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ABSTRACT

Tiris renort covers an analysis of secular strains over an annual cycle at

six portable strain sites in southern Nevada as well as g study of the strain
characteristics of signals from significant cvents recorded in the time
interval 23 January 1970 through 31 July 1971. Mecasurements of quasi-static
strains support the hypothesis that dynamic loading by the seismic wvaves

from explosions and carthquakes trigger a local release of tectonic strain

(a strain step). Furthermore, trends in the direction of strain steps appeaur
to be related to regional tectonic strain. On the other hand, residual changes
in strain of the order of 1 x 10-5 m/m over an annual cycle do not fit any
pattern that would suggest a long-term trend in the regional strain field, but
appear to be peculiar to individual sites, or at most to subregions of the

arca covered by the six sites. Larthquake coupling factors among the six sites
show nearly the same relative values as obtained from Measurements of tidal
coupling. Coupling fuctors range from a low of approximately 0,2 at both
Rawhide Mountain and Qak Spring Butte to 1.0 at Kawich Peak. Low coupling
factors at Rawhide Mountain and Oak Spring Butte could be related to the fact
that the strainmeter tunnels are located in sharp ridges - the only apparent
geological feature that is common to both sites yet is absent at the other
four. The simultuancous occurrence of complex short-term and long-term tempera-
ture and pressure effects requires complex processing procedures to remove
environmentally-induced strains in order to study the decay characteristics of
strain steps. In an exceptional case, the strain in the winter scason at
Rawhide Mountain was predicted within 4 x 109 m/m over a 3-hour time period
following a hypothetical strain step. Data from case studies of NTS events
CYATHUS, BANEBERRY, MINIATA, HAREBELL, SHAPER, and a magnitude J carthquake
near the NTS, and the San Joaquin Vulley carthquake, suggest that the rise

time of the strain step is more strongly influenced by tectonic conditions at
the recording site than by source conditions, at the epicentral distances and
the event magnitudes considered.
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SPLECIAL REPORT, VT/0703

ANALYSIS OF DATA FROM SIN PORTABLE STRAINMETERS
IN SOUTHERN NEVADA

1. INTRODUCTION

1.1 OBJECTIVES

This is a special report describing the work undertaken in “he period

15 August 1970 to 31 August 1971 to operate instruments and analyze data from
six portable strainmeter systems at six sites on and necar the Nevada Test
Site (NTS). The work was performed under Contract F33657-70-C-0646, Amend-
ment 4. The report is submitted in accordance with sequence number A003 of
the Contract Data Requirements List. The Statement of Work is included as
appendix 1.

Prior to this contract period, the six strainmeters were operated in the period
February through April 1970 to evaluate their field operational characteristics
and to record the HANDLEY event. The work is described in Technical Report

No. 70-10, Special Report, VI/8703, Lvaluation of Field Operational
Characteristics of the Portable Strainmeter System, dated 31 July 1971,

Following the IANDLEY event, the six systems were removed and stored in a
government warchouse at Mercury, Nevada. The strainmeters were left in place
in order to preserve temperature stability in the tunnels and trenches.

Operation of the six sites at the locations shown in figure 1 and table 1 was
resumed in September 1970 under the present contract. One objective of the
operation was to obtain continuous recording of strain and to analyze long-
term environmental effects observed during an annual cycle. Specific goals
included the following:

a. Measuring both the short-term and long-term strain characteristics
at each site;

b. Lvaluating the limitations of shallow tunnel and trench sites in
terms of strains induced by the tides and temperature changes.

Another objective was to provide detailed interpretations of strain data
obtained from significant individual events. Specific goals included the
following:

a. The determination of strain characteristics of signals sclected by
the Project Office;

TR 71-20



Tw’]

LA ANT

Iﬂlﬂl.ﬂ- '
FIELD ‘
Ol
NELLIS AR FONCE RANGE
4

1 Ti=NY
I—N'U1_
i
]1""" . NELLIS AIR PORCE RANGE [ 1.
EATTY
W TownE
et
@ STRAINMETER BITES lm
|“FI J‘T.Lh-.
Figure 1. Location of strain sites G 6542

