit may be closely
related to the lowest density unit, but the rubble contact is abrupt
and no indications of gradation or intertonguing between the two
units are found.

The pumice of the unit is generally homogeneous and layering is
inconspicuous. This is partly because flow layering is represented
by very small subtle variations in size and shape of the vesicles,
and partly because of the presence of thick (1 to 2 m) homogeneog;
beds separated by thin (2 to 10 mm) layers of only slightly different -
texture. 1Its homogeneous character and low density make the pumice
of the unit a valuable commodity.

Generally, the pumice color in the low-density unit grades from
light gray along the south margin to dark gray along the north margin.
Different hues of pumice form east-west bands roughly parallel to
the direction of flow. In detail the bands are irregular and some
are discontinuous. The pumice of all hues is light brown to yellow-
ish brown in an extremely thin surface layer, which may be due to
weathering or alteration while the lava was still hot.

The lighter hued pumice is finely vesicular with average
vesicle diameter in the medium-gray of about 0.6 mm, in light-gray

less than 0.1 mm, and in the dark-gray as much as 3 mm.

Intermediate-density unit. --The intermediate-density unit

(average density is about 1.20 g per cc) is confined to the western
part of the flow and may be part of the same flow unit as the low-

density unit. Dominant rocks are of relatively low-density pumice



types that resemble those in the lowest density unit, but the rock
is much more heterogeneous. Laminae and thin beds of denser pumice
and obsidian are more abundant (fig.28). Fractured surface skins
of siliceous material and glass are widespread (fig.29) in contrast
to the low-density unit where they are scarce. The dominant, less
dense pumice commonly shows the same light-brown to yellowish-
brown surface that is generally in the lowest density unit.

The northern contact of the unit seems to grade into the
highest density unit and trends diagonally across a conspicuous,
younger lava stream composed of pumice of the two units. The con-
tact seems to be laterally displaced to the right at the south
margin of the stream, but field relations are not clear. This
displacement would be expected if, as suggested by morphologic
evidence, the conspicuous stream with the crescentic ridges is
younger, or contemporaneous and more rapidly flowing, than adjacent
streams.

Highest density unit.--The highest density unit is character-

ized by a dominance of pumice whose density ranges from 1.37 to 2.07
g per cc. Smaller amounts of less dense pumice and obsidian are
interbedded with denser pumice throughout the unit. Obsidian is
much more abundant in this unit than in the others. Pumice and
obsidian are medium-to-thin bedded giving the unit a characteristic
well-bedded aspect (fig. 30). Various layers of different hues of
gray and of different densities are typical. The rock breaks along
surfaces of flow layering, producing abundant slablike fragments in

contrast to the more equant fragments of the less dense units.
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The layering surfaces have a distinctive sheen due to coatings of
glass or siliceous material. The color of the denser pumice is
hues of gray and the pumice lacks the brown surface color of other
units.

Rocks included in this unit are possibly some of the youngest
and oldest, or at least lowest exposed rocks, of the coulee (see
section on structure). They form part of the previously mentioned
younger stream, and are the only rocks to be seen projecting through
the talus slope at the sides of the coulee (fig. 27) where they are
especially rich in obsidian. Rocks of the densest unit also are
the only ones that project upward through ash deposits. The last
accurrence strongly suggests that parts of the densest unit are
pre-ash eruption in age.

Vesicles of the densest pumice are smaller (commonly of micro-
scopic dimensions) and less abundant than those of the other units.
Fresh surfaces of this pumice have a pearly luster that results
from the network of fine filaments of glass that compose the frame-
work of the rock surrounding the vesicles., Perlitic fractures are
lacking.

Structure

Because of the jumbled, fragmental character of the lava, no
attempt has been made here to study the structure of the coulee by
means of the geometrical analysis of flow layering and linear
structures. These structures are described on the next few pages;
but the discussion of the overall structure of the coulee is based

on the consideration of gross features.
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Surface structures.--The previously described flow layering is

the dominant and most pervasive structural feature of the coulee.
Almost as widespread are lineations, chiefly streaks, striationms,

and grooves that lie in the plane of the flow layering and are
parallel to the direction of flow. Streaks and some striations
represent the intersections of the flow surfaces and elongate bodies,
including walls of vesicles that were extended plastically parallel
to the direction of flow. Grooves and other striations were caused
by the movement of flow layers over one another.

Fold and related crenulations tend to be normal to the direction
of flow and are less common linear structures. Folds range from
open warps to isoclinal folds. Open folds tend to have the charac-
teristic form of flexural slip or parallel folds in which folded
layers maintain their thickness throughout the fold (Wynne-Edwards,
1963). In such folds, layers are competent and folding is accom-
plished by flexure and slip between layers. The isoclinal folds
(fig. 31) show the thick hinges and thin limbs of flow or similar
folds, in which layers behave passively and folding results from
non-uniform lamina-flow along invisible planes parallel to the axial
plane of the fold (Wynne-Edwards, 1963). The open, parallel folds
form in surface layers of obsidian where, because of cooling, vis-
cosity, and competence of layers may be relatively high. On the
other hand, isoclinal folds appear most often in the interior parts
of thick pumice and obsidian masses where the temperature was prob-
ably relatively high and viscosity low.

Pressure ridges seem to be large-scale open folds that correspond
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Figure 31.--Isoclinal folds in pumice, highest density unit,
Southern Coulee.
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to the smaller scale flexural slip folds above. Large slabs on

flanks of ridges dip away from the crest in a manner that suggests

_ the ridges represent large-scale wrinkles or flexures in the crust

of the flow. Such wrinkles appear to be analogous to the thin,
wrinkled crust of highly fluid pahoehoe basalt flows (see Parker,
1963, p. 11-12). The crust of a highly viscous flow of the Southern
Coulee type would be muéh thicker and the wrinkles produced in it

of much larger scale (deSitter, 1956, p. 189-190).

Locally, strain-slip or fracture cleavage occurs and contains
numerous paper-thin glassy or siliceous laminae whose physical
properties contrast sharply with those of the pumice. The cleavage
is identical to that found in metamorphic rocks (see Turner and Weiss
1963, p. 98) and consists of parallel planes intersecting and layer-
ing at high angles (fig. 32). The strain-slip cleavage in meta-
morphic rocks is a late feature developed in already foliated rocks,
and it probably developed in solidified, layered lava as the result
of stresses created by nearby movement of still fluid lava.

Subsurface structure.--Interpretation of the internal structure

of Southern Coulee is based mostly on the cores obtained during the
present work and their correlation with the surface features. Un-
fortunately, the base of the coulee was not reached due to the
difficulties in drilling the highly porous, fragmental lava. Four
core holes were drilled, all located in the lowest density unit
and in the flow part of the coulee (fig.24). Of these, only core
holes 2 and 4 drilled through this unit into the highest density

unit. The contact between the two units seems to be abrupt, much
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like surface contacts between the units. The lower 20 or 30 feet of
the least dense unit may contain ﬁore layers of denser pumice than
is usual, but this is a common oc¢currence near the contacts at the
surface. The lower 10 feet of core hole 4 (fig. 33) is especially
rich in obsidian that contains abundant spherulites. Similar thick
obsidian layers are exposed at the surfacé; but spherulites are
generally sparse or lacking. The spherulitic obsidian layer may
represent the top of a very dense,'spherulitic unit similar to that
seen in the small, partly disrupted rhyolitic flow, about 1 mile
south of the southern margin of the coulee.

All core holes penetrated broken jumbled rock their entire
depth. Hence, Flow-layering attitudes in cores are highly vari-
able and probably reflect attitudes of single blocks rather than
that of the original flow of lava. Ice in highly variable amounts
was encountered down to the deepest level, but is more abundant
near the surface. |

According to the core evidence, the least density unit is
an elongate, boat-shaped layer, having a thickness of at least
25 m. It lies on a substratum composed of the densest unit,
which may pass downward into a still denser spherulitic unit. The
form of the intermediate-density unit seems similar to that of the
least dense unit.

The above evidence suggests that lower density units represent
frothy top layers floating onAé genérallf more denée lava. This
frothing apparently occurred at the southern end of the fissure-

like orifice, thus the low-density units are confined to the
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2,654 m Top of coulee. Light gray, massive pumice of low

density

Pumice, light gray, low density, broken-ice in cavities
@4.5m,

Pumice, light gray to light brown, low to medium density;
broken; ice in cavities.

Pumice, light gray to light brown, low to medium density,
broken, ice in cavities.

Pumice and thin streak of black obsidian; pumice,
medium density, medium gray; ice in cavities; broken.

Pumice, light brownish gray, low density with sparse
laminae of black obsidian; broken; ice in cavities.

Pumice, light gray, dense; scattered black obsidian
layers, broken; trace of ice in cavities.

Pumice, light gray, dense and scattered black obsidian
layers. Broken; ice in cavities.

Pumice, light gray and abundant spherulitic black obsidian

in irregular streaks veins; broken; scattered ice in cavities.

Same as above.

Same as above,

Black spherulitic obsidian and light gray, dense pumice

irregularly interlayered; broken; scatterd ice in cavities.

Total Depth., 44,8 m.

Estimated base of coulee.

of core recovered.
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Southern part of the coulee. Lack of strict correlation between
the mapped density units and the lava streams, probably resulted
from the complex, anastomosing pattern of within the flow part of
the coulee. - Individual streams of lava flowed at different rates,
at different times, and took different courses. This process may
have disrupted original spatial relations of density units at the
orifice.

Petrography

Both pumice and obsidian of the Southern Coulee consist pre-
dominantly of clear, colorless, undevitrified glass, which lack
phenocrysts. Other constituents, microlites, spherulites, and
xenocrysts constitute only a small fraction of 1 percent of the
total rock, although locally, microlites and spherulites may approach
1 percent. Xenocrysts are rare; the few that were seen are plagio-
clase grains 1-2 mm long.

Elongate microlites and vesicles show a preferred orientation
parallel to the flow direction when seen is thin section. Although
generally the orientation in a single section is fairly uniform,
in some, trains of microlites are contorted into whirls. 1In others
the preferred orientation of microlites is weak and flow direction
obscure.

Refractive index of the glass ranges from 1.483 to 1.495 (table 6)
with 1.488 (+ .001) being the most commonly obtained value. Vari-
ations are not gradational and represent the indices of discrete
masses of glass whose shape and extent are difficult to determine.

A particular range of indices and hence of composition could not be
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identified with a particular rock type of lithologic unit; variations
within a single specimen (4 and 6, table 6 ) nearly span the total
index range.

Regular polarizing microscope and phase-contrast microscope
observations showed that vesicles are commonly surrounded by rims
of higher index. For example, in specimen 6 (table 6 ), rims have
an index of 1.495, whereas glass between rims has an index ranging
from 1.486 to 1.488. Rims range in width from less than 5 microns
to as much as 20 microns. Thin zones (less than 10 microns) of
probable higher index occur along a generally polygonal pattern of
fractures. Both vesicle rims and fracture zones show faint bire-
fringence. For this reason, together with higher index and occurrence
at places of water accessibility, it is suggested that they represent
zones of hydration (Ross and Smith, 1955; Friedman and Smith, 1960).
Hydration could have occurred either at the time of eruption or
later when the coulee was penetrated by groundwater.

Other types of index distribution were not observed. Hydration
zones vary markedly in abundance from specimen to specimen, and are
obviously related to the degree of vesicularity and fracturing.

This relation of index and vesicles probably accounts for the fact
that only one index was encountered in the nonvesicular obsidian
(col. 8, table 6), and 2 or 3 indices in some of the highly vesicular
pumices.

Chemical composition

Eight chemical analyses (table 6 ) of the Southern Coulee

represent not only a wide range of physical rock types but also a
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wide range of localities on the coulee. The analyses are remarkably
similar and indicate a nearly uniform composition for the coulee as

a whole. Similar uniformity of composition for similar glassy
rhyolitic flows and domes have been noted by Anderson (1933) at

Glass Mountain, northern California, and by Hamilton (1963) near

West Yellowstone, Montana. - Composition of rhyolites of these two
areas (table 6, nos. 9 and 10) are similar to composition of Southern
Coulee rhyolite.

The uniform composition is reflected in the narrow range of
refractive indices. The average silica percentage is 75.4 percent
and the most common index is 1.488. These data, when plotted on the
silica refractive index diagram of George (1924, fig. 3), define a
point very close to his curve for natural glasses.

Chemical composition of the rocks of the Southern Coulee indi-
cates a rhyolite of the sodipotassic subrange of the C.I.P.W. classi-
fication, as does the apalyses from Glass Mountain and West Yellow-
stone., Bowen (1928, p. 129) noted that, of the 44 rhyolite obsidian
analyses at his disposal, 31 were of the sodipotassic subrange and
13 were dosodic; none were extreme potassic or sodic types. Glassy
rhyolitic rocks seem, therefore, to have a much more restricted
compositional range than do the crystalline silicic rocks.

Bowen (1928, p. 125-132) considered glassy rocks to be the
only igneous rocks whose composition undoubtedly corresponded to a
owing for possible loss of volatiles on cooling). He
took tﬁeir restriction in gomposition, as compared to their crystal-

line counterparts, to be caused by the more restricted compositional
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course of the changing liquid during a crystallization sequence as
compared to the wide range of possible compositions of the crystal-
line products of the magma.

The projection of the composition of the rhyolite of the
Southern Coulee (salic constituents less anorthite as per Bowen,
1937, p. 16-17) on the equilibrium diagram of the system NaAlSiOA-
KAISiOa-SiOZ, falls in the salicic end of the low-temperature trough
(fig. 34). Bowen (1937; also see Benson, 1941) found that composi-
tions of a large number of igneous rocks rich in alkali-alumina
silicates (phonolites, trachytes, syenites, granites, rhyolites,
etc.) plotted in the low~ temperature trough. From this he con-
cluded that these rocks were the products of fractional crystalliza-
tion of a differentiated magma in which crystal-liquid equilibrium
was the principal control. Had they been products of another pro-
cess, their compositions would scatter out of the low-temperature
trough. Laws of crystal-liquid equilibrium may also govern the
process of partial melting (Barth, 1962, p. 124), and the rocks
whose compositions fall in the low-temperature trough in figure 34
may represent the early melting fraction instead of the "residue"
of a differentiated magma. Holmes (1932, p. 545-546) and Waters
(1955, p. 712-715) have emphasized the potential of partial melting
and assimilation of crustal rocks in the production of different
magma types.

Which processes led to production of the Mono Craters cannot
be decided with certainty from the Present data but differentiation

from a basalt magma seems unlikely in view of the relatively small
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Figure 34.--Normative nephaline (ne), quartz (q), and Kaliophilite
(Kp) diagram after Bowen (1937) showing average composition of
Southern Coulee rhyolite (dot) in low temperature trough (heavy
lines) ; ab = albite, or = orthoclase, lc = leucite.
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volume of basalt of appropriate age in the Mono Craters area (Kistler,
1966). Granitic residuum of such a magma would be less than a tenth
of the original magma volume (Barth, 1962, p. 122). Therefore, it
seems more probable that the Mono Craters came from a granitic

magma derived from crustal rocks by partial melting. This magma

may have come to the surface along the arcuate fracture zone beneath
the craters, which is the eastern arc of a large-scale fing struc-

ture whose center lies about 4 miles to the west (Kistler, in press).
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GEOLOGY AND PETROGRAPHY OF THE SONORA PASS -SITE
MONO COUNTY, CALIFORNIA

by David V. Haines

ABSTRACT.--The Sonora Pass site is located in the Sierra Nevaia
on a quartz monzonite pluton. Outcrops consist of relatively un-
weathered, jointed, sheeted, and exfoliated rock. Rock surfaces
are generally smooth with rounded edges. Slopes are usually less
than 15 degrees. Irregularities in the terrain are due to erosion
along joints by running water. Petrographic examination of drill

corc to a depth of 12.2 meters indicates the rock is a homogenous,
medium-grained porphyritic quartz monzonite consisting of pink
microcline, zoned plagioclase, quartz, biotite, and minor accessory

minerals. ; /

Introduction

The Sierra Nevada consists of pre-Cretaceous metamorphic and
metasedimentary rocks and Mesozoic plutonic rocks, chiefly granite,
granodiorite, and quartz monzonite. Plutons range from a fraction
of a mile to 20 miles across, with sharp crosscutting relationships
indicating multiple injection (Ross, 1958; Bateman and others,
1963). Tertiary rocks include early Cenozoic auriferous gravels,
Miocene rhyolite ignimbrite, and Pliocene andesite mudflows. Sub-
sequent erosion carved deep narrow canyons through the volcanic
rocks into the crystalline basement. These canyons have been
modified by Pleistocene glaciation, which locally mantled the
surface with moraine. A region 55 km wide along the crest of the
range was intensely glaciated. Fault movements along the eastern

escarpment have continued into Recent time.
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Geology

The test site consists of a relatively unweathered plutonic
bedrock outcrop. Topography and rock type may be analogous to
conditions in the lunar highland regions. The test site is located
on the eastern slope of the Sierra Nevada approximately 4.5 air km
southeast of Sonora Pass (fig.35). The test site is accessible
via paved highway (California Highway 108). The nearest sizeable
community is Bridgeport, California, about 32 air km east southeast
of the test site. Elevations at the test site range from approxi-
mately 2,550 m to 2,600 m MSL (mean sea level).

The major part of the test site consists of outcrops of
medium-grained quartz monzonite, which are part of a large pluton
(fig. 36 ). Rock surfaces show a variety of slope directions and
angles ranging from vertical to horizontal, and are generally
smooth and rounded on the edges but not polished. Minor irregu-
larities in the rock surfaces are due to exfoliation and differential
weathering (fig. 37. On a larger scale, more prominent irregu-
larities in the terrain are due to weathering and erosion along
joints and to rock sheeting probably caused by the exfoliation

process or by unloading.

Water
Surface water consists of small rivulets that carry meltwater
across the test site in the spring. These small streams probably
dry up in the summer months. During the spring, meltwater
forms pools on the more level rock surfaces; these pools are

often discolored by algae.
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Figure 35.--Topographic map, Sonora Pass site, Mono County, California.
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Figure 37.--Exfoliation on rock surface sloping southwest. Boulders
are transported quartz monzonite, similar to underlying rock,
Sonora Pass site, Mono County, California.

97




Subsurface meteoric water occurs in the joints of the rock
and probably contributes small amounts of effluent water to
Leavitt Creek during the summer. A spring on the test site
issues from the quartz monzonite and has formed a small terrace
consisting of brown tufa. The channel taken by the spring is
coated reddish brown on bottom and sides with limonitic sludge,
and the banks for several feet on either side contain white

efflorescences of salts.

Rock structure

The quartz monzonite is medium-grained, massive, hard, well-
indurated, and solid in most of the exposures. The rock is cut
by steeply dipping joints trending in different directioms.

The most prominent set of joints trends approximately east-west.
The joints are spaced, on the average, about 1 meter apart and
the majority are tight with little surface expression. Sheet-
ing is expressed as a more or less horizontal to low-dipping

joint set,

The quartz monzonite is intruded by dikes of white aplite
15 cm or less thick, and by pegmatitic dikes containing pinkish

feldspar and quartz, which are up to 67 cm thick.

Weathering and Erosion

The smooth rock surfaces and the irregularities observed in

the ground surface are the result of four processes: exfoliation,
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frost heaving, erosion by running water, and glaciation. Exfoli~
ation tends to produce the rounded edges and smooth rock surfaces
shown in figure 37 Frost heaving tends to widen the joints in the
rock and probably assists in stripping the rock surface of exfoli-
ation plates. The relatively large grain size of the rock also
permits frost to wedge out mineral grains to form grus (£fig.38).
Grus may also form by shattering of the rock caused by expan-

sion of the lattices of biotite and plagioclase, as a result of

weathering (Wahrhaftig, 1965)., Erosi

&> -
assists in widening and deepening joints so that narrow defiles

are sometimes produced. Grus tends to be washed into joints or
deposited in swales in the rock surface.

The quartz monzonite is superficially weathered to a maximum
depth of about 15 cm. Large, broken fragments of the rock,which are
strewn along the shoulder of the highway, show the depth of weathering
by an abrupt change in color. The weathered rock in most places
is almost as firm and hard as the fresh rock. Locally, outcrops
of especially coarse-grained weathered rock have a rougher surface
texture thanm usual, and are slightly friable. Some mineral frag-
ments can be scratched off the surface with a hammer, but the
friability is very superficial. Large phenocrysts of microcline
are most resistant to weathering and tend to project outward on
the rock surfaces. Relatively thin aplite dikes, which cut the
quartz monzonite,are also resistant to weathering and tend to
stand out an inch or two above the surface of the quartz monzonite.

The weathering colors are yellowish and brownish hues but are
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Figure 38.--Close-up view of grus derived from weathering of quartz
monzonite; grus accumulates in joint cracks and swales in rock
surface, Sonora Pass site, Mono County, California.

100




only locally present in the quartz monzonite.

Drill Hole Sonora Pass 1

Drill hole Sonora Pass 1 is located in the SE 1/4, sec 6,
T.5N., R.22E., Mt. Diablo Base Line and Meridian (see fig. 36).
Drilling was begun on August 6, 1965, and completed on August 13,
1965, at a depth of 12.2 m. Elevation at the collar of the hole
is approximately 2,585 m above mean sea level. Average rate of
NX diameter core dr

was 98 percent. Ground water entered the hole through joints in

the rock between 1.8 and 2.7 m.

Petrography

General description

Large phenocrysts of pink microcline set in a medium-grained
groundmass are megascopically visible. Biotite, plagioclase,
quartz, and sphene can also be recognized. The rock has a holo-
crystalline, granular texture of interlocking grains typical of
plutonic rock. The color is somewhat mottled due to the large
Pink phenocrysts and to black biotite grains, but is predominantly
white in slightly weathered rock and faint bluish gray in fresh
rock. Microscopically, the texture is hypidiomorphic-granular.
Plagioclase is locally marked by myrmekitic texture, and microcline
sometimes shows perthitic texture. Grain size averages 3 mm.
Modal analyses and texture indicate the rock is a porphyritic

quartz monzonite.
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Microcline

Megascopically, microcline occurs as large phenocrysts of
grayish pink color which are anhedral and rectangular in shape with
a maximum size of about 10 cm in length by 5 cm in width (see fig.39).
Phenocrysts contain inclusions of plagioclase, biotite, magnetite,
and sphene. Microscopically, a grid-twinning is characteristic
but is not always present and two good cleavages almost at right
angles can be observed in some crystals. The mineral surface in
plane light, shows clots of dust-like sericite particles particles
that are elongated along one of the cleavage directions (fig. 40).
Perthitic texture is formed in some crystals by lenticular wormy
inclusions of sodic plagioclase; perthitic structure in other thin
sections consists of oriented rounded blebs of plagioclase (fig. 41).
Plagioclase is the most abundant inclusion found in the microcline

phenocrysts. Average grain size of the microcline is about 5 mm.

Quar tz

Megascopically, quartz occurs as colorless, transparent to
light gray crystals with anhedral crystal development and equant
to elongated shapes. Crystals reach a maximum size of about 15 mm.
Microscopically, the quartz crystals are usually equant and anhe-
dral. The grains contain irregular fractures and frequently show
undulose extinction. Average grain size is 3 mm. The irregular
fractures are commonly filled by sericite or fine-grained biotite.

Veinlets of sericite may cut across and through several quartz
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Figure 39.--Close-up view of weathered quartz monzonite surface.
Note microcline phenocryst at upper left. Sonora Pass site,
Mono County, California.

bl L R, S

aquartz
sericite:
plagio-
1.




Figure 41.--Photomicrograph shows perthitic texture in microcline.
Crossed nicols. Sonora Pass 1.
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crystals and appear to be stopped at the contact with microcline
(fig. 42). Myrmekite texture occurs locally where plagioclase
contacts microcline and consists of vermicules of quartz.

Two generations of quartz seem to exist in the rock. Younger

quartz can be observed to cross-cut older quartz (fig. 42).

Plagioclase

Megascopically, plagioclase occurs as white, euhedral to sub-
translucent, elongated, striated crystals averaging about

3 mm in length. Microscopically, albite twinning and carlsbad
twinning are characteristic of the mineral. The crystals usually
show strong zoning and undulatory extinction. Stringer-like veinlets
of sericite or fine-grained biotite are generally oriented parallel
to each other and cut across the albite twinning. Cores of some
crystals are sericitized (fig. 43). Plagioclase contains inclu-
sions of optically dissimilar equant plagioclase, prismatic amphi-
bole, sphene, and quartz. Plagioclase crystals usually show
myrmekitic structure where grains are in contact with microcline
(fig. 44 ). Minor amounts of plagioclase occur as zoned inclusions
in microcline averaging 0.5 to 1.0 mm. Extinction angles measured
on combined albite-carlsbad twins cut normal to (010) indicate

that the composition of the zoned plagioclase ranges from cores of

ims f An .
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Figure 42.~-Photomicrograph shows quartz (q) intruding earlier quartz
and microcline (m). Sericite veinlets cut early quartz as well as
late quartz. Crossed nicols. Sonora Pass 1.

Figure 43.--Cluster of biotite (b), chlorite (c), sphene (s), mag?etite
(opaque) , plagioclase (p) and apatite (a). Note zoning in plagioclase
crystals,

Partially crossed nicols. Sonora Pass 1
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Biotite

Megascopically, biotite occurs disseminated throughout the
rock as irregular-shaped knots or lenses and smaller books.
Knots average 5 mm in diameter; individual books average about
1 mm. The biotite sometimes shows euhedral hexagonal outlines.
The color is greenish black to black. The mineral also occurs in
minor quantity as inclusions in quartz and microcline. Alteration
to chlorite has taken place along some foliation planes of the
biotite. Microscopically, biotite usually occurs as anhedral,
elongated flakes with irregular angular outlines. Alteration to
chlorite is visible along some cleavage planes. Inclusions of
sphene, apatite, and magnetite are fairly common. Fine-grained
biotite or sericite fills some of the minute fractures in quartz,
plagioclase, and other minerals. In one instance, the fractures

seem to .emanate from a flake of biotite.

Sphene

Megascopically, sphene occurs as dark yellowish orange,
subhedral to euhedral, transparent crystals. The crystals average
0.5 mm,and reach a maximum size of about 2 mm. Sphene is usually
closely associated with biotite,but occurs as individual inclusions
in quartz and microcline. Microscopically, sphene usually occurs
in clusters with magnetite and biotite. Crystals are mostly
euhedral and lozenge-shaped, but a few crystals are prismatic.
Sphene occurs as inclusions in biotite, plagioclase, quartz, and

mierocline.
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Magnetite

Megascopically, magnetite is difficult to identify because
of the small grain size. Microscopically, the mineral occurs in
equant, anhedral to subhedral grains averaging 0.2 mm in diameter.
It usually occurs in clusters of several grains (fig. 43 ), closely
associated with sphene and biotite. Magnetite also occurs as
inclusions in sphene and is sometimes found as discontinuous
lenses along the foliation planes in biotite and chlorite, where

mi

it is probably the result of a deuteric che

Apatite

Apatite is difficult to recognize megascopically because of
the small grain size. Microscopically, it occurs sparsely as

euhedral hexagonal crystals or in prisms ranging from 0.1 to 0.3

mm in size., The inconspicuous crystals are closely associated with

clusters of magnetite, sphene, and biotite (fig. 43 ).

Amphibole

Amphibole is not readily identifiable megascopically due to
scarcity of the mineral and the small grain size. Microscopically,
amphibole is closely associated with chlorite, biotite, sphene,
and magnetite. It occurs in colorless prismatic forms or anhedral
elongated masses from 0.1 to 1 mm in length. It forms cores of
some plagioclase crystals, or occurs in plagioclase and microcline

as inclusions.




Chlorite
Megascopically, chlorite is visible as a greenish alteration
product that occurs along the cleavage planes in biotite. Micro-
scopically, the chlorite laminae have sharp contacts with the
biotite, but tend to wedge out in short distances (fig. 43).

Chlorite comprises approximately 5 percent of the biotite.

Mode and classification
Modal analyses were made by averaging 3 vertical and 3 hori-
zontal traverses across each thin section with a mechanical stage.
The results are presented in table 7. Mineral composition
of the rock indicates a classification of quartz monzounire,
while the phenocrysts of microcline indicate a porphyritic

texture.

Physical Properties
The average of the physical properties measurements of the
quartz monzonite from the test site are as follows (Roach and

Johnson, 1966):

Dry Bulk Density (g per cc) 2.62
Saturated Bulk Density (g per cc) 2.64
Grain Density (g per cc) 2.67
Total Porosity, percent 1.8

The rock is uniform in physical properties but is jointed
and affected by exfoliation and unloading. The petrography and

geologic occurrence of the rock indicate a uniform composition
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and texture typical of a batholitic rock. Some variation in rock

properties may occur near margins of the pluton.

Seismic Properties
The seismic velocity in the quartz monzonite is a uniform
5,000 meters per second. This velocity is the highest encountered
at any of the test sites (Godson, Watkins, and Loney, 1965) and

is typical of unweathered granitic rock.
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PETROGRAPHY AND GEOLOGY OF BISHOP TUFF
AND MONO ASH SITES, CALIFORNIA

by David V. Haines

ABSTRACT. --Two test sites, selected on the basis of geologic
lunar analogies, indicate petrographic and physical characteristics
pertinent to lunar exploration and interpretation of lunar terrains.

The Bishop Tuff site is located on a gently sloping, predomi-
nantly flat tableland broken by northerly-trending faults and under-
lain by Pleistocene Rishop Tuff in a youthful stage of erosion. A
thin regolith overlies the tuff. Steep fault scarps, angular
breccia on the ground surface, and wind-deposited sand impede foot
or vehicle movement. Drilling indicates the presence of well-
indurated tuff to 18.6 m, underlain by unconsolidated ash.

The Mono Ash site is located on a gently sloping, predominantly
flat surface underlain by pyroclastic debris derived from the adja-
cent Mono Craters. The surface soil is loose, dry lapilli ash of
Late Pleistocene to Recent age, and is underlain by similar moist
soil. The lapilli ash consists chiefly of pumice fragments and
has an approximate dry density of 1.26 g per cc and a void ratio of
0.85. Cone penetrometer tests indicate that the relative density
is fairly uniform except on two embankments that cross Lhe test
site and on small pumice sand dunes at the margins of the site.

Excavation of the lapilli ash is easy but large blocks of
pumice may be found scattered through the deposit. Drill core shows
the surface soil to be underlain by ash and consoclidated pumice to
a depth of 47 m. Occasional beds of clastic sand, up to 3.7 m
thick, are interbedded with the pumice and ash and represent deposits
formed in pluvial Lake Russell. Tuff (probably equivalent to the
previously mentioned Bishop Tuff) occurs below a depth of 47 m.
Strongly eutaxitic texture, spherulitic structure developed in
pumice inclusions, and flattened lenses containing obsidian indicate
higher temperature and pressure conditions during deposition than
occurred at the Bishop Tuff site. Petrographic features can be
correlated with higher bulk density and lower porosity of the tuff
at the Mono Ash site.

Introduction
N
This report describes the (1) petrographic characteristics of }

I

the Bishop Tuff and other pyroclastic rocks as observed in rock

...,

thin sections prepared from drill core obtained at two widely
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separated sites, (2) results of field measurements of cone penetra-
tion resistance, moisture content, and density of the surface soil,
and (3) geology.

The siges are located near Bishop, California, (Bishop Tuff
site) and in the Mono Basin area, California, (Mono Ash site) and
were selected because of possible analogies to parts of the lunar
surface. The Bishop Tuff site is an example of a surface covered
by pyroclastic tuff and may be analogous to proposed lunar vacuum
welding. The Mono Ash site is an example of a surface covered by
low-density lapilli ash. Surfaces at both sites are relatively
unweathered and uneroded.

Core was obtained from one NX-diameter drill hole at each
site. Core logs are given by Elmer and Walters, Appendix A, in
this report. Seismic surveys were carried out in the summer and
fall of 1964. Brief geologic examinations and physical measurements
at the sites were made in April 1966.

The test site is located a few miles north of Bishop, California,
on a volcanic plateau underlain by the Bishop Tuff Formation. The
southern edge of this plateau or tableland is marked by a steep
escarpment about 61 m high (fig. 45). Elevation ranges from 1,260 m
above mean sea level (MSL) at Bishop to 1,362 m above MSL at the
test site, which is approximately 1.6 km north of the escarpment,
in sections 13 and 14, T.6 S., R.32 E., Mt. Diablo BL & M. Much
of the surface of the tableland is comparatively flat and gently
sloping toward the east and southeast. The tableland has an east-

west width of about 24 km and extends in a north-south direction
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for about 29 km. The Pleistocene Bishop Tuff occurs elsewhere out-
side of the tableland shown in figure 43 chiefly in similar table-
lands west of Adobe Valley and southeast of Mono Lake. The total
area covered by the Bishop Tuff amounts to about 1,040 sq km. The
formation is believed to have originated as a highly mobile nuée
ardente which had a source possibly in Long Valley (Gilbert, 1938).
The tuff averages between 122 and 152 m thick having a total

volume of about 143 cu km. Fault trends observed at the Bishop Tuff
site parallel those of the nearby Sierra Nevada and White Mountains
and are believed to be controlled by faults in the older rocks
underlying the tuff (Gilbert, 1938).

The Bishop Tuff is a massive rock, more or less uniform in
appearance. Bedding is generally absent or poorly developed. Where
obscure and gradational bedding has been noted (Gilbert, 1938) the
time interval between deposition was probably short. Potassium-
argon dating indicates an age of 700,000 years for Bishop Tuff
(Dalrymple, Cox, and Doell, 1965).

The upper surface of the tuff is characteristically flat, and
columnar jointing is commonly present. Margins of the formation

are often marked by steep, abrupt escarpments.

Geology
The test site is generally flat with a gentle slope toward the
southeast. Minor undulations of sharp declivities in the slope are
caused by relatively short northerly-trending faults which are prob-

ably normal and steeply dipping. Weathering prevents identification
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of fault features indicative of movement, but height of rock faces
along faults suggests that maximum vertical movement may exceed 10 m.
The fault pattern resembles horst-and-graben structure.

Figure 46 is an aerial photograph of the test site and adjoining
areas; figure47 is a surface photograph of the site. Eight faults
in the test site area are indicated (A through H) and are shown in
figure 46 which also includes locations of seismic lines.

Water. --Surface water was not observed on the test site nor was

nated at a depth of 58.5 m. Pore properties of the tuff tend to
make it a poor aquifer.

Rock and soil conditions.--The surface of the ground at the

seismic survey site is covered by numerous subrounded to angular
fragments of well indurated, pitted tuff up to 1.2 m in length, but
averaging 12.5 cm (fig. 48). Fragments are usually equant but a
minor amount of platy fragments occur. The interstitial space be-
tween the boulder- and gravel-size fragments is filled by micaceous
sand, silty sand, and sandy silt. The upper 2-5 cm of the ground
surface seems to be wind-winnowed of the finer particles, so that
the interstitial soil is predominantly sand. A few centimeters
below the ground surface, however, the proportion of silt increases
and the soil is essentially an undisturbed sandy silt. The over-
lying sand seems to be chiefly a wind-winnowed semiresidual soil.
Accumulations of wind-deposited sand occur along the base of the
fault scarps, and cover a large area west of fault A. Examination

of a sample of sand trapped in joints along fault .G shows that it
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Figure 47.--View looks north across area of seismic survey toward
the White Mountains, Bishop Tuff site, California.

Figure 48.--Vertical view
o

10 cm long.




consists of medium sand made up of 75 percent quartz and sanidine; -

20 percent pumice and tuff; 3 percent magnetite; and a small amount

of biotite, ferromagnesian minerals, obsidian, and olivine. The
composition of the sand indicates that it is derived from the Bishop
Tuff,

The regolith at the test site averages about 20 cm deep and

lies on the flat upper surface of relatively undisturbed Bishop
Tuff, Joints are filled with regolith that probably extend down
several feet.

A bulldozed area on the test site exposed tuff coated with clay,
and these exposures also are locally coated or encrusted with caliche.
A test pit dug on the site showed that gravel and larger-sizes (over
7.5 cm) make up about 50 percent of the regolith and sandy fines
make up the remaining 50 percent. Moisture was encountered 15 cm
below the ground surface. A large boulder or bedrock surface was
found at a depth of 20 cm on one side of the pit and another rock
surface at a depth of 48 cm on the other side of the pit. A
weathered clayey silt zone having discontinuous lenses and stringers
of caliche was found at depths ranging from 40 to 50 cm.

Weathering.--Pits up to 2.5 cm long (fig. 49) usually
occur in fragments in the tuff of the regolith and exposures of
tuff along the fault scarps. These pits are due to weathering out
of certain constituents of the tuff, chiefly pumice inclusions.

Such pits occur in drill core to depths of about 7.7 m, but may -
have been accentuated by drilling vibrations. Pits are not found

in fresh rock.
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Figure 49,--Close-up view of weathered pits in Bishop Tuff specimen.
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Lack of significant chemical weathering in the sand grains
examined from fault scarp G suggests that the exposed tuff breaks
down chiefly by mechanical means but chemical weathering is evidenced
by clay coatings on tuff in the bulldozed area and clayey silt found
near the bottom of the test pit.

Tuff exposed along faults consists generally of large rounded
boulders which show marked exfoliation and effects of wind erosion.
Rock surfaces are frequently covered by desert varnish. Severe
weathering has affected the rock to a depth of 1-2 cm, but depth
of weathering can be greater in outcrops where exfoliation is well
developed. Curvilinear and spheroidal fractures cutting entirely
through some large boulders may be related to exfoliation. Ex-
foliation plates are usually 2.5 cm thick, can be pried loose from
the rock in many places, and locally pave the regolith.

Tuff a few meters below the surface is massive and relatively
unjointed in a small quarry near the test site.

Cone penetrometer tests.--Cone penetrometer tests were not

possible in the rocky soil at the site of the seismic survey.

Bishop Drill Hole 1
Bishop drill hole 1 is located in the NE 1/4, sec 14,
T6 S, R32 E, Mt. Diablo BL & M, Inyo County, California (fig.46).
The vertical hole was spudded in on September 9, 1965, and completed
on September 17, 1965, at a depth oi 58.6 m. Drilling was begun
by reaming through 0.3 m of rocky soil and 1.5 m of tuff in order

to accommodate the 1.5 m long coring barrel. Coring was attempted
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from 1.8 to 3.5 m deep using air circulation and a carbide bit,

but the core was ground up. The cuttings consisted of tuff. The
carbide bit at 3.5 m was removed and replaced by a 3 3/4-inch
outside diameter, 2 1/8-inch inside diameter NX diamond core bit.
Core recovery to a depth of 18.9 m ranged from 90 to 100 percent
with this bit. Unconsolidated ash was encountered and core re-
covery fell to zero. Drilling mud was then placed in the hole and
core recovery ranged from zero to 100 percent, averaging 52 percent,
to the bottom of the hole. The core log is shown in Appendix A

(Elmer and Walters).

Tuff from the Bishop Tuff Site

The rock is moderately well indurated in the upper 18.3 m.

An aphanitic matrix with minor amounts of crystals and inclusions
is the most prominent feature of the rock. The rock is unconsoli-
dated ash below 18.9 m, and extends to the bottom of the hole at
58,6 m.

Induration.--The rock can easily be scratched by a knife blade
and, below 9.0 m, the rock leaves a powdery or dusty coating on the
hand when handled. Core emits a dull thud rather than a ringing
sound when struck by a hammer. The rock became dented under the
hammer, but usually did not fracture (Gilbert, 1938, p. 1835).
These properties are probably due to the very fine grained
particles of the matrix, to the relatively loose packing structure
of the particles, and to weak cementation of the upper few feet of

the tuff.
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Texture.--The texture of the matrix is microfelsitic and the
luster is dull. Under 15 X or more magnification, texture is felted,
particulate, and consists largely of randomly oriented minute rod-
shaped or plafe-like glassy fragments. Disseminated throughout the
matrix are relatively large and abundant crystals of sanidine up to
2.5 mm in diameter and inclusions of pumice up to 20 mm in diameter
(figs. 50, and51). Pumice fragments are elongated and oriented in
subhorizontal layers. The structure is slightly eutaxitic. Cavities
are present, mostly in the upper 6 m, and make up about 12 percent
of the rock at a depth of 3.5 m. The cavities are partly filled by
fragments of pumice. The groundmass contains sparsely disseminated
flakes and small books of biotite averaging about 1 mm long.
Occasional rock fragments also can be observed in the matrix. A
small amount of quartz, plagioclase, obsidian, and pyroxene occur
in the matrix as relatively large grains, averaging about 0.5 mm in
diameter. Very minute grains of magnetite and limonite are present

throughout the matrix in small amounts.

Mode

Megascopic observations indicate a modal mineral composition

as follows:

Groundmass, probably vitric 75 - 90 percent
Sanidine 5-10

Pumice fragments 5-15
Biotite, quartz Less than 1

126




-oase’

ST i

Figure 50.--Tuff from Bishop drill hole 1 shows horizontal fracture

-
plane. Larger fragments are pumice enclosed in fine-grain glassy
and minor constituents.

matrix containing sanidine crystals, quartz
Scale is graduated in 0.5-mm divisions. 3.5 m deep.

Figure 51.--Vertical section of tuff from 31shop drlll hole 1. Sub-
horizontal lenses of pumice set in f oundmass. Scale is

divided into 0.5-mm divisions.