-2-
TR 71-20



epRAGYN ‘o33ng

Tauuny, 180 141 0895 w604:£0,911 w601 LS AX-110 3utads yeo 9
EPEASN

Yyouaxj, o57°C81 1€l oott ST SE,9T1 u£59199,9¢ AN~RKA ¢ rulp eoonk <
vpeRAdN

youaay, 0S°99C tZst 000S wl0.2S,911 wl04LToLS AN~-IL ‘yead eysT1O] t
EPBADN

Tauung 2020 881 0919 ut0.61,911 uwlt €CoLS AN~INO ‘ru3ln 9irziIend <
EpEASN

[auunj, 09S¢ 1 359 94 000 uwEEILTL9T11 METE S PYAS AN-dY ‘yead yostmey Z
EPRASN

Tauuny, 0SCE 89.1 008S u€SiCT 911 W9C.¢1,8¢ AN~ ‘Tuln aprIymey 1

91TS 133oWwuTeIls sIajap 31994 -8uoT -y *1eT N Jo3leuRTISap aweu 3JIITS ‘ON

3o 3o T UoTiVAS(T S33BUIPI0CD ?11g 23118
adAy UOT3BIUSTIO s1ydeadoan
Teynuize
ajeurxoaddy

SUOT3EBD0] 33TS I9319WUIRIIS I[qE3la0d 1 I[qeEL

TR 71-20



b. A study of the dynamic characteristics of the strain signal from
earthqual:®s and explosions - the study, of necessity, would be limited to a
case study of one event recorded at several sites, and a limited nuaber of
events recorded at one site: and

¢. The measurement of site coupling coefficients.
The operation was carried out under the following limitations:
3. The six portable strainmeter Systems were maintained by onliy one nan;

b. Few spare parts were kept on hand either in the field or at the
contractor's home office;

¢. The systea was operated without 2 control circuit to automatically
recenter the transducer. An automat ic recentering modification, which %as
recommended following Zvaluation of field operational characteristics in the
spring of 1970, would have prevented secular strains froa driving unattended
systeas beyond their usable range.

Despite these restrictions and obstacles, continuity of recording was
sufficient to furnish usable data to the University of Kashington (br. S. X.
Saith and br. Kainer Kind) and to the University of Nevada (Ur. Alan Ryall

and br. Steve Malone). Saitk and Kind (1971) have prepared a paper describing
changes in the regional secular strair field.

1.2 SYSTIM MODIFICATIONS

Table 2 contains the recording format and a schedule of changes for the
portable strain system in the time period March 1970 through July 1971.
tollowing resumption of operation about | Septesber 1970 the following
modifications were performed:

a. The fuel supply was doubled at each site by the addition of one
100 1b tank of propane and an automatlic switching valve. The 30-day fuel
supply was necessary to avoid difficulties in the scheduling of visits by
the lone operator.

b. The radio circult was rewired %0 allow application of a S-ninute
manual reference signal at 0.1 Iz to facilitate playback proccdures, since
automatic time search equipment for INVE is not available at the playback
facility.

€. At the end of Septesber 1970 an interim wlde-band low-gain strain
channel was added to the system by tapping into the secondary strain channel
(No. S) preceding the 0.01 H: filter and recording the signal on channel
No. 3 of the tape recorder. (Sec item 3b in table 2).

-4
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Table 2.

Recordigx format aud schedule of chanies

Magnet ic
Tape
Recorder
Chaxfnel 1970 1971 j
No. Mode 4
— JEMANMIIASONDIIFE N ¢ &
| Pri. Strain F | — - - - —
2 Pri. Strain Reset Count Djrect — —-—t—_
s |
4 Kide-Band Hl-Gain Strain M —_—
3 Tube Temp. Keset Count Direct — »
3 Wide Band lLo-Gain Strain Ujrect —— e -
3 Wide Band Llo-Gain Strain I | —_—
4 Tube Teap B\ — - — — —_
5  Sec. Strain m | —_— - — — -
O Environmental ™ | — _ _—
7 Time Code (WWVB) Direct l —_— — - .i
(3b) (3¢) (2b)
Installed wide-band Installed wide-hand
lo-gain strain In Converted hi-gain strain in
channel No. 3, direct channel No. 3 channel No., 2, IM
Site mode, 0.09 - 5 iz to Ml mode, 0 - S5 H:  mode, 0.015 - 5 iz
RI'-NV 02 October 1970 21 February 197 23 April 197)
KP-N\V 30 October 1970 28 February 197) 20 April 197)
QM-NV 01 October 1970 13 February 1971 28 April 197)
Tl-NV U4 October 1970 06 February 197) 23 April 1971
n-Nv 04 October 1970 25 February 197) 21 April 1971
OB-X\V 06 October 1970 11 February 1971 24 April 197]
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d. Direct record elecironics 1n the wide-band lov-guin strain channcl
were replaced in February 197] by PM record electronics to extend the 0.1 iz
low cutoff to dc. (See item 3¢ in table 2.)