Mineral Descriptions
Sanidine

Sanidine occurs in very clear, transparent, colorless crystals
with a vitreous luster. Crystals are generally anhedral with
uneven to conchoidal fracture surfaces. Subhedral crystale a-c
fairly common and a few euhedral crystals were observed. Crystals
range in size from 0.5 to 3 mm and are usually equant in shape.
Cleavages intersecting at right angles can be observed in some
crystals. Sparse white opaque spherulites can be seen as inclusions
in a few crystals. Sanidine occurs either as discrete individual
crystals set in the matrix of the rock in random locations, or as
inclusions within pumice fragments that are randomly distributed
throughout the matrix (figs. 52and53). Sanidine crystals may be
as small as 0.1 mm, but average 0.5 mm in thin section. Clear
glass occurs as rounded globules included within sanidine or as
fillings of cracks in sanidine (fig. 54) and in some embayments.
Similar occurrences of clear glass were also observed in quartz.
Disorganized and broken carlsbad twins occur in some sanidine crys-
tals nd wavy extinction is common. Under crossed nicols, the
crystal surfaces sometimes show a mosaic pattern of dark and light
surfaces which is probably due to fracturing. Some sanidine crys-
tals show rims or partial rims that extinguish at a slightly dif-
ferent angle from the main part of the crystal that indicates a
slightly different composition in the rim material. Inclusions of

biotite and plagioclase occur in some sanidine crystals.
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Figure 52.--Photomicrograph o
and pumice fragments (p) em
Plane light. 18.6 m deep.

) Tuff. Sanidine crystals (s)
in groundmass of glass shards.
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Figure 54.--Photomicrograph of Bishop(?) Tuff. Carlsbad twin of
sanidine, fractured and filled with clear glass. Crossed nicols. -
16.8 m deep. -
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Groundmass

The groundmass consists of colorless glass shards embedded in
a moderate brown (5YR4/4) glassy matrix. Shards generally show
curved and branching forms and the texture is vitroclastic, al-
though a few fragments of vesicular glass with unbroken bubbles
are present (fig. 55). Shards average about 0.1 mm in length, but
may be as long as 1.1 mm. Elongated shards show a preferred hori-
zontal orientation and are moderately aligned around pumice inclu-
sions and crystals. At less than 7.5 m deep, larger shards and
pumice fragments contain rims of low birefringent cryptocrystalline
material representing devitrification products (fig. 5¢). With
increasing depth, the thickness of the devitrified rims graaually
decreases until, at a depth of about 7.5 m, the rims are no longer
present. Rims may consist of elongated fibrous crystals oriented
at right angles to the shard outline or pumice fragment boundary,
or may consist of equant grains forming a mosaic or granular tex-
ture. Groundmass becomes lighter in color between 16.5 and 18.9 m,
with slight devitrification in this interval as well as a decrease

in the induration of the rock.

Pumice

Pumice fragments are distributed throughcout the tuff and range
up to 20 mm in length, but average about 1 mm. The pumice fragments
in the horizontal plane present a variety of shapes (fig. 50), but

many fragments in the vertical plane show lens-shaped cross sections
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Figure 55.--Photomicrograph of Bishop(?) Tuff. Fragment of cellular
pumice with large unbroken bubbles included in groundmass. Lath
of biotite is at upper right. Plane light.

b —
] mom
Figure 56.--Photomicrograph of Bishop Tuff. Fibrous pumice fragment .
outlined by devitrification products; note cavity (cav). Plagio- B

clase crystal (Pl) to right of pumice is zoned. Partially crossed
nicols. 3.5 m deep.
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A (fig. 51). Pumice fragments that are not flattened in the hori-
zontal plane are fairly abundant. Pumice fragments above 6 m in
depth, seem to be enclosed in vugs where much space partially
surrounds each fragment (fig. 56 ). Pumice fragments below 6 m in
depth, are tightly included in the matrix and lack the surrounding
space found at shallower depths. ‘ragments consist of aggregates of
parallel, closely-packed, slender fibers or tubes, or cellular masses
containing vesicles and hollow bubbles of ovoid to rounded shape.
Fibrous pumice in thin section, contains relatively little pore

Bpace compared to the cellular pumice (fig. 57).

Quartz

Quartz occurs as disseminated crystals throughout the matrix-
and as inclusions within pumice fragments (fig. 58). Crystals range
in shape from irregular to euhedral, and are characterized by
numerous curving fractures. Some crystals in thin section show an
unusual mosaic-like texture of dark and light angular surfaces sim-
ilar to that observed in some sanidine crystals, an erfect believed
caused by intersecting fractures. Quartz tends to show rounded
outlines, and embayments and inclusions of glass are more common
than in sanidine. Fractures in broken crystals are often filled
with clear colorless glass (fig. 58). Quartz usually shows sharp
extinction. Larger quartz crystals show partial rims of clear glass

which, in some instances, have pumiceous texture (fig. 53).
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Figure 57 . --Photomicrograph of Bishop Tuff. Fibrous pumice is below;
cellular pumice is above. Plane light. 9.1 m deep.

Figure 58.--Photomicrograph of Bishop Tuff showing two quartz crystals
(q) included in cellular pumice fragments. Quartz crystals are )
broken and filled with clear glass. Partially crossed nicols.
15.2 m deep.
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Plagioclase

Irregular to euhedral plagioclase crystals are disseminated in
the matrix or associated with pumice fragments in a manner similar
to that of sanidine and quartz. They occur as tabular shaped crys-
tals whiéh show combineu carlsbad and albite twinning, or albite
twinning only and wavy extinction is common. Plagioclase has been
identified as oligoclase by Gilbert (1938). A few crystals are
zoned, some are broken and filled by clear glass, and a few contain
inclusions of biotite. Crystals are occasionally observed as inclu-
sions in sanidine.

Biotite

Biotite occurs in minor amounts as small brown laths and plates
averaging 0.2 mm in diameter scattered through the matrix, or it
occurs as inclusions in pumice, plagioclase, and sanidine. Some
laths are bent at one end and cleavage traces are wavy. Slight
reaction rims, probably iron oxide, are present around the biotite

fragments.
Pyroxene

Pyroxene occurs in minor amounts as black, anhedral to euhedral

grains, disseminated through the matrix and as inclusions in pumice.

Obsidian

Obsidian in thin section is colorless, lacks vesicles, and
occurs as individual grains in the matrix (fig. 59). It is often

irregularly-fractured—and-shows-no-devitrifieation-exeept for
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Figure 59.--Photomicrograph of Bishop Tuff shows angular-shaped grain
of obsidian (obs) embedded in groundmass of glass shards. Note .
partial rim of glass around crystal of quartz (q). Plane light. .

10.7 m deep.




incipient crystallites. Particle size ranges up to 2 mm.

Modal Composition

Modal analyses were calculated for each thin section by making
vertical and horizontal traverses across each slide with a mechanical
stage., Six traverses were made in each slide and results were
averaged to obtain the mineral composition for that slide. All thin
sections were oriented vertically. Results for each slide are tabu-
lated in table 8. Average composition of the tuff indicates glassy
groundmass, pumice fragments, and obsidian account for 89 percent
of of the volume of the tuff, and crystals and cavities occupy 11
percent. The tuff can therefore be classified as a vitric tuff,
Since crystalline minerals are mainly sanidine, quartz, and sodic
plagioclase, the term rhyolitic has also been applied to the tuff.
Devitrification products may account for up to 1 percent by volume

of the rock at a depth of 3.5 m.
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Mono Ash site, California

The Mono Ash site is located in eastern California about one
km south of Mono Lake (fig. 60) on a broad plain formerly covered
by the waters of ancestral Lake Russell.

Volcanic activity during late Pleistocene time formed the Mono
Craters, a series of rhyolitic obsidian domes and flows that extend
30 km south from Mono Lake in a nearly continuous chain. The domes
are nearly circular with steep sides that are covered with talus.
Explosive volcamic activity associated with the rise of the domes

deposited pyroclastic debris as far east as 48 km (Putnam, 1949).

Geology

The test site is located near the south end of Mono Lake and
east of the Mono Craters, in sections 27 and 34, T.1 N., R.27 E.,
Mt. Diablo Base Line and Meridian. Part of the test site lies be-
tween Northwest Coulee and Northern Coulee. State Highway 120
crosses the test area at a point 10.5 km from its junction with
U.S. Highway 395 (fig. 60). Much of this area is underlain by tuff
(probably Bishop Tuff of Pleistocene age).

The test site lacks appreciable vegetation and is flat to
gently undulating with a gentle slope toward the north and north-
east (fig. 61). Windblown sand dunes consisting of fine-grained
pumice and obsidian fragments occur at the northeastern end of the
test site, and reach a maximum height of about 2 mi Two embank-
ments cross the test site trending approximately east-west. The
southernmost embankment is the more prominent and averages about
2.5 m high (fig.62 ); the northern averages about 0.6 m high.
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Figure 61.--Mono Ash site, California, looking northwest across
area of seismic survey; Mono Lake and Paoha Island in background.

- Figure 62.--Mono Ash site looking west along top of southermmost
| embankment.
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Water : ] -
Moisture is present a few inches below the surface, but no

ground water was encountered in Mono 1 (52.5 m total depth).

Soil Conditions

The surface of the test site is covered with 3-5 cm of loose,
dry lapilli ash generally consisting of angular to subrounded
equant fragments of pumice (90 percent) and obsidian (10 percent)
(fig. 63). Maximum particle size is about 19 mm and averages about .
3 mm. Minor amounts of platy and elongated fragments occur. Sur-
face soil is probably wind-winnowed of the finer sizes. Mechanical
analyses of six samples of the soil from various locations on the
test site were made. The two most widely different samples are
plotted in the form of gradation curves in figure 64 In the Unified
Soil Classification, the soil is classified as sandy gravel (GW) and
gravelly sand (SP). Fifteen samples of underlying moist soil from
various locations on the test site, from depths ranging from 5 to
15 cm, were sieved and the three most different gradations are
plotted in figure 65. The soils are classified as gravelly sand (SW),
silty sand (SP-SM), and silty sand (SM), and are lithologically
similar to the loose, dry surface soil.

Patches of larger pumice fragments occur locally at the test
site and one large block of pumice (2.4 m in length) was found

embedded in the lapilli ash. :
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Cone penetrometer tests

Cone penetrometer tests were made at 60-m intervals along
each of the seismic lines (fig. 66). Refusal was usually encoun-
tered at depths 10-18 cm below surface soil. The embankment soil
is much looser than the soil elsewhere on the ash flat, and in
some tests refusal was not encountered the full depth of the pene-
tration rod (90 cm) or the penetration rod with added extension

rod (140 cm).

Moisture-density measurements

Density and moisture content were determined for samples taken

from ends of each seismic line. Loose, dry lapilli ash was sampled

separately from the underlying moist lapilli ash. 1In sampling the
loose, dry soil a metal cylinder open at both ends was hand pressed
vertically into the soil and the loose dry soil was scopped out
from the inside of the cylinder to the top of the underlying moist
layer. Excavated soil was then measured in a graduated cylinder to
obtain the volume.

In sampling the underlying moist soil, the open-ended cylinder
was replaced by a closed-end cylinder pushed into the ground. Volume
was determined by the amount of soil recovered in the cylinder.

The average depth of sampled soil varied from 4.5 to 15 cm.
Samples were placed in plastic bags and sealed air-tight for
laboratory weight and moisture measurements. Subsequently, dried

samples were sieved, weighed, and classified, and representative
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gradation curves were prepared (see figs. 64 and 65). Results indi-
cate that loose, dry surface soil (average depth of 4.5 cm) has an
average dry density of 1.26 g per cc and a negligible water content.
Underlying soil from an average depth of 4.5-15 cm has an average
dry density of 1.26 g per cc and a negligible water content. Under-
lying soil from an average depth of 4.5-15 cm has an average dry
density of 1.22 g per cc and a water content of 9.5 percent.
Assuming a value of 1,26 for the specific gravity of the soil
and a value of 2.33 for the specific gravity of the solids (rhyolite
glass), the volume of the solids is 0.540 liter. Pore volume, which '
includes the space between the pumice particles as well as space

inside the particles, is 0.460 liter; void ratio (e) is 0.85.

Mono Drill Hole 1

Mono drill hole 1 is located in the NE 1/4, sec 34, T.1 N.,
R.27 E., Mt Diablo Base Line and Meridian, Mono County, California
(fig. 60).

The vertical hole was spudded in on August 14, 1965 and comple-
ted on August 25, 1965. The total depth was 52.5 m. An initial
attempt was made to core with air as the circulating agent, but no
core was recovered to a depth of about 1 m. Cuttings indicated ash
to this depth. Drilling mud was then used as the circulating
medium. Because of the unconsolidated nature of the deposit, re-
covery of undisturbed material was not possible., A five-foot or
ten-foot core barrel with NX-size diamond core bit was used through-

out the drilling. Core recovery averaged 22 percent from 1 m to 34 m.
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Best core recovery was obtained where layers of relatively well-
indurated pumice occurred in the section. Caving of the hole and
plugging of the bit caused minor delays. Core recovery improved
to an average of 96 percent from 34 m to 47 m. The improved re-
covery was due to lower bit pressure and slower rotary speed.
Bishop Tuff was encountered at 47 m, the bit pressure and rotary
speed were increased and the recovery averaged 97 percent. The
petrographic features of the core below 47 m are described in the

following paragraphs.

Tuff from the Mono Ash site

Induration. -~The rock is well-indurated and fractures under

the hammer into discrete fragments having rough, uneven fracture

surfaces.

Texture.~--The rock is coarse-grained with average particle
sizes of about 2 mm exclusive of the finer grained groundmass.
The rock seems much coarser than rock from the Bishop Tuff site
(compare figs. 51 and 67). The groundmass is less obvious in the
Mbno Ash drill core than it is at the Bishop Tuff site, although

the matrix still makes up over half the volume of the rock. The
pinkish matrix is generally aphanitic and massive-appearing with
only faint granularity or microcrystallinity. Glass shards cannot
be recognized megascopically in the matrix. The matrix seems to

be little more than a cement.



Figure 67.--Vertically sawed section showing lenses of devitrified
pumice (gray); large lens of obsidian (black) in upper left.
Light colored areas are matrix of microscopic glass shards.

Scale marked in 0.5 mm divisions. 48 m deep. Mono drill hole 1.
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Disseminated throughout the matrix are numerous crystals of
sanidine, quartz, and minor constituents as well as prominent gray-
ish and black lenses of devitrified pumice and obsidian. Lenses
average only a few millimeters thick and usually 2.5 cm or less in
length or breadth. They are slightly bent and give an impression,
when viewed in the vertical plane, of discontinuous low-amplitude
waves (fig. 67) or eutaxitic structure. This structure is best
visible in the core near the top of the tuff formation because of

greater contrast in colors.

The grayish and black lenses are inclusions of xenolithic
pumice rock fragments subsequently altered by welding. Lenses are
characterized by black obsidian, gray spherulites, and abundant
sanidine. Spherulites are best observed in the horizontal plane
on fresh fracture surfaces. The lenses consist almost entirely of
obsidian, spherulites, and sanidine, and are very distinct in compo-
sition and texture from the surrounding matrix (figs. 68 and 69).
Although the proportions of these three materials seem to vary
slightly from one lens to another, sanidine usually predominates
forming 40-50 percent of the volume of a typical lens; obsidian
and spherulites occur in approximately equal amounts. Contact of
the lenses with the matrix is sharp or fairly sharp.

Locally, the tuff is slightly iron stained. The source of
the brown stains is not apparent, but they are probably the result

of the breakdown of biotite and/or magnetite.
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Figure 68.--Vertical surface showing dark-colored lens of obsidian,
gray spherulites, and sanidine. Scale is marked in 0.5 mm divi-
sions. 52 m deep. Mono drill hole 1.

Figure 69.--Horizontal fracture surface showing a lens consisting
of gray spherulites, obsidian and sanidine (area outlined by
dashed line). Matrix consisting chiefly of glass shards is out-
side dashed line.
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Mineral Descriptions

Sanidine

Sanidine crystals are similar in size, shape, and mode charac-
teristics to those that occur at the Bishop Tuff site. The crystals
are found scattered through the matrix either as individuals or in

lenses with grayish devitrified pumice spherulites and obsidian.

Groundmass

Groundmass consists of glass shards set in a glassy feature-
less matrix. Typical shard structures are not well developed and
appear fuzzy and blend indistinctly with the matrix on their outer
margins. Shards are moderately devitrified and shard surfaces

seem to be broken by many fine fractures. Shards are usually

straight to gently curving in shape with an average length of 0.1

Devitrified Pumice

Lenses, representing highly compressed devitrified pumice
fragments, commonly contain homogeneous material of uniform,medium-
gray color. Larger lenses contain obsidian and sanidine. The lense:
show on broken horizontal surfaces, that they are made up partly
of spherulites. Spherulites are usually medium gray and are found
together in botryoidal clusters up to 10 mm long, but also
occur as individuals 1-2 mm in diameter (fig. 70). Some contain
cores of sanidine. Other spherulites show concentric color bands
as well as radial fibrous structure. The spherulites seem to have

grown in the empty spaces in the wvugs.
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Figure 70.--Photomicrograph of tuff (10X) showing botryoidal mass
of gray spherulites in horizontal plane. Reflected light. 47 m
deep.
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Devitrification is well advanced in lenses because over half the
volume of a typical pumice fragment consists of devitrification
products. The pumiceous texture in thin section is still visible in
in most of the pumice fragments, although it is highly compressed.
pression of parallel, closely-packed, slender fibers or tubes and
welding have formed horizontally elongated lenses with flow-1like
textures. Subsequent devitrification superimposed a spherulitic
structure over the flow-like texture (fig.71 ). Compression also

T R S
v

ne and

has resulted in t ending an
crystals and inclusions. Devitrification apparently resulted in

the production of two devitrification textures, spherulitic or
fibrous form and mosaic or granular appearance, both of which may
occur in the same fragment (fig. 72). Possibly the granular type

of devitrification observed in the pumice fragments are actually
fiber bundles cut perpendicular to their length and viewed end-on.
Fibrous crystals making up the devitrification products are up to
0.4 mm long and are usually spherulitic. Fibrous crystals are
arranged less frequently in subparallel rows at approximate right
angles to the sides of a pumice fragment. The rows of subparallel
fibers are similar in texture to those found in welded tuffs at
other localities, where pectinate and axiolitic have been used to
describe these textures. Both spherulitic and axiolitic fibrous
structures cut across the compressed flow-<like tubes of the pumice
fragments. Spherulites were not observed outside of the devitrified
pumice lenses. Devitrification in the groundmass is in the granular
form and is finer grained than the devitrification products in the

punice lenses.
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Figure 71.--Photomicrograph of tuff showing spherulitic structure
developed along margins of compressed fibrous pumice fragment.
Spherulitic structure cuts across relict fibrous structure.
Sanidine crystal at left (s) replaced by large amounts of clear
glass (g). Crossed nicols. 47 m deep.
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Figure 72.-~Photomicrograph of devitrified pumice lens showing )
occurrence of spherulitic devitrification at ends of pumice ’
fragment with mosaic type devitrification in center. The
narrower pumice fragment at bottom of photomicrograph shows
a reversed relationship. Crossed nicols. 52 m deep. .




Obsidian

Obsidian is closely associated with spherulites in the larger
pumice lenses. It occurs as rounded to subrounded equant to inequant
polyhedral gfains with vitreous luster and conchoidal fracture.
Obsidian is usually black, but grayish-black, gray, and brown colors
have been observed. Grains are 1-2 mm in diameter and sometimes
occur as strings or beads of circular outline enclosing cores of
sanidine. Some lighter colored glass has a sintered appearance.
Obsidian fragments in thin section contain scattered unoriented
globulites and irregular fractures. Obsidian~-spherulite contacts
are sharp. Some obsidian seems to have been lost in grinding the
thin sections and the contact relations are seldom seen. The
obsidian shows no devitrification.

Obsidian occurs in the groundmass outside of the pumice frag-
ments at the Bishop Tuff site, and probably is xenolithic (fig. 59).
Obsidian is abundant at the Mono Ash site. Its markedly different
mode of occurrence reflect conditions of higher temperature and

pressure and a process in which the obsidian was formed in situ.

Biotite

Laths and plates of black biotite are sparsely scattered
through the matrix. The biotite locally shows a bronze reflection

from cleavage surfaces.
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Cavities

On the average, cavities occupy a larger volume of the tuff
from the Mono Ash area than the tuff from the Bishop Tuff site.
Although cavities at the Bishop Tuff site are of doubtful origin and
may be due either to weathering or to factors involved in drilling
the rock or making the thin sections, the cavities at the Mono Ash

site seem to be natural vugs in the rock.

Modal Composition of the Tuff

Average modal analyses, calculated for each thin section by
the same method as that previously described for the Bishop Tuff
site (table 9 ), indicate that the glassy groundmass and undevitrified
pumice inclusions comprise 65 percent of the rock. Devitrification
products make up over half of the volume of the pumice inclusions
and are present in the groundmass. They are not listed separately
because of the difficulty of accurately measuring their extent in
thin section. It is estimated that the average total volume of
devitrification products is approximately 8 percent of the rock.

Glass and mineral composition of the tuff at the Mono Ash

site indicate that the rock is a rhyolitic vitric tuff.

Petrography of Ash-Pumice Deposits
The upper part of Mono drill hole 1 consists chiefly of vol-
canic ash and silicic pumice. The coring of this friable and uncon-
solidated material was difficult and the recovered material was

broken and mixed to some extent down to 6.4 m.
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Material consisted of ash having angular fragments of pumice,
tuff, and obsidian ranging up to 5 cm, and averaging 1.2 cm was
found betweeﬁ 0 and 6.4 m. The ash contained colorless crystals of
sanidine and quartz, as well as small fragments of fibrous pumice
averaging 1 mm long. A few pumice fragments having flow banding also
were observed. Larger angular fragments recovered with the ash may
represent distinct layers or lenses of pumice and obsidian.

The fibrous pumice is white to medium-light -gray and small vugs,
1-2 mm in diameter,are present. The obsidian is black to medium-
dark-gray and is homogeneous or finely laminated. Thin sections of
selected fragments of pumice showed markedly wavy to crenulated flow
lines (fig. 73 ) in some fragments. Devitrification of the pumice
is well-advanced, as nearly all fibers show weak birefringence under
crossed nicols. Under the microscope, laminated obsidian is made
up of dark, finely fibrous laminae which alternate with white,
homogeneous laminae (fig. 74 ). Devitrification is well advanced
in the dark laminae and much less so in the white laminae.

Core consisted of alternating layers of lesser amounts of tuff,
quartz sand, and greater amounts of silicic pumice was found between
6.4 m to 28 m. (See Elmer and Walters, this report.) Sand layers
1.5 m and 5.2 m thick may represent lake deposits when the test
area was covered by pluvial Lake Russell of Wisconsin age. Steeply
dipping pumice flow banding is locally present although pumice is
generally homogeneous. Pumice varies from well-indurated to friable

and contains inclusions of sanidine and quartz. Tuff is moderate
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Figure 73.--Photomicrograph of ash-pumice deposit showing orenulated

fibrous pumice molded around cavities (CAV). Plane light. 0.9-14 m
deep.

of laminated obsidian having very fine, fibrous, dark 1 e
homogeneous light-colored laminae. Plane light. 4.3-6.4 m deep.

Ligl




to poorly consolidated with fragments of pumice and obsidian, and

crystals of sanidine and quartz.
The core consisted of gray ash from 28 m to 47 m.
Petrographic descriptions of the pumice at various depths

are as follows:

6.4-7.9 m. Ten percent of the white cellular to very fine fibrous
pumice has inclusions of sanidine, quartz, and plagioclase.
Pumice fibers are moderately molded around inclusions. Sanidine
is subhedral to anhedral in crystal form, inequant in shape,
ranges from 0.5 to 1.5 mm in length, and makes up about 5
percent of the rock. Quartz is anhedral and equant, contains
irregular fractures, is usually corroded or replaced by
glass, ranges from 0.5 to 1.0 mm in diameter, and makes up
about 4 percent of the rock. Corroded and fractured crystals
are optically continuous (fig. 75). Plagioclase is subhedral,
shows albite twinning, ranges from 0.5 to 1.0 mm in size,

and makes up about 1 percent of the rock.

9.6 m. Ten percent of the fibrous pumice is composed of sanidine,
quartz, and plagioclase crystals. Size ranges, crystal develop-
ment, and shape of included crystals are similar to those de-
scribed in the 6.4-7.9-m interval (above). Quartz makes up
about 5 percent, sanidine 4 percent, and plagioclase 1 per-
cent of the rock. Pumice fibers are moderately molded around
inclusions. Inclusions are associated with tails of glass

and areas of cellular pumice, as shown in figure 75. The
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Figure 75.--Photomicrograph of ash-pumice deposit showing quartz
crystal inclusion in pumice. Note replacement by glass {g) and
proximity of cellular texture. Partially crossed nicols.
6.4-7.9 m deep.




groundmass contains numerous longulites of low birefringence
that are thought to be incipient phenocrysts rather than de-

vitrification products. Devitrification is slight.

12,2 m. White cellular pumice has round to oval vesicles up to 1 mm
in diameter. Inclusions of quartz, sanidine, plagioclase, and
biotite make up about 10 percent of the rock. Groundmass is

molded around inclusions and is considerably devitrified.

Petrographic Analysis

Petrogenesis of the Mono ash-pumice deposits

Volcanic material consisting mostly of ash, overlies the tuff
at 47 m in drill hole Mono 1. Pumice, obsidian, and tuff also
occur from 0 to 28 m. 1In this interval, relatively dense thick-
bedded pumice is locally a prominent constituent of the core over
distances up to 2 m. Thick-bedded pumice contains flow banding
at steep angles to the vertical axis of the drill core. Thickness
and flow banding suggest that the pumice occurs as one or more
flows associated with obsidian. Thick-bedded pumice, obsidian,
and tuff appear to be bedded in situ, but also might be in the form
of large breccia blocks in a flow. Interbedded pumice and obsidian
of similar lithology occur at nearby Southern Coulee.

Ash deposits, most prominent from 28 to 47 m, suggest explosive
eruption of a gas-charged magma of rhyolitic composition. The source
was probably in the Mono Craters because the lithologies of the

Mono Craters deposits and the Mono ash-pumice deposits are similar.
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Petrogenesis of the Bishop Tuff

Lenticular elements, such as aligmment and molding of glass
shards around inclusions, vitroclastic texture, resorption of inclu-
sibns, and tﬁe development of eutaxitic, axiolitic, and spherulitic
structures indicate that the Bishop Tuff is a welded ash flow. Tuff
at the Bishop Tuff site is more porous and less dense than that at
the Mono Ash site. Petrographic differences between the tuffs at
the two test sites are summarized in the following paragraphs.

Mono Ash site tuff is much more highly devitrified than that
at the Bishop Tuff site, probably because of the retention of a
higher percentage of volatile gases in the tuff at the Mono Ash site,
which lowers viscosity and promotes crystallization. Evidence for
such gaseous retention is shown by vuggy lenses and spherulites
within these lenses. Absence of significant devitrification at the
Bishop site probably indicates more rapid cooling of the tuff.

Obsidian associated with the spherulites in vuggy lenses at
the Mono Ash site seems to indicate a welding process that resulted
in fusion and the production in situ of lenses of glass analogous
to fiamme, black glassy tongue-like inclusions in welded tuff. The
intrusion of the rhyolitic magma of the Mono Craters may have pro-
vided heat and locally accentuated some welding features. The
fiammelike horizontal lenses of obsidian are typical of the lower
part of the Bishop Tuff and are probably a syngenetic feature cof the
tuff. As these obsidian lenses are not present in the tuff at the
Bishop Tuff site, it would indicate a higher temperature of deposi-

tion at the Mono Ash site and a lower temperature of deposition at
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the Bishop Tuff site; Obsidian at the Bishdb Tuff site occurs as

discrete grains scattered through the matrix and seems to be

xenolithic.

Shards in the matrix at the Mono Ash site are more nearly hori-
zontal and more molded around larger inclusions than shards at the
Bishop Tuff site suggesting a higher pressure at the Mono Ash site
probably due to deeper burial within the ash flow. Gilbert (1938,
p. 1835) noted that the amount of welding increased with depth and
with thickness of the tuff.

The above differences in the tuff at the two sites can be ex-
plained by one or more of the following hypotheses:

1. Tuff deposited at the Mono Ash site was closer to the eruptive
vent or fissure which was the source of the ash flow. Tuff
at the Bishop site was more distant and cooler at the time
of deposition.

2, Tuff at the Mono Ash site represents the uneroded remainder of
a much thicker deposit where pressures and temperatures were
much greater than at the Bishop site. The tuff at the Bishop
Tuff site was deposited not only at the terminus of the ash
flow, but in the upper part where pressure and temperatures
were comparatively low.

Similarities in structure and miner mineralogy strongly suggest

that the tuffs at Bishop Tuff and Mono Ash sites are stratigraphically

equivalent. Outcrops can be physically traced throughout much of
the area between the sites; hence, the two units are thought to be

the same unit.
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Physical Properties
The physical properties available fbr analysis are the dry
bulk density, saturated bulk density, grain density, total porosity,
effective porosity, and nitrogen permeability of the Bishop Tuff
(Roach and Johnson, 1966). Generalizations concerning these prop-

erties are stated in the following paragraphs.

Bishop Tuff test site

Data show a decrease in the'dry‘bulk density, saturated bulk
density, and grain density from the top of the drill core to the
bottom, and an increase in the total porosity from top to bottom
(Roach and Johnson, 1966). Petrographic modal analyses shown in
table 9 indicate that these changes in physical properties can be
related to an increase in the proportion of pumice fragments and
to decreasing induration, which are in turn related to the transi-
tion from well-indurated tuff to unconsolidated ash. This change
is reflected in the increase in nitrogen permeability in samples

from the lower 3 m of core.

Mono Ash test site

Physical tests (Roach and Johnson, 1966, written commun.) on
cores of Bishop Tuff from the lower part of Mono drill hole 1 yielded

the following mean results:

Total porosity, percent 11.6
Effective porosity, percent 10.2
Dry bulk density ( g per cc) 2.24
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Saturated bulk density ( g per cc) 2.35
Grain density ( g per cc) 2.49
Nitrogen permeability (Milli-

darcies, parallel to core axis) 1.67
Nitrogen permeability (milli-

darcies, normal to core axis) 2,92

The data show a significant difference in nitrogen permeability
between core specimens oriented parallel to the core axis and those
oriented normal to the core axis. This is probably related to the
eutaxitic structure of the tuff, the more pronounced flattening
and devitrification of horizontal lenses of pumice, and the presence
of horizontally oriented cavities at the Mono Ash site.

The tuff at the Mono Ash site is less porous, less permeable,
and denser when compared to the tuff at Bishop (Roach and Johnson,
1966). The difference may be related to the original depth of
burial of the tuff at Mono Ash site and the thickness of the original
tuff deposit. Petrographic characteristics of the Mono Ash tuff
are typical of those found in the lower part of the Bishop Tuff at
other localities; consequently, a relatively great thickness of
overlying tuff may have been present at an earlier time and subse-
quently may have been eroded away. Weight of this tuff may have

resulted in a denser compaction of the tuff near the base of the

formation.,

Seismic Properties
Velocity and attenuation of seismic waves are functions of
the density, elastic, and inelastic properties of rock. The
eutaxitic structure of the Bishop Tuff should result in some

directional difference in elastic properties and consequently in
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seismic wave velocities and attenuation. The columnar structure of
the tuff should have a similar effect as well as other types of

fractures and joints.

Bishop Tuff site

The variations in seismic velocity are relatively small and
probably are caused by minor differences in composition, water
cdntent, and density of the tuff and by the number of fractures
locally present. The average velocity of the Bishop Tuff is 1,670

meters per second from 26 seismic lines.

Mono Ash site

The average velocity of the Bishop Tuff is 1,940 meters per
second from 10 seismic lines. The higher velecity at the Mara A-b
site compared to the Bishop Tuff site propbably is due to the greater

18

irduration and higher density of the rufi ai tho llono Ash sita. Tia
average velocity of the ash-pumice dapesit overlying the Bishor Tuls
is 500 meters per second. The markedly lover velocity compared to

the Bishop Tuff probably is due to the low density and lack of

cementation.
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PETROGRAPHY OF METEOR CRATER CORE 4,
METEOR CRATER, ARIZONA

by David V. Haines

© ABSTRACT. --A 107-m diamond drill core hole on the south rim
of Meteor Crater recovered core from the debris zone, Moenkopi
Formation, and Kaibab Limestone. The drill core and petrographic
examination of thin sections indicate an inverted stratigraphic
sequence in the debris zone, which is 10.0 m thick. The Moenkopi
Formation beneath the debris zone is a very fine-grained calcareous
sandstone 10.1 m thick, with shaly intervals comprising about 15
percent of the formation. The Kaibab Limestone, of which 87.3 m
were cored, consists of sandy dolomite in the upper 25 percent of
the section, very fine-grained sandy dolomite interbedded with
dolomitic sandstone in the middle 60 percent of the section, and
very fine grained calc-dolomitic sandstone in the lower 15 percent.
Dolomite is relatively coarse-grained above 24.8 m and microcrys-

talline granular below 24.8 m. /bolqtgrl)

This report describes the petrography of drill core obtained

Introduction

from a diamond-bit, NX-size vertical hole MCC 4 drilled to a depth

of 107.4 m on the south rim of Meteor Crater, March 1966. It is
located in the NE1/4, sec 24, T.19N, R.12 1/2 E, Gila and Salt

River Base Ling and Meridian, Coconino County, Arizona. The location
of the hole and the driller's log is shown by Walters and Elmer
(Appendix A, this report). The elevation at the collar of the hole
is about 1,740 m above mean sea level. The drill site is located

on debris consisting of sand and fragments of the Coconino Sandstone.
Qutcrops on the crater slope and an artificial cut in the rim debris

near the drill hole indicate the debris overlies tilted Moenkopi
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Formation. The Moenkopi Formation was encountered in the drill hole
between 10.0 and 20.1 m deep. Underlying the Moenkopi Formation
from 20.1 m to 107.4 m deep is the Kaibab Limestone consisting
mostly of very fine grained sandy dolomite and dolomitic sandstone.
The geology of the crater and the stratigraphic relationships are
discussed by Shoemaker (1963).

A total of 27 thin sections were examined including 2 from
the debris zone, 4 from the Moenkopi Formation, and 21 from the

Kaibab Limestone.

Petrography of the Kaibab Limestone
Half of each thin section was stained with a solution which

colors calcite but not dolomite.

The Kaibab Limestone is generally a well-indurated, porous,
very fine grained, white to pale yellowish orange, horizontally
bedded sedimentary rock. The formation consists of varying amounts
of dolomite, quartz sand, and minor calcite. Opaque substance,
chalcedony(?), plagioclase, and microcline are present in small
amounts. Cavities are present locally in the rock where fossil
shell material has been dissolved. Rock strata consist of sandy
dolomite, dolomitic sandstone, and sandy calc-dolomite. Most of
the dolomite contains appreciable amounts of clastic quartz sand.
Contacts between strata are gradational and the amount of quartz

is not readily determinable by megascopic inspection. Thin sections
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containing less than 50 percent quartz were classified as dolomite;

those with more than 50 percent quartz as sandstone.

Dolomite

Carbonate is classified in this report as either dolomite or
calcite on the basis of the staining effect. In mosi thin sections
examined, the staining solution had little or no effect on the
carbonate, and it is therefore considered to be dolomite.

Dolomite occurs as the following: (1) as a cement between
grains of quartz or as a matrix containing quartz, (2) as clots
up to 7 mm long comprised of minute, granular grains, (3) as
anastomosing threadlike stringers, and (4) as relatively coarse
grains up to 4 mm in diameter.. Dolomite is not evenly distribdted
in most thin sections.

Clots consist of aggregates of individual dolomite grains
averaging about 0.0l mm in diameter. Grains are uniformly sized
and approximately equant. They appear subrounded in some thin
sections and rhomb-shaped in others. Clots are irregular in
shape, generally free of quartz grains, and occur chiefly below
a depth of 24.8 m. Margins of the clots usually show apophyses
of dol&mite extendiﬁg outward between surrounding quartz grains.
Clots range in size from 0.5 mm to 7 mm long, averaging about
2.5 mm, and are equant, ovoid, or elongated in shape. Most clots
contain dolomite which is optically continuous. Some clots, however,
are made up of two or more separate aggregates of particles which

extinguish at different points under crossed nicols. Dolomite



also occurs in round to oval clots which have smooth, even contacts
with the matrix and which may differ in origin from clots which have
irregular margins and apophyses (fig. 76). The clots are sometimes
megascopically'visible in the rock where they are lighter colored
than the matrix and produce a faint mottled texture.

Threadlike stringers of dolomite consist of similar very fine
grained particles of dolomite. Stringers are also megascopically
visible in the rock.

Dolomite also occurs as relatively coarse, anhedral, equant
grains from 0.5 mm up to 4 mm in diameter, averaging 2.5 mm (fig. 77).
This type of dolomite is most abundant from 20.2 to 21.0 and from
21.6 to 21.8 m, where the grains are interlocked (fig. 78). Rela-
tively coarse grains are also present from 22.2 to 24.8 m but
average 0.2 mm in diameter, and are less abundant (figs. 79 and 80).

Below a depth of 24.8 m, dolomite occurs in the microcrystalline

granular form (fig. 81).

Calcite

Calcite occurs sparingly between 21.0 and 21,6 m where it
occurs as scattered coarse colorless crystals averaging 3 mm in
diameter embedded in dolomite (fig. 82). 1In thin section, calcite
grains are anhedral with irregular interlocking contacts with the
dolomite. Calcite fills occasional fossil casts, or possibly is
primary shell material. Twinning is present. Calcite occurs

as relatively coarse grains and as cement from 101 to 106 m. The
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Figure 76.--Photomicrograph of Kaibab Limestone showing round to
oval clots of microcrystalline dolomite set in a groundmass of
clastic quartz and dolomite from Meteor Crater core 4. Crossed
nicols., 67.5 m deep.
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Figure 77.--Photomicrograph of Kaibab Limestone showing coarse-
grain dolomite with clastic quartz grains from Meteor Crater
core 4., 21.0 m deep.




Figure 78.--Photomicrograph of Kaibab Limestone showing coarse-
grain dolomite with clastic quartz grains from Meteor Crater
core 4, Crossed nicols. 21.8 m deep.

Figure 79, --Photomicrograph ot Kaibab Limestone showing relatively .
coarse-grain dolomite with ribbon of clastic quartz grains from
Meteor Crater core 4. Crossed nicols. 22.7 m deep
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Figure 80.--Photomicrograph of Kaibab Limestone showing clastic
quartz grains containing relatively coarse grains of dolomite
from Meteor Crater core 4. Crossed nicols. 23.3 m deebp.

Figure 81.--Photomicrograph of Kaibab Limestone showing micro-

5 crystalline dolomite with grains of clastic quartz. Dark areas
are mostly fossil shell solution cavities. Crossed nicols.
29.9 m deep.
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Figure 82.--Photomicrograph of Kaibab Limestone. Coarse calcite .
grain showing twinning embedded in dolomite. Crossed nicols. =
21.4 m deep.
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coarse grains, averaging 0.3 mm, are anhedral with irregular inter-
locking contacts with the quartz grains of the matrix. Grains are
irregularly stained and it appears that approximately half of each

grain consists of dolomite.

guar tz

The quartz is subangular to subrounded, equant to slightly
elongated grains ranging in size from 0.0l to 0.6 mm and averaging
0.1 mm. The grains are well sorted. Grains larger than the
average size are uncommon and tend to be rounded. Minute inclusions
usually are present in the quartz grains. A few percent of the

quartz grains show wavy extinction. Occasional, uncommon grains

show fractures.

Feldspar

Anhedral grains of equant feldspar averaging 0.1 mm in
diameter are present but occur in very minor amounts., Albite
twinning, present in some grains, indicates the feldspar is plagio-
clase. Gridiron twinning, present in other grains, indicates

microclines.

Chalcedony(?)

Scarce, irregular particles of fibrous material averaging
0.1 mm in diameter occur in the rock. The fibers form sheaflike

aggregates of low birefringence and the particles are comprised
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of many such sheaflike masses, each of which is randomly oriented.
Optical properties and texture of the material are similar to

chalcedony.

Opaque material

Opaque material consists of rounded to subangular, equant
to elongated grains averaging 0.05 mm long. The grains are ubiq-
uitous but occur in very small amounts. A brown stain is asso-
ciated with a minor number of the grains but it is not prominent.
In oblique reflected light the substance is pale-brown in color
with a non-metallic luster. These properties are similar to

those of limonite.

Cavities

Cavities, probably caused by solution of fossil material,
are prominent locally in the drill core at various depths. The
cavities usually occur as narrow, elongated lenses which are often
curved (fig. 83). The cavities reach a maximum length of about

1.5 cm and locally make up as much as 20 percent of the rock by

volume.

Sericite

A small amount of sericite occurs between quartz grains at

a depth of 23.3 m, but was not noted elsewhere in the formation.
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Figure 83.--Photomicr

solution cavit
nicols. 32.6
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Petrography of the Moenkopi Formation

The Moenkopi Formation is pale reddish brown to grayish red
in color and consists of quartz with minor calcite. Thin section
examination indicates that the rock is a calcareous very fine
grained quartz sandstone.

Quartz occurs as subrounded, equant, well-sorted grains
averaging 0.1 mm in diameter. Occasional grains show wavy extinc-
tion. Quartz ranges from 50 to 7 percent of the rock by visual
estimate in thin sections.

Calcite occurs as relatively coarse grains averaging 0.2 mm
in diameter. Grains are anhedral with irregular margins that
partially or wholly envelop quartz grains at the contact (fig. 84).
At 20.1 m, calcite grains occur concentrated in relatively large
aggregates of irregular shape, with smaller amounts of calcite
irregularly distributed through the matrix as a cement (fig. 85).
Patches reach a maximum length of 6 mm and show twinning. Quartz
particles are abundantly included within the patches,

Very fine grained sericite(?) occurs in irregular, iron-stained,
threadlike, anastomosing veinlets that traverse the rock in various
directiohs. The matrix is stained a brownish color, possibly by
iron oxide, which coats the quartz grains.