¢. A wide-band high-gain strain channel (0.015 to 5 Nz) was installed
in channel Xo 2 of the magnetic tape recorder at cach of the six sites during
the interval 1y to 27 April 1971. (Seec item 2b of table 2.) The purpose of
this channel is to furnish data on the dynamic phase of the strain signal
and to serve as a flag for low-level events. This channel accomodates only
low-level signals at high frequencies: therefore, the low-galn wide-hund
channel was retained to preserve large signals.

A schematic of the modificd strain channel configuration is shown as figure 2.
Frequency response curves are shown in figure 3.

The response of the system to a typical event and to a step calibration is
shown in figure 4.

1.3 MAINTENANCE

When operation was resumed in Scptember 1970 the signal control center,
recorders, and generators were installed and signals from all scnsors were
regained with only minor adjustments in range settings and without entering
the scaled tunnels containing the strain transducers, Continuity of recording
was satisfactorily maintained by the use of spring-wound Esterline-Angus
paper recordings. llowever, loss in continuity of strain signal on the
magnetic tape recorders was caused by occasional occurrences of low power
cutput from the thermoelectric generators, in addition to a problem of
broken drive belts and drive-motor failures in the tape recorders. Power
problems were eliminated in May 1971 when new themopiles were installed at
sites KP-NV and YM-NV. Tape recorders malfunctions were climinated by the
installation of motor replacement kits abouc 1 June 1971,

Five percent of the strain Jdata was lost when unpredictable short-tem
temperature changes during intervals of unattended operation caused the
output to exceed the range of the system. Most of the loss occurred at
site KP-NV,

One month of data was lost at KP-NV between 15 Hay and 15 June 1971 as a
result of accumulation of water in the mine tunnel. The restoration proccss
included pumping residual water from the mine tunnel and replacing the
transducer electronics.
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Figure 4. a. Responsc of the strain chamnels to a typical NS event (MINIATA,
08 July 1971) recorded at site YM-NV. b. FKesponse to a step
function applied with the LM calibrator
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2. SLCULAR STRAIN

Secular strain mcasurements from all sites have been plotted in figure 5

for data through July 1971 when operation of the six portable strain sites

was terminated. Secular strains as defined here include all strains outside
the pass band of seismic signals and diurnal astronomical tides. Obscrvations
of secular strain were taken on an average of about once per weeb for cach site,
These coservations reflect all sources of strain including astronomical tides,
diurnal teaperature changes, atmospheric pressure changes, scasonal tesperature
changes, and regional strains. liowever, tides, diurnal temperature, and
pressure influences are negligible when compared to the magnitude of the long-
term effects. The maximum change in strain over an 1l-month period is listed
in table 3 for esch site.

Table 3. Secular strains

Resultant
Maximum scasonal Maxigum seasonal Seasonal strain l-year
change in change in tube coefficient change in
Site strain (N10°® m/n)  temperature (&4 (m/m/°C) _ strain (N10©)
Ri-NY 15.0 4.1 3.8 *10.0(c)
kP-4 17.4 L 9 ~10.d(c)
Q-1 5.3 . s s 2.3(e)
TI-N¢ 14.0 & . * 0.8(¢)
Y-3Y $.9 3.7 l.o 0 ()
OR-%V 10,2 0.5 20 +8.5 (¢)
*Not computed (¢) compression

(c) extension

The relative scasonal changes in strain among the sites are not eaplainable

on the basis of type of installation (treach or tunnel); however, the decper
of the two trench sites (YM-NV) has less scasonal change than the shallower
one (TI-N.), and the deeper tunncl (OB-NV) has less seasonal change in strain
than either WI-W or KP-NV. The seasonal change does not appear to be related
to the temperature change in the tunnel, as mcasured on the tube. For exaaple,
the ratio of seasonal strain to tube teaperature varies from 1.4 x 10-0/°C ¢
YM-NY to 20 x 10°9/°C at OB-NV. The large differences in the ratio are not
eaplained by d.fferences in site coupling coefficients, and are not reasonably
related to possible differences in expansion coefficicnts of the roci anong
the sites. [t is possible, sowever, that the temperature of the tube does

not accurately reflect the temperature of the rock at those depths that most
strongly influence strains measured in the tunncls. A\ typical relationship
among strain, tubc temperature, and free air temperature over the 11 month
operational period is shown in figure o for site RH-NV.
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Also listed in table 3 is the resultant annual change in strain for cach site,
It is noted that the two trench sites (TI-NV and YM-NV) show a return to
essentially the same strain measured a year earlier. On the other hand, the
four tunnel sites show a mean resultant change in strain of 8.3 x 10-6 m/m for
the l-year period, which is 68% of the mean of the maximum seasonal strains,
Sincoe tunnel temperatures have returned approximately to their original value
in the annual cycle, temperature effects have been ruled out as o causc of the
substantial l-year change in strain at several of the sites. Furthermore, the
data does not fit any pattern that would suggest a long-term trend in the
regional strain field in southern Nevada. Therefore, it is concluded that the
resultant change in strain is a condition peculiar to each site, or, at most,
to subregions of the arca covercd by the six sites.
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3. COUPLING OF TIIE TIDES AND EARTHQUAKES

In any study involving earth motion at two or more sites, the degree of
coupling of the instruments to the earth or of the surface material to the
rock at depth is of primary interest. In the present investigation, coupling
factors for each site are needed specifically to determine the correct pro-
portion of theoretical tidal strain to subtrict from observed strain in the
process of determining the relationship between strain and environmental
factors. Initial attempts to subtract the full theoretical tide from the
observed strain led to difficulty in interpreting results. Several sources

of error were investigated. Large errors in calibration were ruled out, since
two independent methods of calibration are used. The accuracy of the tidal
data from the program 'LRTHTD, ' kindly furnished by Dr. Stewart Smith of the
University of Washington (the program wus originally written by Berger and
Farrell at La Jolla and modified by Smith for use on the CDC computer), was
compared with a sample of the output of a tidal prediction program furnished
by Mr. Gerry Cabaniss, Terrestrial Sciences lLaboratory, Air Force Cambridge
Research Laboratory. Differences in amplituue approaching 10 percent near

the peaks were reported by the Seismic Data Laboiatory at Alexandria, where
the program was run. The disagreements in the data were considered negligible
for the purposes of this study.

Two other factors considered were the possibility that the tidal coupling

was frequency dependent and the possibility that tidal data were masked by
environmental effects. Smith and Kind (1971) shed light on the latter

factor using data from the six portable strain sites from the period

December 1970 through January 1971. By comparing absolute values of the Fourier
transforms of the observed strain and calculated earth tides, they established
that all stations were coupled to tle crust, although not to the same extent.
They also concluded that most of the stations were affected by thermal and
barographic effects based on the fact that most sites shoved a larger ratio

of 12-hour to 12.42-hour energy.

Using the criteria set forth by Smith and Kind, a similar study of tidal
coupling was carried out for the purpose of comparing the results with the
coupling of earthquakes. A typical plot of absolute values of the Fourier
transform of observed strain and calculated earth tides frr site RH-NV are
shown in figure 7. Coherence and phase, obtained from cross-spectra, are
also shown. The calculations are based on observations at 1-hour intervals
over a 30-day period, starting in October 1970. Selected portions of the
spectrum have been replotted on a linear scale for all sites (figure 8). The
resolution of tidal peaks for sites KP-NV and T1-NV is poor because of the
small number of data samples. The ratio of observed strain to calculated
earth tides, denoted as apparent tidal coupling factor is listed in column C of
table 4 at tidal periods of 12.0, 12.42, 24.0, and 25.8 hours, corresponding
to tidal designators Sz, Ms, Sl, and 0;. 1t is noted that the 12.0-, 24.0-,
and 25.8-hour tides are for the most part larger than the 12.42-hour tide,