Feldspar, chalcedony(?), and opaque material occur in small
amounts and total less than 1 percent of the rock by volume. The
minerals are similar to those described from the Kaibab Limestone.

Examination of the drill core indicates that shaly intervals
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Figure 84.--Photqmicgggragh of Moenkopi Formation showing anhedral
grains of calcite (dark) in clastic quartz from Meteor Crater core
4, Plane light. 11.4 m deep.

Figure 85.--Photomicrograph of Moenkop
calcite grain (upper

rmation showing large
4, Crossed nicols.

i Fo
left) in clastic quartz from Metero Crater

20.1 m deep.

F
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occur in the Moenkopi Formation from 11.6 to 12.8 m, 14.8 to 14.9 m,
and 19.8 to 20.0 m. The shaly rock intervals tend to split easily
in a horizontal direction, are moderately well indurated, and can
be easily scratched with steel in a manner similar to mudstone.
Sericite and fine grained muscovite are particularly evident in

the shaly rock intervals.

Debris zone

The debris zone overlies the Moenkopi Formation and is 10.0 m
thick in MCC 4. The core to a depth of 4.9 m consists of sand and
broken fragments of fine grained sandstone similar to the Coconino
Sandstone. The recovered material from 4.9 m to 7.6 m consisted
of unconsolidated sand, silty sand, and sandy silt containing
rock fragments of calcareous sandstone and sandy dolomite up to
40 mm maximum length. The remainder of the core to 10.0 m consists
of well-indurated sandy dolomite and dolomitic sandstonme.

Petrographic examination of a thin section of dolomitic sand-
stone at 8.9 m, indicated gross textural and mineralogical simi-
larities of the rock to strata in the Kaibab Limestone. The
dolomite is the finely granular type that occurs in clots and as
a cement and that is typical of the Kaibab Limestone below 24.8 m.
The rock at 8.9 m contained notable amounts of sericite in threadlike
veinlets and disseminated between quartz grains (fig. 86). A thin
section of similar rock at 9.5 m contained sericite, but in lesser

amounts.
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Figure 86.--Photomicrograph of debris zone. Threadlike veinlet
of sericite in clastic quartz, fragment of Kaibab Limestone.

r
Crossed nicols. 8.9 m deep.
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Drill log

A summary of the drill core is shown in the drill log, table
10. Rock colors have been described according to the Munsell
system, using the rock color chart published by the Geological
Society of America. The drill core contains horizontal fractures
averaging 2-3 inches apart. In 107.4 m of core, 1,059 fractures
were counted.

Determinations of the sand content of the core were made at
several depths by dissolving the carbonate portion of the rock in
acid and then weighing the dried insoluble residue which consists
almost entirely of very fine quartz sand. Results are summarized
in table 11 and are shown in the drill log.

Visual estimates of the mode in each thin section examined

are given in table 12.

Conclusions
An inverted stratigraphic relationship can be detected in
the debris zone consisting of Coconino Sandstone near the surface
and Kaibab Limestone at the base. Sericite in the Kaibab Limestone
debris may be a shock-metamorphic mineral.
The Moenkopi Formation is essentially a calcareous very fine
grained sandstone, although shaly rock intervals are present and

comprise about 15 percent of the formation.
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Depth
(m)

Table 10.--Meteor Crater drill hole 4 core log

Thickness

(m)

Description

0.0-1.2

1.2-4.9

4.9-6.1

6.1-6.9

6.9-7.6

7.6-8.1

8.1-9.3

9.3-10.0

10.0-20.1

1.2

3.7

1.2

0.8

0.7

0.5

1.2

10.1

Sandstone, yellowish-gray, fine-grained;
grains rounded, average 0.25 mm in
diameter; broken core.

Sand, yellowish-gray, fine; rounded
grains average 0.25 mm in diameter.

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

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

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

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

mandstone, white, fine-grained; irregu-
lar pale yellowish-orange threadlike
streaks; sand content at 8.8 m is

74 percent.

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.

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.



Table 10.--continued

Depth Thickness Description

(m) (m)
20.1-20.2 0.1 Dolomite, grayish-orange, fine-grained.
20.2-21.0 0.8 Dolomite, light brown, coarse-grained

aggregate; averages 2.5 mm in diameter
with occasional lenses of colorless
carbonate,

21.0-21.6 0.6 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.

21.6-21.8 0.2 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.

21.8-22.2 0.4 Dolomite, pale yellowish-orange, fine-
grained.
22,2-24.8 2.6 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.

24.8-39.6 14.8 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.

39.6-41.5 1.9 Dolomite, pale yellowish-orange to gray-
ish-yellow, fine grained.

41.5-92.4 50.9 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
91.5 m = 49 percent
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Table 10.--continued

Depth Thickness Description
(m)_ (m)
92.4-93.0 0.6 Dolomite, very pale orange, fine-
o S grained.
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 Ll, 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 composition from thin sections
[ percent by volume ;.

Depth Carbonate Quartz Cavities Formation

(m) (percent) (percent) _ (percent)

8.9 - 15 - 85 - -- Debris zone

9.5 40 60 -- " "
11.4 25 75 .- Moenkopi Formation
16.1 45 55 -- " "
18.3 20 80 -- i "
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 -~ " i
75.7 44 55 1 " "
81.8 55 43 2 " "
87.4 60 40 -- " "
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Table12. 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.




"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 lunar 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 personnel 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 mechanical 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
backscattering device. The present gamma ray backscatterer has
a depth of penetration of 10 inches. Since many of the lunar
analog sites consist of loosely packed angular blocks of rock
whose median size is greater than 10 inches, this instrument
is not applicable for measurements in these areas.

Bulk density of the blocky sites is being measured by ex-
cavating a known weight of sample from a large pit whose volume
can be calculated. Since a nuclear density measuring device
having a penetration depth of 3-10 feet does not exist '"on the

shelf", In Situ Project will construct, calibrate, and use a
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probe that will measure in situ bulk densities between two drill
holes. This probe will use a gamma absorption technique rather
than a gamma backscattering method, and the calibration will be
done on sites where the bulk density is known by an excavation
technique. This instrument will allow the operator to make a
large number of density measurements on a site in a limited amount

of time.

Geophysical investigations
Field work will be limited to rework or minor extension in
areas already investigated as demanded by future data analysis.
To date, analysis of seismic data has been done manually
from analog field recordings. Methods are tedious, time-consuming,
and do not lend themselves to the proper analysis of the frequency
spectrum of a seismic signal. All seismograms have therefore been
digitized for analysis by high-speed computers.
The basic objectives are:
a. Develop computer programs for rapid computation of parameters
presently obtained by hand.
b. Improve attenuation calculations by including frequency
analyses of head waves.
c. Incorporate physical-property data into computer programs.
d. Develop programs to correlate seismic data with measured

physical properties.
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e. Interpret computer results to improve criteria already
formulated by which physical properties can be obtained

from seismic data.

Subroutine programs compatible with a CDC 3600 computer

have already been written for reading and storing data from
digital recordings and performing various frequency and
amplitude analyses (frequency and amplitude spectra, fre-
quency and velocity filtering, autocorrelation, crosscorrela-
tion, and X-Y plotting). Additional subroutine programs for
individual trace amplitude corrections and statistical analyses
of seismic and physical property data will be either written
or incorporated from existing library programs. Mainline
programs using these subroutines for computation of significant
parameters will be written and altered as the data analyses

progresses. Several.such mainline programs have already been

completed.

Approximate schedules

An approximate schedule for completion of the work plan
follows:
1. All subroutine and mainline programs written and debugged

by end of second quarter;

[
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2. Geologic field work and physical properties measurements

completed by end of third quarter.

3. Data analyses and final report by end of fourth quarter.
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Personnel
Lawrence A. Walters and Hans D. Ackermann of the U.S.
Geological Survey, Branch of Astrogeology, Flagstaff, Arizona,
are responsible for directing the project. The project personnel

will consist of:

1 Full-time geophysicist

1 Full-time geologist

1 Full-time rock mechanics engineer
2 Quarter-time geophysicists

1 Half-time geophysicist

1 Quarter-time geologist

1 Electronics technician

1 Half-time computer programmer

[
W

Sub-professional personnel

203



Existing Test Sites

Eighteen lunar analog sites have been investigated as part of
the In Situ Project. The location of these sites is shown in
figures 87 and 88.

S P Flow.--The flow is a Recent basaltic lava flow. The sur-
face consists of loosely packed, angular, equant, polygonal blocks
of lava that range from 20 cm to 2 m across and average about 0.3 m
in diameter. The porosity of the loosely packed rubble is estimated
to range between 20 and 35 percent.

The blocky basalt is dark gray to grayish-black and weathers
to a mottled dark reddish- and yellowish-brown. It is fine-grained
and finely vesicular; the vesicles are generally tubelike and
distinctly flattened. The vesicularity of the rocks at the surface
ranges from less than 5 percent to as much as 50 percent and averages
about 15 percent. Small phenocrysts and plagioclase, pyroxene,
and rarely olivine (which average about 1 mm in length) are sparsely
scattered through the rock.

The rock has a porphyritic hyalopilitic texture mainly composed
of elongate laths of plagioclase and stubby prisms of pyroxene set
in a base of brown glass. The plagioclase laths usually show a
distinct fluidal orientation that beds and swirls around the pheno-
crysts, which are mainly pyroxene. The grain size ranges from .01 mm
to 5.0 mm, and averages about .07 mm. The plagioclase is mostly
calcic andesite, indicating that the rock is probably a basaltic

andesite or an andesitic basalt.
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Figure 87 In Situ Arizona & New Mexico lunar analog sites.
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The physical properties of rocks at this site are thought
to resemble those of the broken, brecciated mare surface beneath
the low-density layer, or of accumulations of broken fragments
thrown out along rays from craters. A preliminary map of part of
the surface of this flow is available (Watkins and others, 1964).

A large pit of known volume was excavated at the S P site.

The bulk density of the upper 10 feet of the flow is 1.23 g per cc.

Kana-a Flow.--This Recent olivine basalt flow is a typical aa-
type lava. The flow is covered with 0-6 m of ash through which
project jagged, spinose, vesicular, clinkery blocks and plates of
lava which are commonly tilted up at various angles.

The lava is medium gray to medium dark gray and weathers dark
gray. It is fine grained, though distinctly coarser than S P and
is very sparsely and finely porphyritic. Olivine and plagioclase
phenocrysts occur im about equal amounts but the larger (average
diameter about 2 mm), rounded, glassy green olivine crystals are
much more conspicuous. The flow is much more vesicular than S P
with the vesicles ranging in diameter from less than 1 mm to more
than 20 mm, and averaging about 5 mm. The vesicularity ranges from
10 to 50 percent, and averages about 25 percent.

The Kana-a flow is thought to be similar to lunar mare material
overlain by a low-density layer represented in this case by the
cinders and ash. A detailed geologic examination of this flow has
been reported, (Loney, 1965).

Kana-a flow is covered with pine and low brush, but the

adjacent Bonito flow that is thought to have been extruded from
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the same vent and has nearly identical chemical and mineralogical
composition is virtually free of vegetation. The Bonito flow was
not used for seismic investigations because it is part of a national
monument and roads cannot be built on it.

Cinder Hills.--This area, which lies north-northeast of Sunset

Crater, consists of thick accumulations of ash. The ash is deposited
in beds that range from 15 cm to more than a meter thick. The

grain size in these beds varies markedly from bed to bed with some
suggestion of grading upward from coarse to fine. The range in

grain size within a meter or so varies from 1/4 to 3 mm in diameter.

The Cinder Hills area is thought to be analogous to a thick
accumulation of low-density material consisting of fine fragments
formed either by volcanic activity or by repeated meteorite impact.

Kaibab.--This area consists of a relatively thick sequence of
Permian limestone beds and interbedded limestone-clastic beds.

The thickness exceeds 80 feet in the study area.

This area was selected to test equipment and field operatioms
techniques rather than for any possibility of lunar analogs. Never-
theless, its location near S P Flow and the availability of cores
for study make it an excellent possibility for earth-orbiting
satellite studies.

Meteor Crater.--Meteor Crater probably is the best example

of an impact crater in the world today. Investigations designed
to determine the subsurface structure of the crater have begun;
specifically, the depth and configuration of the bottom of the

brecciated layer in the crater, the thickness of the debris layer
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on the rim, and the variation of physical properties within the
debris and brecciated zones in and around the crater.

Sierra Ancha.--Two localities of Precambrian quartzite have

been selected for study. Both are located between Young, Arizona,
and Roosevelt Dam, Arizona. The quartzite in one area is not
fractured vertically to any extent but does have prominent bedding
planes at intervals of 0.3-1.0 m. The other site is massive with
respect to bedding, but it is vertically fractured to some extent.
The fractures are filled with soil and may be recemented at depth.
One area is tree-covered and probably not applicable for remote
sensing tests; however, the other area is mostly free of vegetation.

Middle Mesa.--The Navajo Sandstone is a slightly cemented
sandstone having a porosity of approximately 28 percent. An
outcrop of this unit at Middle Mesa, approximately 25 miles north-
east of the junction of highways U.S. 89 and Arizona 64 in Coconino
County, Arizona, has been selected as the study area.

Sacramento. --The Sacramento site is located south of Kingman,
Arizona, in the Sacramento Valley. The site is situated on a
great thickness of dry valley-fill alluvium which has grain size
ranging from clay-size materials to cobbles.

White Sands.--The White Sands site is located on the Recent
gypsum dunes of the White Sands National Monument near Alamogordo,
New Mexico.

Sonora Pass.--This granite is coarsely porphyritic, pale pink,
and characterized by numerous large euhedral phenocrysts of pink

potassium feldspar, which average about 5-cm long and in places
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as much as 10-cm long. Megascopically, the groundmass consists

of small (average diameter about 3 mm) grains of pink potassium

feldspar, white plagioclase, and glassy quartz through which are
scattered fine grains of biotite and hormblende.

The granite is usually unweathered except for the upper few
centimeters. It is almost homogeneous and sparsely jointed; about
2-5 cm thick. Aplite veins are present.

Forty feet of core have been taken from this granite for
study. It is thought to be similar to lunar upland material.

Southern Coulee.--The top of this coulee is a chaos of spires,

crags, and loosely piled, angular blocks of pumice and obsidian.
Three distinct lithologic units are recognized; each has a charac-
teristic range in density and distinctive physical characteristics.
No compositional differences have been recognized--differences are
related to degree and character of vesicularity. The lowest
density unit ranges from 0.51 to 0.78 g per cc. The intermediate
layer has a density of 1.20 g per cc and the highest densiFy unit,
where obsidian is more abundant ranges from 1,37 to 2.07 g per cc.
The rock of the coulee is predominantly layered pumice
(density 0.53-2.01 g per cc) that generally lacks microscopically
visible crystals. Obsidian, a minor but ubiquitous constituent
of all units, occurs as lenses and laminae in the pumice. The
obsidian lacks visible phenocrysts but contains sparse spherulites
ranging in diameter from less than 1 mm to more than 40 mm and
averaging about 2 mm. X-ray diffraction indicates that the

spherulites are composed of sanidine and well-ordered cristobalite.
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Glass of the pumice and obsidian is fresh and lacking in
devitrification products, except the sparse spherulites in the
obsidian. A few minute crystals of sanidine have been seen
microscopicélly, but these are extremely rare and do not noticeably
affect the whole rock x-ray diffraction patterns, which are
characteristic of pure glass.

The Southern Coulee is the only easily accessible flow of the
main chain of the Mono Craters. The extremely low densities
rved in the pumice of this coulee (presumably, equally low
densities can be found in the other craters), the high vesicularity
of the material, and local cover of fine, low-density ash (see
Mono Ash below), make this area one of the best terrestrial analog
sites on the basis of what we no know about the lunar mare surface
material. A preliminary geologic mapping report of this flow
has been prepared (Watkins and others, 1964).

Cores from this area penetrated permafrost, thus lending
additional interest to its study because of theories concerning
the possible existence of ice on the lunar surface.

Mono Ash.--This area lies northeast of the northermmost of
the main mass of the Mono Craters and consists of a thick layer
of white pumiceous ash and lapilli that is level and free of
vegetation. The ash shows a higher degree of crystallinity than
the flow rocks; quartz, plagioclase, biotite, and possibly potassium
feldspar have been identified by x-ray diffraction.

The lunar analogies provided by the Mono Ash are much the

same as those provided by the Cinder Hills, except that the
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Mono Ash consists of rhyolitic fragments, whereas the Cinder Hills
area consists of basaltic fragments.

Bishop Tuff.--The rock of this large area is partially welded
rhyolite tuff of Pleistocene age. The upper 20 m is hard, dense,
and welded; but below this layer it is unwelded and less dense to
at least 60 m. The tuff is tightly jointed into polygonal columns
about 0.7 m across,

The tuff is composed of porphyritic pumice fragments that
contain abundant phenocrysts of quartz, sanidine, and lesser
amounts of plagioclase, and biotite sprinkled at random through
a matrix of fine vitric tuff. The matrix also contains crystals
similar to the pumice of Southern Coulee. Crystals compose about
10 percent of the tuff. The tuff is pink to reddish brown at
the surface. White layers stratigraphically below the pink tuff
crop out along the southern edge of the deposit.

The Bishop Tuff was selected because it is the best terrestrial
analog found that demonstrates the proposed vacuum welding of
extremely fine particles on the lunar surface.

Pisgah Flow.--The Pisgah flow is thought to have a basaltic
composition similar to that of the flows in the Flagstaff area
(Kana-a and Bonito). Reconnaissance of this flow indicates that
the surface consists of roughly equal parts of pahoehoe and aa
lava. The pahoehoe lava is smooth and trafficable. However, thc
aa lava is ragged, and blocky, and similar to the surfaces of
the basaltic flows near Flagstaff,

The Pisgah flow also includes numerous lava tunnels, which,

N
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if found on the lunar surface, could be used as natural shelters

by the astronauts; or might possibly constitute hazards to an astro-
naut traversing the surface or to a lunar module landing on the
surface during the early Apollo missions. These have been studied
in some detail. For a partial report, see Watkins and others,

1965.

In situ measurements and studies indicate that the lateral
dimensions of these cavities can accurately be determined by
seismic studies on the ground. The capability exists to perform
field verification tests, if desired, for remote sensing missions
undertaken on behalf of early Apollo missions.

Amboy Flow.--Reconnaissance suggests that the composition of
the Amboy Flow is much the same as that of the nearby Pisgah Flow.
The Amboy Flow surface consists almost entirely of smooth trafficable
pahoehoe lava and seismic investigations show that the lava tends
to be more massive and less porous in the area of our investigations.
Geologic investigations are underway to determine the causes of
the variations in surface textures of the two flows having apparent-

ly similar composition.

Lompoc diatomite site.,--The Lompoc diatomite site is a few

miles south of Lompoc, California, on the Johns-Manville property.

The diatomite occurs in the Miocene-Pliocene Sisquoc Formation.
The diatomite talus site is on a2 low-grade stockpile (no. 15)

cn the Johns-Manville property. The stockpile is approximately

11 feet thick and is underlain by a more compacted diatomite
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stockpile and "in place" diatomite waste material. The diatomite -
talus material ranges in size from very fine aggregates to lumps
of material 10 in x 10 in x 2 in.

The "in place" site is located on the crest of an anticlinal

structure on hill 24 and consists of at least 100 feet of ''waste

diatomite." The 'waste diatomite'" consists of diatomite inter-

bedded with clay and admixed clay.

Olancha bentonite site,--The Olancha bentonite site is lo-

cated 10 miles east of Olancha, California, at the southern end

of Owens Valley. The material is a noneswelling montmorillonite
clay that has been extensively mined by the United Sierra Talc .
and Clay Company for use as a filter aid and insecticide carrier.
The bentonite talus site consists of material mined from
adit 29 and dumped on the slope in front of the mine adit. Minor
amounts of an overlying dense volcanic rock are intermixed with
the bentonite, and the bentonite talus is underlain by a talus
composed predominantly of the dense volcanic rock. The bentonite B
talus consists of material that ranges in size from fine lumps
to blocks 12 in x 12 in x 3 in.
The "in place'" site is underlain by at least 12 ft of compact
bentonite that is in turn underlain by a clayey siltstone.