a relationship that could exist if the data were contaminated by thermal

and pressure variations. Coherence values for the latter three tidal periods
are in general lower than for the 12.42-hour tidal period, suggesting a
multi-source generation of energy at those periods.
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that is independent of wave type, we turn to the question of carthquake
coupling, a study of which requires the recording of one or more distant
carthquakes of Richter maguitude 7 or greater. The system is severely limited
in the detection of distant events because it was designed to study the quasi-
static and permanent strain changes resulting from cxplosions of the order of
magnitude 6 at distances of approximately 30 to 100 kilometers. A filter
with a high cutoff frequency of 0.01 iz, designed to attenuate high frequency
signals from large explosions, unfortunately attenuates waves from large
distant earthquakes. However, a fairly useful measure of relative coupling
among the six sites was obtained from the measurement of Rayleigh waves from
three earthquakes. Raylcigh wave amplitude was corrected for strain azimuthal
response (cos? a) where a is the angle between the long axis of the strain-
meter tube and the direction of wave pPropagation. Care was taken to select
Rayleigh waves from the initial group of a given wave period since the initial
group usually arrives at the true azimuth or at slight azimuthal deviations from
this, as pointed out by Capon (1970). The selection of wave periods involved
a compromise among threc requirements: (1) use of the carliest arrivals of a
given wave period, (2) maximum signal-to-noise ratio, and (3) absence of Love
waves. llowever, the results indicate that one or more of the foregoing factors
contaminated the data. The results of the investigation are listed in table 5
for each of the carthquakes. Coupling factors are normalized to site RIl-NV
since it is the only site that does not contain a critical angle (a : 920°)

for Rayleigh waves from any of the carthquakes. The coupling factors are also
normaiized to unity for site KP-NV which has the highest relative coupling.

It is noted that RH-NV and OB-NV have low coupling factors. Data for Rayleigh
waves arriving at an extremely critical azimuthal angle were onitted from
table 5. A case in point is the coupling factor for YM-NV for the event from
New Ireland on 14 July 1971, which had an azimuthal correction factor of

0.015 (table 6) at an approach angle of 083° (figure 9). If the calculated
approach angle (a) were in error by say 2°, c.g., 085° instead of 083°, the
corrected amplitude of the Rayleigh wave, and consequently, the coupling
factor would have been in error by a factor of two. Contamination by Love
waves is also a problem at this any le.

The use of Love wave amplitudes yielded a larger spread of values of relative
coupling for a particular site than obtained for Rayleigh waves. Possibly, the
Rreater se.usitivity of strainmecters to changes in the azimuth angle of love
waves contributes to the larger spread. The lack of orthogonal horizontal
components at a site makes it difficult to resolve the question.  Nevertheless,
the Love wave signal was very useful in verifying that the instrument polarity
at each site was correct.

Tidal coupling and earthquake coupling are compared in figure 10. Four tidal
periods (12.0, 12.42, 24.0, and 25.8 hours) from table 4 are coapared with
the average relative coupling factor for the carthquakes listed in table 5.
The occurrence of approximately matched relative coupling ratios among the
sites for the M2 (12.42 hour) component of the earth tide and carthquake
surface waves indicates that marked differences in site coupling do exist and
tends to disprove the existence of frequency-dependent coupling. The
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(1)

(3)

Table 5. Relative coupling factors computed from Rayleigh waves
from three large, Jistant carthquakes

(1) (2)
10 Jan 09 .July
71 NEME

1.0 1.0
- Soo
- 5.0

3.0 3.7
- 3.5

1.3 1.8

(3) Average Coupling factor
14 July coupling normalized to
1971 factor unity at KP-NV
1.0 1.0 0.2

- 5.0 1.0
3.0 1.0 0.8
2.2 3.0 0.0

- 3.5 0.7
0.5 1.2 0.2

Origin West New Guinea, 07:17:03.72, 10/01/7Y, 3.1S 139.7E, M = 7.3,

Mg = 8.0

Origin Ch le, 03:03:18.72, 09/07/71, 3

S5 71.2W, M, = 6.6

Origin New Ireland, 00:11:29.12, 14/07/71, 5.58 153.9E, Mg = 7.9

MR-

TR 71-20



Table o.