Inyokern volcanic ash site.--The Inyokern volcanic ash site

is located 14 miles south of Inyokern, California, on the Etna
Mines property. The material consists of volcanic ash with varying -

degrees of alteration (kaolinization?), -
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The volcanic ash stockpile is approximately 10 ft thick. It

is vertically stratified into various density and moisture units.
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Meteor Crater Core Hole 1
Coconino County, Arizona
Driller: Robert A. Elmer
Begun June 7, 1965 Finished June 9, 1965

Sample Depth Recovery Description of material
(feet below (percent)
surface)
3.0 0 Sandstone, white, pulverized.
4.6 93 " " "
6.0 100 " " "
11'0 0 1" 1" 1"
12.4 100 " " "
22.4 30 " " "
26.0 93 7" " 1"
32.0 17 " " "
42.0 20 Limestone, yellow, coarse, unconsolidated.
52‘0 8 1" " 1" "

Meteor Crater Core Hole 2
Coconino County, Arizona
Driller: Robert A. Elmer
Begun June 9, 1965 Finished June 17, 1965

Sample Depth Recovery Description of material
(feet below (percent)
surface)
3.0 0 Sandstone, white, pulverized.
16.0 100 " " "
26. 0 20 " " "
32. 0 33 " 1" "
35.0 66 Limestone, yellow, pulverized.
40.0 20 " " "
45. 0 50 " " "
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Meteor Crater Core Hole 3
Coconino County, Arizona
Driller: Robert A. Elmer
Begun June 18, 1965 Finished June 30, 1965

Sample Depth Recovery Description of material
(feet below (percent)
surface)
35.0 0 Sandstone, white, pulverized.
39.0 0 Limestone, buff, pulverized.
41.0 50 Limestone, buff, semi-~-consolidated.
43. 0 75 1" 1 11 1"
45. 6 65 1" 11] " "
55 . 0 100 " " " "
58. 0 80 ” " " "
63. 0 27 11] " (1] ii
70.0 40 Shale, red, soft.
75.0 12 Shale, red, medium.
82.0 100 " " "
84.0 0 Ground up with rock bit (no core).
91.0 66 Shale, red, highly fractured
cavity (91.6'-92.6").
93.0 50 Shale, red, medium.
97.0 90 Limestone, buff, medium.
100.6 55 " " "

Meteor Crater Core Hole 4

Coconino County

Driller: Robert A. Elmer

Begun January 26, 1966 Finished March 7, 1966

Sample Depth Recovery Description of material
(feet below (percent)
surface)
8.0 50 Sandstone, fractured--some rock

fragments and some pulverized
material most of which is washing

away .

i0.0 30 " " "

15. 0 20 ” 1" "

25.0 40 Sandstone and limestone, fractured.
33.0 50 Limestone, sandy, badly broken.
38.0 64 Sandstone, red, broken.

42.0 68 Sandstone, red, badly broken.
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Meteor Crater Core Hole 4, Continued

Sample Depth Recovery Description of material
(feet below (percent)

surface)

47.0 20 Sandstone, red, vertical joints

60.0 77 Sandstone, red, few vertical joints,
not as badly broken horizontally.

68.0 54 Sandstone, red; limestone, buff.

79.0 100 Limestone, sandy, buff to brown;
some zones crystalline; all badly
broken.

90.0 45 Limestone, sandy, buff; soft, air
washed soft broken material away.

101.0 41 Limestone, sandy, very badly broken.

111.0 70 Limestone, sandy, buff to gray;
badly broken.

12 1. 0 90 " 11] "

132.0 81 " " "

142.0 60 " " "

152.0 83 " " "

162.0 79 " " "

182.0 90 Limestone, sandy, buff, badly broken.

192. O 95 1" 1" 11 1"

202. 0 60 " " " "

212. O 65 " " n "

222. o 45 n " 1" "

232. 0 95 1" " " "

(not too badly broken)

241. 0 100 " 1" 1" 1"

251.0 30 Limestone, sandy, buff,to limestone,
crystalline, tan; not too badly
broken.

262.0 47 Limestone, sandy, buff; not too
badly broken.

272.0 60 Limestone, sandy, buff; badly broken.

282‘ O 45 1" " 1" 1

292. 0 50 " " " "

302. 0 65 " 1" " "

312.5 100 " " " "

322‘ 5 83 " 111 1" 1"

332. 5 95 11" "n " "

342. 5 80 1] L] 1" "n

352.5 40 1] " " "

366.0 0 Sandstone, poorly cemented (?) or

Sandstone, highly fractured (pulverized).
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Meteor Crater Core Hole 5
Coconino County, Arizona
Driller: Robert A. Elmer
Begun March 18, 1966 Finished March 30, 1966

Sample Depth Recovery Description of material
(feet below (percent)
surface)

30.0 0 Sandstone and limestone, buff.

66.0 0 Limestone, buff, sandy--contact.

91.5 0 Sandstone, red--contact.

102.5 0 Limestone, buff, cherty.

110.0 53 Limestone, buff to yellow, badly
fractured.

122.0 50 Limestone, buff, sandy, highly
fractured.

126. 0 75 " 1) 1" "

132. 0 33 (1] [1] " ”

142. 0 30 11 7" 1" 18
(powdery yellow zones washing out
completely).

152.0 Limestone, buff, sandy, not as
badly broken.

162- 0 90 " 1" " (1]

172.0 40 Limestone, buff, sandy, some badly
broken zones.

182. 0 30 1 " " - " 111

192. 0 60 . 7" " " (1] "

202.0 85 " " " not too

badly broken.
212. 0 95 n " n ”" 11
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Kana-a Flow Core Hole 1

Coconino County, Arizona

Driller: Rudy Gracey .

Begun June 8, 1964 Finished June 9, 1964

Sample Depth Recovery Description of material
(feet below (percent)

surface)

17.0 0.0 Cinders, loose.

22.0 60 Basalt, vesicular.

32.0 50 " "

Kana-a Flow Core Hole 1A

Coconino County, Arizona

Driller: Rudy Gracey

Begun June 9, 1964 Finished June 10, 1964

Sample Depth Recovery Description of material
(feet below (percent)
surface)
6.5 0.0 Cinders.
11.5 96 Basalt--weathered zone 16'+.
16.0 60 1" 11 ” 11
26. 5 86 1" 11] " 1"
30. 0 65 1" " 11 "
32.0 60 Cinders.

Kana-a Flow Core Hole 2

Coconino County, Arizona

Driller: Rudy Gracey

Begun June 11, 1964 Finished June 12, 1964

Sample Depth Recovery Description of material
(feet below (percent)
surface)
5.0 0.0 Cinders.
10.0 76 Basalt--Vesicular to 17'%; Dense
to 29'+; Vesicular to 31'+.
31.0 100 " n "
40.0 0.0 Cinders.
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Kana-a Flow Core Hole 3

Coconino County, Arizona

Driller: Rudy Gracey

Begun June 12, 1964 Finished June 12, 1964

Sample Depth Recovery Description of material
(feet below (percent)
surface)
8.0 0 Cinders.
9.0 70 Basalt, vesicular.
18.0 0 Cinders.

Kana-a Flow Core Hole 3A
Coconinc County, Arizona

Driller: Rudy Gracey
Begun June 13, 1964 Finished June 13, 1964

Sample Depth Recovery Description of material
(feet below (percent)
surface)
5.0 0 Cinders.
10.0 100 Basalt--dense to 12'%, then vesicular.
19. 5 66 11] " 1" " 7"
40.0 0 Cinders.

Kana-a Flow Core Hole 4

Coconino County, Arizona

Driller: Phil Glaze

Begun July 27, 1964 Finished July 27, 1964

Sample Depth Recovery Description of material
(feet below (percent)

surface)

24.0 0 Cinders, loose.

30.0 45 Basalt, highly vesicular.

35.0 45 Cinders, loose.

37.0 20 Basalt and rubble.

40.0 20 Cinders, red, rubble.

o
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Kana-a Flow Core Hole 5

Coconino County, Arizona

Driller: Phil Glaze .
Begun July 27, 1964 Finished July 28, 1964 -

Sample Depth Recovery Description of material
(feet below (percent)

surface)

15.0 0 Cinders, fine size.

22.0 21 Basalt, red, highly vesicular,

mostly rubble.
31.0 33 Basalt and rubble.
40.0 0 Cinders and rubble.

Kana-a Flow Core Hole 6

Coconino County, Arizona

Driller: Phil Glaze

Begun July 28, 1964 Finished July 29, 1964

Sample Depth Recovery Description of material
(feet below (percent)
surface)
10.0 78 Basalt, highly vesicular.
15.0 94 Basalt, gradually becoming less
vesicular; becoming dense and layered.
25.0 86 Basalt--0.2-0.4 ft layers.
35.0 96 " " 11] " 11
40.0 80 Basalt, layered, becoming vesicular;

cinders last half foot.
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Kana-a Flow Core Hole 7

Coconino County, Arizona

Driller: Phil Glaze

Begun July 24, 1964 Finished July 24, 1964

Sample Depth_ Recovery Description of material
(feet below (percent)

surface)

22.0 0 Cinders, loose.

Kana-a Flow Core Hole 7A

Coconino County, Arizona

Driller: Phil Glaze

Begun July 29, 1964 Finished July 29, 1964

Sample Depth Recovery Description of material
(feet below (percent)

surface)

40.0 0 Cinders, loose.
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S P Flow Core Hole 1

Coconino County, Arizona
Driller: Norman Bailey
Begun April 12, 1965 Finished April 21, 1965

Sample Depth Recovery Description of material
(feet below (percent)
surface)
11.0 0 Lava, loose blocks.
13.0 75 Basalt, gray, loose, broken.
16. 2 31 1" 1" [3) "
17. 8 75 1" " " 1"
18. 3 100 1 " 1" "
22.0 54 1" " " "
22.5 100 Cinders and basalt, red and gray,
broken.
27.0 55 Basalt, gray, hard, thin layers.
31.4 1" 1" " 1" 1"
35.5 5 Cinders or crevices (no core).
41. 0 0 1" " 11] " "

S P Flow Core Hole 2

Coconino County, Arizona
Driller: Norman Bailey
Begun April 21, 1965 Finished April 29, 1965

Sample Depth Recovery Description of material
(feet below (percent)
surface)
2.1 21 Basalt, loose blocks.
3.5 13 " " "
4.0 0 " " 1"
7.0 38 " 1" "
11.0 49 " " "
14.5 40 " " "
15.9 77 " (1] "
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Kaibab Core Hole 1

Coconino County, Arizona

Driller: Norman Bailey

Begun January 27, 1965 Finished January 28, 1965

Sample Depth Recovery Description of material
(feet below (percent)
surface)
52.5 100 Limestone, tan, medium hard.
82.0 100 Sandstone.

Kaibab Core Hole 2

. .
Coconine County, Arizona

Driller: Robert A. Elmer
Begun October 19, 1965 Finished November 4, 1965

Sample Depth Recovery Description of material
(feet below (percent) ‘
surface)
2.0 0 Overburden.
6.0 0 Limestone, buff (cuttings).
12.0 91 Limestone, buff, broken, medium hard.
17.0 100 " " well jointed,
medium hard.
29.0 100 Limestone with sandstone and shaly

lenses, buff, white, pale green, a
lot of horizontal joints.

31.5 100 Limestone, buff, fossiliferous;
well jointed. ’
42.0 100 Limestone, buff to gray; well jointed;

lot of horizontal seams, some sand-
stone lenses.

42.5 40 Limestone, buff, broken.

44.0 26 1] 1" 11

47.5 50 " " " , soft layers.

53.0 27 " " badly broken, " "

63.0 0 Carbide insert broke loose and ground
up core.

64.0 100 Limestone, buff, broken.

73.0 100 Limestone, buff, vertical joints; some

chert and quartz lenses; limestone
becoming sandy.

82.5 100 Limestone, buff to white, sandy; chert
layers 1' to 2' thick; some badly
broken zones.
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Kaibab Core Hole 2, continued

Sample Depth Recovery Description of material
(feet below (percent)
surface)
90.0 100 Limestone, buff to white, sandy;
solid, few joints and fractures.
98.5 100 Limestone, buff to gray, interbedded,

and sandy limestone layers; some
chert and quartz.

105.5 100 Limestone and sandy limestone inter-
bedding buff to gray, some horizontal
and vertical joints.

113.5 100 " 1" 111 " "
some quartz and chert; considerable
fracturing.

123.5 100 Limestone, buff, sandy; small chert
and quartz nodules solid; few hori-
zontal joints.

133.0 100 Limestone, buff, sandy, well jointed;
some badly broken zones.

163.0 100 Limestone, buff to gray, sandy,

fewer joints.
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Middle Mesa Core Hole 1A
Coconino County, Arizona
Driller: Robert A. Elmer
Begun April 7, 1966 Finished April 8, 1966

Sample Depth - Recovery Description of material
(feet below (percent)
surface)
1.0 0 Sandstone, cuttings.
2.0 82 Sandstone, buff, damp, broken.
3.0 0 11 11] " n
4.0 84 1" 1" " "
5'0 82 ”" " 1" (1]
6‘0 80. 1" 1" " "
11.0 80 " 1" 1" 1"
21.0 83 1" " " n
31.0 45 Sandstone, buff to white, damp,
pulverized.
37.0 0 Core spring broke; no core recovered.

Middle Mesa Core Hole 1B
Coconino County, Arizona
Driller: Robert A. Elmer
Begun April 8, 1966 Finished April 11, 1966

Sample Depth Recovery Description of material
(feet below (percent)
surface)
1.0 0 No core.
2.0 100 Sandstone, buff, poorly cemented,
broken.
4.0 65 " " 11 (1]
5'0 100 " 1" " 1"
16.0 30 1" 1" " 11"
21.0 66 " 1" 11] 1"
30'0 37 1" " " 1]
31.0 75 " " 11] "
41.0 80 " " 11 1"
51.0 33 1" " " "
61_0 45 1 " 11 (1]
71.0 20 " " 1" 1"
81.0 50 n " " "
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Middle Mesa Core Hole 1C

Coconino County, Arizona

Driller: Robert A. Elmer

Begun April 12, 1966 Finished April 13, 1966

Sample Depth Recovery Description of material
(feet below (percent)
surface)
1.0 0 No core.
5.5 100 Sandstone, buff, poorly cemented.
9. 5 75 11] " [1) ”
badly broken.
15. 0 91 11] " 1" 11
20. 5 96 1" 11] 11] 11
few broken zones.
30’ 5 70 11 " 11 11
several broken zones.
35. 0 44 1 11 11" 1"
badly broken.
41. O 66 1" 11 1" 11}
51- 0 30 " 11 " 11
55. 0 75 " 11 1" ”
60. 0 100 111 11 " 1"
65. 0 40 " 11 " "
75.0 30 Sandstone, buff, poorly cemented,
badly broken.
80.0 0 No core.

Middle Mesa Core Hole 2

Coconino County, Arizona

Driller: Robert A. Elmer

Begun April 15, 1966 Finished April 16, 1966

Sample Depth Recovery Description of material
(feet below (percent)
surface)
1.5 0 No core.
10.0 100 Sandstone, buff to white, poorly
cemented, broken.
15. 0 90 11] 11] 11 1"
19. 5 80 " 11 " 11
30. 0 100 " 11 11 11
not too badly broken.
34.0 90 " " " " broken.
39‘ 0 70 " " " " 1"
42. 5 43 1" 1] 11 1)
badly broken.
47. 0 80 " " 1" (1)
51. O . 50 " " 11 "
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Figure93.--Mono Ash area, California diamond drill hole
and seismic spread locations.
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Mono Ash Core Hole 1
Mono County, California
Driller: Robert A. Elmer

Begun August 14, 1965 Finished

August 25, 1965

Sample Depth - Recovery Description of material
(feet below (percent)

surface)
3.0 0 No core.
4.6 33 Ash, composed of pumice and obsidian.
600 66 12 " " 1" " "
9.0 43 1" 1" " " " "
14'0 20 " 1" 1" " n 1"
19.0 20 Ash, fine.

21.0 0 Ash, gravel sized cuttings.

31.0 20 Ash, with pumice fragments.

33. 6 90 " " " "

40.0 15 " " 11} 11]

60-0 0 " 1" 1" 11

70.0 8 " 11) " "

80.0 25 " 1" " 1"

91.0 18 " 1" 1" 11"

101.0 80 Ash and lapilli.

111.0 8 Ash, fine.

121.0 100 " "

130.0 100 "' coarse.

140.5 95 " fine to coarse.

149.0 100 " coarse.

152.6 70 " "

153.6 100 " contact with tuff.

164.0 95 Tuff, pink, some seams.

172.0 100 1" 1" 1" "
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Mono Ash Core Hole 2
Mono County, California
Driller: Robert A. Elmer

Begun September 30, 1965 Finished October 1, 1965

Description of material

Sample Depth Recovery
(feet below (percent)
surface)
5.0 0
8.0 33
13.0 20
18.0 30
23.0 40
25.0 50
32.0 20
42.0 4
52.0 1

No core.

Ash, composed of pumice and obsidian.
" ”"

17" 1" 1"
1" " 11" ”"
Ash and pumice lapilli.
1" " 1" 111
”" 1" ”" 11]
” " 1" "
" 1" 11 "

243



Y,

DDH-3
oon-'?‘\/ o

3
Myo2 P DDH-2
DDH-W

9 1 i ) 1 590 Meters

Amboy
Crater

Figure 94 --Amboy flow, California diamond drill hole and
seismic spread locations.



Amboy Flow Core Hole 1

San Bernardino County, California

Driller: Norman Bailey

Begun March 12, 1965 Finished March 13, 1965

Sample Depth - Recovery Description of material
(feet below (percent)
surface)
5.1 0 Cinders, dark gray; sand, brown;
soft, loose.
11.2 0 Cinders and sand, gray; cinders
fine to cobble size.
13.2 75 Lava, loose, broken.
17.0 84 Lava, hard, vesicular.
20. 1 81 " " "
30.5 31 " " less vesicular,
32. 0 100 " 1" 1" 11
34.0 100 " " ' dense.
39. 0 98 1" 7" 1"

Amboy Flow Core Hole 2

San Bernardino County, California

Driller: Norman Bailey

Begun March 13, 1965 Finished March 17, 1965

Sample Depth Recovery Description of material
(feet below (percent)
surface)

4,7 0 Sand, brown, loose and cinders,
gray-black, fine to cobble stone
size.

6.0 80 Lava, gray, vesicular, broken.

7. 5 80 n " " 1"

9. 2 76 " " " 1

11' 0 56 " " 1" "

16. 3 19 " " " 1"

17. 5 67 " " n "

20. 6 100 1" " " "

22.8 91 " " friable, badly broken.
30.4 100 " " softer, broken.

32.5 60 " " " "
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Amboy Flow Core Hole 3
San Bernardino County, California

Driller: Norman Bailey

Begun March 21, 1965 Finished March 22, 1965

Sample Depth Recovery Description of material
(feet below (percent)
surface)
6.0 0 lLava, gray, solid, dense to vesicular.
21.0 100 Lava, gray, solid, vesicular.
broken 12.9-13.0; broken 15.1-15.2
solid, gray, dense.
26.0 64 Lava, gray, highly vesicular, badly
broken.
31.0 80 Lava, gray, hard, solid to vesicular,
broken.
38.0 50 Lava, gray, hard, broken.
40. 0 95 1" 1t 11

Amboy Flow Core Hole 4

San Bernardino, California
Driller: Norman Bailey

Begun March 23, 1965 Finished March 24, 1965

Sample Depth Recovery Description of material
(feet below (percent)
surface)
0.6 0 Sand and loose cinders.
5.0 0 Lava, gray, vesicular.
10.0 100 Lava, gray, dense, vesicular.
20. 0 100 11 11) 11 1"
vertical jointing.
30.0 36 Lava, gray, badly broken and creviced.
31.0 100 " "  dense.
35.0 97 " " "  non-vesicular to 34.0'
40.0 62 Cinders at 39 ?
45.0 92 Lava, gray, dense, large vesicle.
50.0 100 " " " solid.
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Figure95.--Bishop Tuff area, California diamond drill
hole and seismic spread locations.
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Bishop Tuff Core Hole 1

Inyo County, California

Driller:; Robert A. Elmer

Begun September 9, 1965 Finished September 17, 1965

Sample Depth Recovery Description of material
(feet below (percent)
surface)
6.0 0 No core.
11.5 0 Core ground up by carbide bit;

cuttings composed of tuff.
22.0 95 Tuff, pink, soft, horizontal joints
2' to 3' apart.

32. o 100 1] 1" (1] (1] 11
2" to 1' apart.
42. 0 90 1" 1 ” (1] 11]
2" to 3" apart.
52.0 90 Tuff, buff, soft, badly broken.
62.0 90 "  buff to pink, soft, badly broken.
77.5 0 Ash, pink, fine.
88.0 95 Ash, salmon, medium to coarse.
99. 0 100 1] 1" (1] " "
109. 0 35 " 11] 1" 1] "
119. 5 100 " 11" 11] " 1"
132. O 40 " 1" 11 1" 1"
142.0 60 Ash, salmon, with colored lapilli.
152. O 5 " " " (1] ”"
162. 0 0 " 11" 11 [1] "
172.0 10 Ash and lapilli, salmon colored.
17 6. 5 100 111 1" 11] 1" "
187. 0 52 11 1" 1] " "
192. 0 40 " 1" 1" (1] "

250



pue sajoy TITIp puoweIp BIUIOIITED ‘BIIBR 99TNOD UIIYINOG-=-'9gaand1J

SuUOTJes0T peaids OJWSIdS

¢€-HIQ @

I-HQQ @

Z

SIOIN 00G

251



Southern Coulee Core Hole 1

Mono County, California

Driller: Robert A. Elmer -

Begun August 27, 1965 Finished August 27, 1965

Sample Depth Recovery Description of material
(feet below (percent)
surface)
7.6 0 No core (cuttings composed of
light gray pumice). ‘
17.6 90 Pumice with permafrost.
23. O 80 1" 1] 1]
28.0 70 " little permafrost.
33.0 40 " broken, little ice.
40. 0 29 1" " 1" "
50. 0 25 " " " |1}
59. 0 33 1" " " "
62. 0 66 " " 1" "

Southern Coulee Core Hole 2

Mono County, California

Driller: Robert A, Elmer

Begun August 30, 1965 Finished September 7, 1965

Sample Depth Recovery Description of material
(feet below (percent)
surface)
7.0 0 No core.
13.0 33 Pumice, gray, low density.
23.0 20 1" 111 " 1"t
32.6 22 " " becoming dense.
42. 0 37 111 1" 11] "
52.0 25 " gray to brown.
62.0 33 " tan.
72.0 20 " buff, dense, badly broken.
82.0 15 1" " 11 1" "
85. 0 33 1" 1" " " 11]
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Southern Coulee Core Hole 3

Mono County, California

Driller: Robert A. Elmer

Begun September 8, 1965 Finished September 8, 1965

Sample Depth Recovery Description of material
(feet below (percent)
surface)
6.0 0 Pumlce, gray, with permafrost.
13.0 30 " light dens1ty, some ice.
14. 5 80 1" [1) 11] " (1}
20. 0 95 " n ”" 11 n "
31.0 91 " " " " little "
41. 0 0 " " 1" " L1) "
51. 0 50 " " " " " "

Southern Coulee Core Hole 4

Mono County, California

Driller Robert A. Elmer

Begun September, 20, 1965 Finished September 28, 1965

Sample Depth Recovery Description of material
(feet below (percent)
surface)
6.5 0 Pumice, gray, light, dry.
12.0 45 Pumice, gray, light density, badly
broken, dry.
17.0 100 Pumice, gray, light, not too badly
broken; ice at 15.0°'.
22.0 80 Pumice, gray, light, ice seams that
leave a pumice gravel after melting.
32.0 55 Pumice, gray, medium to dense, badly
broken, ice decreasing.
42.0 60 Pumice, gray to brown, fairly dense,
badly broken, ice increasing.
52.0 40 " ; " " 1" 111
59. 0 64 11 " " " "
68.0 66 Pumice, gray brown to dark gray,
banded, dense, badly broken, permafrost.
79.0 36 Pumice, gray to buff to brown, dense,

some obsidian, permafrost throughout,
all badly broken.
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Southern Coulee Core Hole 4, continued

Sample Depth Recovery Description of material
(feet below (percent)
surface)

91.0 0 Did not pick up any core; badly
broken formation; probably obsidian,
cavities--83.0'-85.0', 88.0'-90.0"'

97.0 50 Obsidian and dense pumice, gray,
badly broken, little ice, almost dry.

101.0 0 Obsidian and dense pumice, badly
broken.

106.5 9 " "

112.5 50 Obsidian, dense pumice, rhyolite.
gray, badly broken, ice throughout.

118‘ 0 45 " 1" " "

127.0 28 " " " some ice.

137. 0 50 (1] " (1] " ”"

143. 5 31 11] 11 11] " 1"

147. 0 O 1] " " " 1]
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Figure 97 --Sonora Pass area, California diamond drill
hole and seismic spread locations.
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Sonora Pass 1

Mono County, California
Driller: Robert A. Elmer

Begun August 6, 1965 Finished August 13, 1965

Description of material

Sample Depth - Recovery
(feet below (percent)
surface)
1.0 0
2.2 92
3.3 100
4.5 92
4.7 0
6.3 100
9.0 87
15.0 100
15.3 17
31.7 100
40.0 98

No core.

Granite, few joints.
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LABORATORY PHYSICAL PROPERTY MEASUREMENTS
ON CORE AND SURFACE SAMPLES FROM
SIX LUNAR ANALOG TEST SITES

by
Joel S. Watkins and Lawrence A. Walters
Flagstaff, Arizona
This appendix includes available physical properties data
measured in laboratories from samples of the Kana-a Lava Flow,
Arizona (an a-a basalt), S P Flow, (a blocky andesitic basalt),
Amboy Flow, California (a pahoehoe basalt), Meteor Crater, Arizona
(primarily fractured and shocked sandstone and limestone), Kaibab
Limestone Site, Arizona (primarily limestone with lesser amounts
of dolomite and sandstone), and the Sonora Pass Site (massive,
relatively unweathered granite). All measurements were made on
NX core or on segments taken from NX core except those on rocks
- from the S P Flow, where coring to date has been unsuccessful.
S P measurements were based on surface samples.
The pulse and density measurements, except as noted below,
were made by the Branch of Special Projects Laboratory of the
U.S. Geological Survey under the direction of James Scott. The
static measurements were made by the Branch of Engineering Geology

T.aboratory under the direction of Thomas Nichols. The density and

nitrogen permeability measurements for MCC-4 were made in the

« NOT, FILMEE
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Branch of Astrogeology Laboratory under the direction of C. H.
Roach.

For other laboratory physical properties data previously
published b; the In Situ Project, see Watkins and others, 1964,
p. 39-42 and Roach and Johnson, 1966, p. 22-40. Drilling logs
of core holes from which core samples were taken are given in
Appendix A, this volume.

A limited amount of in situ physical properties data have
been published by Walters (1966 and in this volume).

For a geologic description of the test site on S P Flow,
see Watkins and others (1964); for the test site on Kana-a Flow,
see Loney (1965); for Meteor Crater, see Shoemaker (1963); and
also see Godson and others (1966). The Sonora Pass has been
described by Haines in this volume. Brief descriptions of the
Amboy and Kaibab sites are available in the Work Plan and Operating

Budget for the In Situ Physical Properties Project, FY-66.
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Tables 12-17

Core-sample analyses
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APPENDIX C



AUTOMATIC DATA PROCESSING

by Jean Claude De Bremaecker and James H. Whitcomb

Intoduction

Our philosophy in programming, as described in a previous
er and Whitcomb, 1966), has been to subroutinize
operations so that the programmer has maximum flexibility in
writing and using programs for seismic data analysis. Ideally,
main-line programs control input/output of data with the exception
of subroutines specifically designed for data handling.

Our current library of subroutines, written in FORTRAN IV for
a CDC 3600 computer, is listed in this report. Each subroutine is

preceded by a brief description of its basic function.
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Subroutines
UNPACK
The family of subroutines titled UNPACK reads and stores

a group of analog traces in digital form. Individual traces are
then unscrambled from their original data form and stored in a
matrix in the computer, making them ready for further computations.
The UNPACK family of subroutines is a prerequisite for any analysis
of the seismic data and is the first subroutine incorporated in

any main-line program. However, limitations in computer storage
often may force the incorporation of UNPACK functions into the main-

line program to conserve space.
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1601161000~

SUBRUOUTTIE UNPACK (TAyIByIRyV)
UMPACK TRACES 1 THRU 8 OF A 12 TRACE
STORE IN VI{1lel) TO VI8sI} IN FLOATING PUINT

IA IS TIwE IN MSEC WHERE UWPACK BEGIMNSy IB WHERE IT EiS
IR IS THE RECORD WUMBER ON THE DIGITAL TAPE STARTING AT 1
IA AMD IB ARE GIVEM BY THF COMTROL PROGRAN AS IMTEGERS

OOO00O

COMMUN/100/T,RECORD
DIMENSION RECORD (9000)
INTEGER ToRECORD
DIMENSION T(4000),V(8,800)
DO 12 I=1,1IR

BUFFER IN(141) (RECORD(1),RECORD(2})

100 IF(UNIT,1)100412

12 CONTINUE
IBEG=4+(3%]14)
TEND=3+(3*1B)

DIGITAL RECOKI)

BUFFER I (191) (RECORUD(L)4RECORDIIENII))

IF(UNITY1)1424344

PRINT 7

FORMAT (* END OF FILE=x)

sSTop

PRINT 8

FORMAT (# PARITY ERROR=)

sToPp
2 PRINT 6,RECORD{1),4RECDODRD(2)
6 FORMAT (1X,110,110)
DO 9 J=IBEG,IEND,3
M=(((J-1BEG)/3)%8)+1
L=i+7

-~ W

[ooR

9 DECODE (169104RECORD{II Y (TIK) 4K=igl)

10 FORMAT (8R2)
LA=Ib=-IA
DO 11 Jd=1,LA
DO 11 I=1,2
K={J=1)=8+1
11 VII4J)=T(K)
RETURM
EMD
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SUBRUUTIMNE UNPARKZ (IrigleyIR,v)
UNPACK TRACES 9 THRU 12 AMD 13 THRU 16 PRESUNED 0t COLScCUTTIVE rlnlikus
STORE IN VI(I) Tu Vs(I) Ik <LUATING PUTIRNT
IA TImk IN MSEC WHERE UNPACK BEGINS, Ib whktk IT #1006
IR IS THE RECUORD NUWGLER ON Trk DIG. TAPE STARTING AT 1
IA AND IB GIVEN BY CONTROUL PRUGRAKM AS INTEGERS
COMMON/100/T 4RECURD
DIMENSTUN RECURD (9000)
INTEGER Ty RECURDL
DIHENSTUN T{4000)4V(84800)
BO 12 I=1,1IK
BUFFER I (191) (KFCURD(L)yRFCORD(2))
100 IF(UNITy1)100,12
12 CUNTINUE
I=0
IBEG=6+{(3%IA)
TEND=5+(3%]b)

O OO0

.-

13 BUFFER I (1y1) (RECURD (1) g RECURD(IEND ) )
1 IF(UNIT’I)].,Z,B"f
5 PRINT 7
v FORAGAT (= EWD UF FILEx)
STUP
& PRINT &
i FORFAT (= PARITY ERROR:)
STup
2 PRIMT 64RECUAD(L) yRECURD(S)
& FORMAT (1Xy110+110)
].F(I)l%"yl‘fy’d\)
1y PRIKNT 22
Y FORMAT (5 [FR0OR It UNPACKZ2::)
STUP
14 DU 9 J=TbkGylenily3
¥ Ml (J=IBEG)/3)%6+1
L=i+3
9 . DECUVE (849 109RECURD(J)) (T 9 K=1yL)
1y FUREAT (4RZ)
I=2

I53EG=4+(3%1A)
TEND=3+(3%1b)
Gty Tu 13

20 LU 21 J=IBEG.yIEND,3
a=d=13r6)/3)%8+n
L=i+3

21 DECODE (89 lOeKECURDIJ) ) (T yK=1 , L)
La=sIu=-1aA
D11 J=leLA
DO 11 I=1lyo
K=(Jd=1)%0+1]

11 VIIyJd)I=T(K)
RETUR™
i)

274
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SUBRUUTIME UNPAK3 (TAyIBsIRyV)

STORE IM Y{1leI}) TU V{ByI) IiN FLUATING PuUlM
IA IS TIRE In tSEC WHERE UNPACK BEGInS, 1P VHERM
IR IS THE RECORD NUMBER ON THE DIGITAL TAPe &
IA AW 16 ARE GIVEN BY THE COMTROL PROGARAY AS
COMIMON/L100/T9y&KECORD
DIMEMSIUN RECORD (9000)
IMTEGER TyeRECORD
DIMENSTINN T(4000),V{3,4800)
DO 12 I=141R
BUFFER T (191) (RECURD(1)$RECURD(Z))
100 IFGUNLT 1) 100,12
1z CONT It
IREG= b+(3=1xn)
TRID= 4+(3%]3)
BUFFER I8 {191} (KRECHEL(L)yRFCORDETIFM))
1F(”1‘!1T91)1v21.’514‘
PRINT 7
FORMAT {= END (OF FILEX)
STOR
4 PRIMNT 8
3 FORMAT (= PARITY ERRGR:*)

SThp

2 PRINT 69 RECURTL)yRECHI(R)

6 FORMAT (1X,110,11C)
RV 9 J=slbreGylrnidiys
FE({J=IBEG) /3> ) +1
L=+ 7
GECLDE (1653 10,8500000d)) {T{(K)et=y1 )
FORMAT (8RZ)
La=In-1A
37 11 Jd=1,04
Ui 11 I=1le3
K={J=1)%G+]
11 VIIaJd)}=T(K)
RETUR
i)

[aEeNeNeNel

- W

[RVENGY
©

~
~1
ut

UMPACK TRACES 5 THRU 12 OF A 12 TRaCr olGITAat =Cihe



DTREND
In order to eliminate errors caused by a biasing of the data
in computations, a least squares straight line is calculated for
the seismic data window. The least squares line is subtracted
from the data prior to analysis by another subroutine or the

main-line program.
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OO0

10

SUBROUTINE DTREND (nNsY)
LEAST SQUARES DETREND

SUBTRACTS LEAST SQUARES STRAIGHT LINE FRuUii FUNCTION ¥ OF Lidoei

“AX N = 500
DIMENSION Y(800)
P=iy-

SX=P#(P+1e)/2e
SX2=P&(P+1le)¥(Ze*P+1le)/ba
Sy=0

SXY=0

DO 10 I=1yN

X=1

SY=SY+Y(I)
SXY=SXY+XxY (1)
D=Px§X2~SK*SX
AZ=(SY*SX2-SX*8XY)/D
Al={(P%SXY~SY*®SX)/D
DO 20 I=14N

X=1

YP=AZ+A1*X
Y{I)=Y(1)=-YP

RETURN

END
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CHNCOR

The object of the CHNCOR subroutine is to correct the obvious
digitizatiop errors in the digitized seismic record. The method
computes the standard deviation of all the digitized values and
then compares each value for validity with the magnitude of five
times the standard deviation. If one or two errors in a row are
detected, they are smoothed over using adjacent values; if three or

more errors are detected, an error message is printed.
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[eleNeEeNe!

N W o

10

1z
19

~N >

&

11

13

14
16
15

17
18

20

SUBRUUTINE CHNCOR (HyCyeFin)
CHECK AND CORRECT FM{I) PROGRAM
€ IS MAXIMUM PERMISSIBLE FIRST DIFFERENCE
N IS NUMBER OF VALUES OF FN(I) TO BE READ Ii
N IS ODD INTEGER NO GREATER THAN 799
LAST 3 VALUES OF FN(I) SHOULD BE WITHIN ERROR LIMITS
DIMENSION FN(800)

J=0

X=0

N2=N=-1

DO 10 I=14h2

D=FN(I)=FN(I+1)

IF{D)1+243

D==0D

IF{C=~D)104242

J=Jd+1

X=X+D*D

CONT INUE

Y=J

X=54%SQRTF(X/Y)

1=0

I=1+1

IF(N=1I-1)20419,419
DI=FN(I}=FN(I+1)

IF(D1)445,46

Dl=-D1

IF{X=D1)7+545

D2=FN(I)=FN(1+2)

XP=1a5%X

IF(D2)18+s11,49

D2==D2

IF(XP=-D2)13,411,11
FRETI+1)=(FN(T)+FN(I+2))/2.
I=1+2

GO TO 1=z

D3=FN{I)}-FN(I+3)

X2=26%X

IF{D3) 14,415,416

U3==D3

IF(X2-03)17415,15
FNOI+1)=(24%FN{I)+FN{I+3))/3,
FRNLT+2)I=(2%FN(I+3)+FN(1))/3.
I=1+3

GO Tu 12

PRINT 18,1

FORMAT (10H AFTER Fi'(I4,40H) ARE 3 ERRURS In A RUY e 0 o IISChRIE KEC K

10)
RETURN
END
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TRNSFM
This subroutine computes the amplitude spectrum of a function
which is, in this case, the digitized seismic trace. The method
uses an approximation to the integral known as "Filon's method."
The method is given in many textbooks on numerical analysis that

deal with quadratures (Hamming, 1962).




16011610600-

SUBRUUTINE TRMNSFi (NeBeFitIngFraXetiF ¢Firiel)

DIMENSION FR{B00)yC(100)

FOURIER TRANSFURMS BY FILOUNS mETHUD

B IS TIME DURATION IN SECONDS, N IS MUMBER OF VALUES FrRU: O T B
FREQUENCIES ARE IN CYCLES PER SECOND

N MUST BE AN ODD MUMBER NO LARGER THAN 799

(FMAX-FMIN)/DF MUST BE 50 UR LESS

FEMIN IS LOWEST FREQUENCYy FMAX IS HIGHEST, DF IS TwCKEHEMT

FN{I) IS THE VALUE OF THE FUNCTION TU BE TRANSFORKED AT THe 17H
POINT IN TINME (WHEN I=1, TIMK IS ZERO, WHEN I=M, TIiitc IS b)

F IS THE FREGQUENCY USED TU FIND THE CURRESPUNDING TRAmMSFUa C(F)
READ I VALUES OF iNy By FHMIN, FMAXy DFy Awmb o VALUES Fur Fnai(l)
FROM MAINL INE PROGRAM

OCOOCOOOOOO0O0

3 F=F¥%6e28318
F=F+DF

7 TH=DT*F
J=J+1

70 ALF=(TH*# 2+ THESINF(TH)®COSF(TH) =2 SINF(TH)%%2) /TH*
BET=(2e%(TH¥(1e+CUSF(TH)¥%2)=2¢*SINF(TH)= LUSP(fP)))/T.»r)
GAM= (4% (SINF(ITH)=TH=*COSF(TH) )} /TH=*%3

60 CEV= 5% (FNI1)+FN(N)*CUSF(F=*B})
DO 10 I=39Ls2
u=tl

10 CEV=CEV+FN(I}%COSF (F=U=DT)
cab=0
DU 20 I=29Ky2
u=1l

20 COD=COD+FN(T}=COSF(F=U*DT)
SEV=e5%FN{N)*SINF(F*®B)
DO 30 I=31L12
U=l

30 SEV=SEV+FN(I)=SInF (F*0=DT)
Sob=0
DO 490 I=21K12
u=1I

40 SOD=SOD+FN{I)=SINF{F*U=:DT)
CD=FN(N)}¥*SINF{F*=8)
CT=DT*(ALF*CD+bET=CEV+GAM=CUU)
SD=FNIN)*CUSF(F=B)-FN(1)
ST=NT*{(=ALF=SO+BET*SEV+GANM=*SUD)
ClJI)=SQRTF{STH%2+4LT=%2)
F=F/6428318
IFIFMAX=F1T99498

R COMNT IR
DE=NF/6e283210
CETURe 281
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COTRAN
COTRAN computes the cosine transform of a window in the
seismic trace. Output gives the transformed values corresponding
to equally spaced frequencies in an interval designated by a

minimum and maximum frequency.
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[sEelelelasNeRuleNel

601

602

603

3030

SUBROUTIME COTRAMN(CyFl gyFLaUSECsFHAXgFlIivgliFyiiF)

COSINE TRAMSFORMG C IS RARE UF TRANSFORIe FMgiamb OF SUSCTIO T
BE TRANMSFORMEDS FL IS LEWNGT# OF FROIN SECTHHDS = TIa% AT Labi
VALUE. LBSEC IS TIwE

SPACIMG UF Fia IN SECONDS. Fiilid AND FMAX ARE LOWEST Aid) HIGHEST
FREQUENCY DESIRED I CYCLES PER SECUOIKD. DF IS FRECGUEACY SPACITG.
FIRST FN VALUE, Fii(1)y IS VALUE OF FUMCTIUNM AT TINE = U
COMPUTED QUANTITIES ~ NF IS MUMBER UF FREGUENCY VALUES= MU ot Gr
TRANSFORM VALUES(C(K)} TO bk CALCULATED. oT IS THE LE#GTH UR Toir
FN VECTOR
DIMENSION C(200),FiN(800)
MF = ((FMAX=F+IN)/DF) + 1.
NT = (FL}Y/DSEC + 1.
HT1 = NT - 1
NN 601 K = 1y BIF
R = K=1
C{K) ={(R*=DF + FMIN)#*3414159%2,
DO 3030 K = 1y NF
EVERN = o HHFM(1)
DG 602 T = 34NTly Z
RI = 1 -1
EVEN = EVEN + F{I}*COS (RI*DSEC*C(K))
EVEN = EVEN + oS5=FR{RTI®COSIFL*C(K))
00DSUIM = FN(2)% CUS (C(KI*DSEC)
DO €603 I = &4 NT1ly 2
RIT = 1 -1
ODDSUH = ODLSUF +Fe(I)*COS (C(X)*RI =HSEC)

T = C(K}I*DSEC

A = (T5%2 + THSTre (TI=CUS (T) — 2a%{SIk (T))==2)/T*xx5

B = 2e%(T®{1le+ {(COS (T))5%2)=2,%STN {TIRCUS (T)) /Ty

G = 4o%(SIN (T)- T=COS (TN)/T

CUKY = DSECH(AREN(# )&STn {C{n (FELI T+ B5%pVEN + Gwiiinnie
RETURRN

£ND
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AUTCOR

AUTCOR computes the autocorrelation functi.n

N L

window and given maximum phase shift of the -~ci:.

ly, the process simply multiplies a time window by itsels at « .o

phase shifts. The function has no real physical si u:

[

itself, but may prove useful for interpretation of sci.iii
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16011610600-

SUBROUTINE AUTCOR (LsIBEG.IENDFNyPHI)
AUTOCURRELATION FUNCTION PHI
WINDOW OF Fii CORRELATED IS IBEG TO IEND INCLUSIVE. L IS Lewikin
OF PHIy #AX L = 126e CORRELATION IS FUR A TIME LAG OF ZEwti 7t
t=1 mILLISECOMDS. TIEND=-IBEG SHOULD BE MUCH GREATER THAN (.
DIMENSION FN(4500),PHI(126)
N = TEND - IBEG
DO 10 I=1,L
PHI(I)=0
M=IEND = (I-1)
DO 20 4 = InkEGy ™
JI = 0 + 1 -1
20 PHI{T)I=PHI{I) + Fn(JI=FN(JIIL)
AsiN~=(1~-1)
PHI(I)=PHI(I)}/A
10 COMTINUE
RETURN
END

(@ N el eNel
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CROSCR
Crosscorrelation of adjacent traces is computed by CROSCR
given a specified time window and maximum phase shift. The function
thus provides a measure of continuity of signal from trace to
trace. However, as in AUTCOR, it has no physical significance

except as an aid to interpretation.
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16011616006~

SUBROUTIIE CROSCR {KeIBEGy IENDFiyGriygiPhil )

C CROSS CURRELATION FURCTICM PHI
C CRUSS CURRELATES FN AND GN FRUM TeEG TU IEND
C TIKE LAG IS -K/2 TO K/2 RILLISECONDS. HAX K
DIMENSION FN(4500) 46N{4500), Pril(251)
Kh2 = K72
KPl = K + 1
KDp = K/2 + 2

LA = (K/2) + 1
DO 20 J=19RDZ
KJl = Kb2 - J + 1
L=Ikwbh = J
A=N=-J
PHI(KJL)
b 30 1=
m=1 + J
30 PHI(KJL)=PHI(KJL) + GNLII=FNIr)
20 PHI(KJL)=PHI(KJL)I/A
PHI(LA)=0
A=N
DG 10 I=18EGy IEND
10 PHI(LAY=PHI(LA) + FN(ID)=Gn(T)
PHI (LA)Y=PHRI{LA)/A
DO 40 J=KDP,KP1
L=1END -~ (J-KD2-1)
AsiN={Jd=-RK0D2-1)
PHI(J}=0
DO 50 I=1BEG,L
M=1 + (J=-KbLZ-1)
S0 PHI(IY=PHI(J) + FROIY=0H{e)
40 PR1I(J)I=PHI(JI/A
RETURN
END

=0
IBEGyL
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BANDFL
This subroutine computes the positive half plus the center
point of an even bandpass filter. The filter is named C of length
TMAX at a time spacing DT. It passes the frequencies from FMIN to
FMAX. TMAX should be at least 2/FMIN to obtain good results. The
greater TMAX the better the filter, but also the slower the filter-
ing. All parameters are presumed to be given by the main-line

program.
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1601161000~

OO0

SUBRUUTINE BAMDFL (CyFrIngFiiAXy THAX DT 9T
DIMENSIUN C(200)
BAND PASS FILTER. C IS NAME UF RESULTING FILTER. FMit, FieaX ARE
LIMITS FOR INTEGRATIUN OF COUS(Z#PI®T=F) WITH RESPECT Tu Fo CUK)
IS INTEGRAL FOR T = (K-1)#DT. THAX IS MAX VALUE OF T FOR WHICH C
IS COMPUTED. C IS MULTIPLIED BY A SCALED SIN(X)/X FUNCTION TO GIVE
FINAL FILTER Ce MAX WT (=THAX/DT+1e) IS 200
C IS POSITIVE HALF PLUS CENTER POINT OF Al EVEW FILTHR
NT = THAX/DT +1.
S = 3.14159/(FLUATINT) = 1.)
C(1) = FMAX — FMIW
IF(FIIN) 36410436
36 DO 25 K = 25 NT
F=K=-1
25 CUK) = SIN(F*5)/(F*%2%5%6428318%DT)*(SIN(6+268318%FmaX=F*xDT) -
1SIN(6426318%FRINSF2DT))
60 TU 40
10 DO 26 K = 2, NT
F=K=1
26 CIK) = SIN(F*S)/(F#%2%5%64,26318%DT)*SIN(64283185FMAX=F=0T)
40 RETURN
END
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DFILTR
This subroutine computes the positive half of an even filter
corresponding to any frequency spectrum. It is not particularly

voll suited for computing a bandpass filter as in BANDFL.




[SEeEe

(RN o N i e e

[

OUliGiugu~
BRUUTINE UFILTR (CeFivgkl st sEMAN S F g IF
3 EVEN FILTER, ¢ is UE FILTER. FitgiAMEe UF SPECTHUM.
FLy LENGTH OF Fuan IN CYCLES/ o= FRt&UENC) AT LAST Fuv VabLUH,
UQkV; FREQUENLCY SPACI~NG OF sPeCTRUD Fig
FAX 5 LENGTA UF FILTER C I SECUNMDS.
DF y FREGUENCY SPACING I# FILTEH, CYCLES/SECHND,.
FIRST Fiy VALUE,; Fill)es 1S vALuE UF SPelirud AT FREJUERTY = U
CUMPUTED QUARTITIES = oF IS sdiantil OF FRECUENCY VALUES= MUsokl Ui
FILTER VALUESIULIKDY Y T4 BF CALCULATEUe »T I8 TeE LENGTH OF Tor
Fiv VECTORS  MAX MF {=FMAXN/Deslr = 200 aX WT (=FL/GSEC+Ie Y=o
COMPUTES FUSITIVE “ALC PLUY CeoiVeR PUINT ok F¥ie EILTER
DIMFISINN CL200)y Frelb00)
NFE o= FHAX/LDE + l.
MY = (FLY/ZDSEC + 1.
NTL = NT -1
DO 601 K = 1, iNF
L= K-l
601 CH{K) = REVFR3,14159%2,

DG 3020 1o ik

{ =
EVEN = ¢5HFN{L)
DO 502 1 = 398NTLy 2
RI =1 -1
5602 EVEN = izVEN + Fn{l
EVEN = £VER 4+ go=bBpM T
GODSUE = Fre{z2)s CusS {(TIKp=sSud?
DG E03 1 = b4y NTls 2
HOA =
).
I A

CeRy)

SR Side )




TAPER
This subroutine is normally used to taper an autocorrelation
function prior to transforming, or an even filter prior to using
it. It multiplies the function being tapered by a smoothly
decreasing curve thus preventing discontinuities at the end. Note
that the function being tapered is assumed to be even and only

its positive half is assumed to be given by FN.
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lovlloliul=

SULRUUTIE TAPER(FiiselL)

C L IS LEAGTH 4F Foe FM OIS ULTIPLIED BY THE fIKST SrooerT (v==1)
C OF A SCabkwy >In(X)}/X FURCTIUMG  HAX L = zUue

C Fi IS POSITIVE HALE + CENTER PULINT UF EVEN U CTI0

G USED TO SnUUTHE END UF Fi Tu PREVENT OISCUNTIHULITIFS

DIMEESTI Fir(200)
Fall) = Fasll)
R=1L -1
DO 614 1 = 24L
S=1-1
614 Fi{I) = (FHUI)*#ST(54141595%S/R))/(S%35e14155%/1)
RETURI
END
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CONVO

This subroutine permits filtering data by even filters.
The process in digital analysis is called convolution or rectangu-
lar integration and its analog equivalent can be thought of as a
frequency filter of variable bandpass width and shape. The shape
of the filter can be varied by the programmer and a relatively

narrow bandpass response can be obtained.
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-~
fe

[

10

Sttevn T s QoMo {Frgtiirgbingbegor )

DIAENSION FRNBUD) 9P(700) 3wt 200)

FILTER GIVEN BY CeENTER PUINT PLUS HALF LEMGTH
DATA It Fe(I ) RESULT It Gr(I)y FILTER In uP(1)
DATA LENGTH Lizy FILTER LEMGTH LFU MAXLD = 6004,
LE=LD=2%LF+2

I=0

X=0

I1=1+1

K=I+Lt+-1

X=X+FH{R)=UP (1)

T Jd=24LF

L=i+LF=-J

=+ F+J=-2

X=X+ Foi (L) +Fn ) )=0P(J)

Giv{I)=X

IF(I_‘LI\;(/U,(D),;)

LRI=LKR+1

PDO10 I=LRILLD

Gh{I)=0.0

RETUKI

END

AKX LE




DECONO
This subroutine performs the autoregression of F by H. 1If
a geophone is given a tap, i.e., an impulse of force, then H is
the impulse velocity response.'.Thus if F is autoregressed with
H (by this program) the result is the true ground velocity. Insta-
bility problems may occur if H is not quite correct. The problems
can be detected by first checking H for stability by means of

STABLY.
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160116106G0-

SUBROUTIE weQuUity (FgiigHyw)

DECTHWVIILUTIe = IS LENMGTH UF Fy M IS LEMGTH OF He F IS

OPERATED UR LY H AND THE RESULTS STORED Iiv Fe B IS nUT CHANGEY.

AKX m = 500y <AX N = 20

DIENSION F(500)y H(20)

F(1) = FL1)/H(D)

DI 1200 1 = 24N

D) 3030 J = 291

Id = 1
5030 F(1) =
1200 F(I) =

CoO

Y

- J
FOI} - Ri{J) = FLIJ + 1)
FI

GO 16 J
id =1 -4
10 FLI) = F(I) = H{J) * F(I1J + 1)
5308 FLI) = F{1) / HI(1)
PETURN
END




STABLY
This subroutine checks the stability of a deconvolution
operator. The operator checked is H of length N. If the operator
is stable it prints STABLE and vice versa for UNSTABLE., It uses

Jury's division method (Jury, E. I., 1964).




1e0lloluii-

SUBRUUTIME STAbLY (Haiv)

C STABILITY CHECK FuR DECUMS 1 IS UPERATOHS ' IS LEMNGTH E e Flash
C ELEHENRT OF H IS wAbE POSITIVE BY REVERSING SIGS OF A IF witlrs-

C SiRYe TEST 1y SUH UF ELERENTS OF H MUST BE PGSITIVFE (GReATER: Trnd
C U)e TEST 29 (SUM UF EVEN ELEMERTS) = (SUM UF UDE ELERENTS) =izt ok
C PUSITIVE. (FOR THIS TESTy FIRST ELEMENT IS ConieDd A5 m{d)s Too

L FIRST EVEN ELEMENT) TEST 39 H IS IKVERTED (n(I) weCunieS vla=1))
C AND 1 UPERATES DECONU OM H=I1~VERTED (6G) ArD #2%S5ULTS Axe PUT I~

¢ Ge THE FIRST N=2 ELEMERTS UF G MUST NOUW BE Shiabbes THAN 1 1w

C AanSOLUTE VALUE. IF AY Tood

¢ FAILSy PROGRAM ITmMEDTATELY PrRINTS OUT SURSTABLES An Zi0Se Ti- o'

G TEST FAILSy *STABLE® IS PRIMTED, IM EITHER CaSE,y CHECK 1S i Gt
C BF SUiE H{1) HAS UGRIGINAL VALUE, REVERSING SICHS AGal:r I LU+ She

DINENSION H{Z20)y G(20)
COaribie HSUmMy ESUMs USUMe 6
POIMT = 1
IF (H{1)) 3243241500
32 D0 1691 1 = 140
1621 HITI) = =-H(1)
POILT = -1
1200 HSUM = HI(1)
DY 64 1 = 2yt
64 HSU = HSUK + HII)
IF (HSUm) 3043041600
1600 ESUR = H(L)
Dy 9u 1 = 39 iy 2
59 kSl = ESUR + HUT)
USU = it 2)
VIl 659 1 = 49 vy 2
39 USUn USUM + HiL)

IF (eSSt = UStn) 26430, 1760
1700 DU 2 1 = 1y o
NI = W = 1

361 = FlnI+l)
CALL DECti (Ueilgkigid)
R N
FLAG = 1o
M Z2e T = e 2
I AnSTG{I)) — le) 28436436
e FLAG = =1,
25 CURTINUE
IF (FLAG) 30430940
40 PRIMNT 44
44 FORGAT (TH STAcbkre )
GO TU 60
O PRINT 45
o FORMAT (9il WESTABLE )
i

Ay IR (PUIRT) 23y 23y 61
23 00 1961 1 = 1, i
booi Ril) = =6l
ol drnTURe
ze'D
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PYSLYS
The subroutine, PYSLYS, velocity filters adjacent seismic
traces of a record as described in Embree and others (1963). The
general operation of PYSLYS is to filter, using the CONVO sub-
routine, traces of the seismic record by a given, even filter.
Then, amplitudes of adjacent traces are added with various time
shifts to provide the velocity filtering effect. This subroutine

operates on trace groups 1-9, 9-16, and 17-24.
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itloue-

o 2YsSLYS (.\'y:\gngK‘/!_i g o
i Loy USES A1 RSEC/T O =
AR FRe KpeG T KENDe 1T ttrew 7705
S meY pF PUSITIVE GR NRoaTlve,

AS TILT = KB T Kk MAX (K
TIAE SPACING (. BACH TRACE TS
Fuil USE On T+ 7090y REPLACE DATA 7 o
HATA P/ ddHZT 3001621y o 0 & .

At K e =Bui it STRARFy Vel

R e N !,P(-.’-,l_[),'\/(é,‘jf\)!\)),f(f:-’ R

GATA{( P (I yizleadydsleylli=e oty
1019309605 1B~ 1321094012289 @it a(iigm,
Pt 1S Ulyms 01150 =e 070~

Db g = Te~ei

COTEZS e

T eliy ftile

'x?171_-Ui)z“ay‘-t’(:l‘)f)y‘.U(’.‘)‘i?‘f’)y e
f“)y‘.UUlZSg".L’UIl.:)7“-‘)")1(‘6y-a\',‘Ulf‘»’i PP CA
Uit 4y d=len
ad=J

K=1e
[ IR
U= dy

Lilt ST [RUEERN -
it 1 g=lya
Y G I=1l,11
CLIY=0R{de 1)
it 9 1:1711.
il 7 H=la LIl
S I I RoT QN

FLE=Evidat
. {

cAath Lumvo
A1 TI=1. U
Yldel)=r (1)
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CONT Livtik

i 30 K=K FRES S Y
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iy 30 15148
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SETURE

RELb ==K ERD

P ] Y
[N IR B SR N NS ANA |

B e I Tt

D) 21 K=KorGynemd
JReEG=T2K+1

KB =K~KLEG+1

D21 U=dBeee I
il 21 I=14b

Simd-ti-1)5K
sARKpyed)l=R{doyd)+vi ] yJi}
[ R TN

il




References

De Bremaecker, J. Cl., and Whitcomb, J. H., 1966, Automatic data
processing, in Investigation of in situ physical properties
of surface and subsurface site materials by engineering
geophysical techniques--Project quart. rept., Oct. 1, 1965-
Dec. 31, 1965: Flagstaff, Arizona, U.S. Geol, Survey, Br. of
Astrogeology, p. 93-96.

Embree, Peter, Burg, J. P., and Backus, M. M., 1963, Wideband
velocity filtering--the Pie-slice process: Geophysics, v. 28,
no. 6, p. 948-974,

Hamming, R. W., 1962, Numerical methods for scientists and engineers:
New York, McGraw-Hill, 309 p.

Jury, E. I., 1964, Theory and application of the 3-transform

method: New York, J. Wiley & Sons

302




APPENDIX D

303

e



P-WAVE VELOCITY AND ATTENUATION
SUMMARY, FY-66
by

Hans D. Ackermann and Richard H. Godson

U.S. Geological Survey
Flagstaff, Arizona

Data presented in this appendix are in the same form as
those of the FY-65 Annual Report (see Godson and others, 1965)
and details of analysis will be repeated here. Locations and
brief site descriptions can be found in the Proposed Work Plan

for 1967 in this volume.



Profile

A

.062

.072

.092

.237

.032

.050

.137

.032

.073

.139

.031

429

.031

.089

.091

.064

.097

.128

.042

.149

.153

166

166

77

143

67

125

167

62

91

167

53

83

67

167

143

Amboy Flow

(03

4250

4390

2080

2300

3040

2960

2500

3770

2520

2000

3310

2220

3200

2750

1740

Bishop Tuff

91

167

250

77

200

250

83

306

1700

1950

1950

1490

1600

1600

1730

Qo

8350
7300
2620
1890
6800
7850
3820
6170
3960
3770
5260
6060
6750
5870

4930

4450
5400
6130
5750
4220
5130

5810

1.97

1.66

1.26

0.82

2.24

2.65

1.52

1.64

1.57

1.89

1.59

2.73

2.11

2.14

2.83

2.62

2.77

3.85

2.64

3.20

3.35



Profile

o

0.132

0.164

0.063

0.066

0.153

0.074

0.084

0.118

0.082

0.111

0.167

0.060

0.088

0.148

0.053

0.096

0.108

0.170

0.076

0.121

0.076

0.153

Bishop Tuff (cont.)

v

200

333

77

125

250

125

167

200

100

167

250

100

111

250

71

167

200

o
1940
1900
1500
1430
1430
1850
2000
1840
1750
1820
1760

1610

1430
1520
1820

1670

Cinder Hills

143

59

91

62

118

307

283

319

286

309

325

Q «
4800
6380
3830
5950
5120
5310
6230
5320
3830
4720
4700
5230
3960
5300
4230
5450

5820

2640
2430
2380
2580

2570

2.47

3.36

2.55

4,06

3.56

2.88

3.12

2.89

9.35

7.43

8.50

8.36

7.92



Profile

N

|

0.105
0.161
0.248

0.180

Cinder Hills (second layer, probably not cinders)

0.284

0.016

0.128

0.024

0.112

0.020

0.098

0.015

0.013

0.018

0.017

0.019

0.010

Cinder Hills (cont!)

v o
77 366
125 319
200 395
167 309

23 1030
15 1030
111 585
Kaibab
50 2380
200 2500
50 2550
200 1380

Kana-a Flow

22 872
17 1205
25 769
27 752
28 882
27 1032

1 Cinders at Kana-a flow site

308

Q o
2300
2440
2540

2910

2570
3120

2730

6680
5600
7850

6400

4680
4100
4460
4900
4660

6070

6.29

7.66

6.43

9.41

2.80
2.24
3.06

4.64

5.37

3.41

5.81

6.52

5.28

5.87



Profile
A
B

B(w.d.)

C(w.d.)

D(w.d.)

E(w.d.)

B(w.d.)

D{w.d.)

E(w.d.)

A

B

B(w.d.)

(w. d. means weight drop)

a

1.327

0.595
0.480
0.785
0.755

0.339

0.888
1.317
1.260
0.813
0.808

0.781

0.432
0.511

0.510

Olancha bentonite site

v

57

54

91

112

95

110

o

120

187

159

261

268

317

279

Lompoc diatomite site

52
126
157

78

95

62

Inyokern
97
104

69

115

205

182

170

130

126

volcanic ash site

255

257

232

Qo

147

483

383

449

399

1070

197
298

394

310

380

262

713
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Middle Mesa

Profile a v o
A 0.064 133 1290
A 0.044 107 1670
A(w.d.) 0.066 143 1200
A(w.d.) 0.044 118 1780
B 0.092 139 1890
B(w.d.) 0.087 149 1890
B(w.d.) 0,051 109 2090
C 0.099 149 1100
C(w.d.) 0.107 170 1160
E 0.067 163 2270
E(w.d.) 0.084 175 2270
F 0.110 161 1400
G 0.077 195 2000

Mono Ash (first layer)

A 0.051 35 536
B 0.079 63 487
C 0.129 100 455
D 0.047 37 510
E 0.071 50 458
F 0.119 100 421
G 0.061 b4 590
H 0.092 71 512
I 0.184 111 421

(v.d. means weight drop)
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(w.d. means weight drop)
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- Southern Coulee (second layer)

N Profile a v o Q.2 Qa

B 0.065 30 1000 1470 1.47

M 0.044 29 1250 2100 1.68

N 0.082 45 1250 1740 1.39

P 0.025 14 725 1820 2.52

S 0.049 29 1350 1880 1.39

T 0.058 39 1350 2070 1.53

Y 0.049 20 880 1250 1.42

) FF 0.061 50 2100 2580 1.23

. GG 0.054 43 2100 2510 1.20
S P Flow

A 0.090 55 790 1950 2.47 -

B 0.123 100 1000 2550 2.55

c 0.082 53 1080 2020 1.87

D 0.120 83 775 2180 2.81

) E 0.090 105 1060 2330 2,20

F 0.182 32 1120 2460 2.20
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