Relative site co
Rayl.igh wav

upling factors computed from 20-second
es from the New lreland ecarthquake of

14 July 1971
Azimuth Azimuthal
station to  Azimuth of Approach correction
3 epicenter strainmeter angle (a) factor for
Site (km) (degrees) (degrees) (degrees) Rayleigh
RII-NV 10350.93 205.5 325 60 .25
KP-NV 10347.2 205.5 350 91 .001
Qe-NV 10356. 76 205.5 020 05 .18
Tl-NV 10305. 80 265.2 206 | 1.0
Y-NV 10330.27 2v5.3 182 §3 .015
0B-NV 10377.39 2065.7 081 5 .99
Strain
Signal Strain Azimuthal corrected Relative
amplitude sensitivity Larth correction for coupling
Site (mm) (Ix10°° /mm) strain factor azimuth factor
Ril-5V 6.5 1.i8 7.7 0.25 30.7 1.0
KP-NV 13.3 1.05 11.0 0 . -
QH-NV M.g 1.45 lo.2 0.18 90, 3.0
Tl-NV 14.7 1.7 68.5 1.0 08.5 2.2
YM-NV 0 1.39 0 0.015 - -
oB-N\ 11.8 1.1o 13.7 0.99 13.8 0.5
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occurrence of abnormally large amplitudes at periods of 12.0, 24.0, and
25.8 hours relative to 12.42 hours, together with a gencral reduction in
coherence indicates the presence of teaperature awd pressure effects. The
presence of these effects to different degrees at different sites is indi-
cated by a wider range of differences between tidal coupling and ecarthquake
coupling at 12.0, 24.0, and 25.8 hours compared with the 12.42-hour tide.

Looking at the M, tidal component in figure 10, we note that the coupling
factor for sites RI-NV and OB-NV arce of the order of a factor of threec less
than the other four sites. Mechanical hysteresis in the strainmeter can be
discounted as a source of low coupling based on tests involving manually-
induced forces on the tube anchor, clectromagnetic forces between anchor and
tube, motor-driven displacesents in the transZucer, and explosion-induced
forces between the carth and the strainmeter, using small dynamite Jharges
at closc range.

The relationship between geological characteristics and coupling factors was
also investigated. Listed in table 7 are site features that migh: have some
bearing on site coupling. Information on rock type, topography, and faulting
are based on USGS Quadrangle Sheets, whercas, estimated values of relative

rock competency among the sites are based on on-site observations. Istimates
of competency of the roch as related to strain coupling are neither quantitative
nor exact. The procedure for estimating competency is based on a qualitative
evaluation of the following:

a. The density and hardness of the rock;
b. The degree of fracturing and joiuting;

<. The reaction of the rock to the drilling of anchor holes for the
strainmeter;

d. The degree of faulting in the vicinity of the site.

Looking for features common to RH-NV and OB-NV' that would explain the
occurrence of low coupling, we note frow *able 7 that ncither the type of

rock nor the estimated competency appear to bear a logical relationship to

the degrec of signal coupling. In fact, contrary to expected, site QM-NV is
well coupled despite the fact that the strainmeter is poorly anchored in
strongly altered and highly fractured rock in an area of severe local faulting.
If any of the site features in table 7 bear a rclationship to site coupling,

it is topography, where it is noted that both RIH-NV and OB-NV are tunncled
into sharp ridges - RH-NV at about 30° to the ridge line, and OB-NV normal

to the ridge line. The other four sites lic on the sides of cither valleys,
low hills, or gently sloping terrain.
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4, REMOVING TIDL AND TEMPLRATURLE-INDUCED STRAINS

In order to determine the decay character of a strain step, the solid earth
tides and the temperature-induced strains must be removed from the recorded
data. In studying the rclation between strain and temperaturc, principal
attention was given to site RII-NV which contained auxiliary control instru-
mentation. Data in the period 12 October to 11 November 1970, were selected
for study initially because of the low seasonal strain rate during this time.
Power spectral density plots from 1440 hand digitized data samples of strain,
along with temperatures measured in the free-air, in the signal control center,
on the tube of the strainmeter, and on the strain trunsducer, are shown in
figure 11. Semidiurnal and diurnal peaks are common to the five power spectra.
Coherence and phase between the strain and the temperature observations are
shown in figure 12. The results clearly indicate that a large percentage of
the strain is reclated to temperature measurcd at the transducer for periods
through the diurnal cycle. lligh coherence between strain and transducer
temperaturc in contrast to low coherence between strain and free-air tempera-
ture indicates that strains at site RI-NV in the 30-day time period investigated
are more strongly influenced by changes in temperaturc of the strainmeter
rather than by surface strains that are transmitted to depth. This con-
clusion is borne out by data from the same time period displayed in the time
domain. Changes in strain relative to changes in frce-air temperature show
approximately a 9-hour lag in contrast with essentially a zero lag in relation
to changes in temperature of cither the transducer or the quartz tube. Looking
at the phase order of the temperaturce curves in figure 12, we note that the
free air temperature leads the other temperatures as expected, and that the
phase difference becomes small at long time periods as expected. A positive
polarity is given to compressional struins and increasing temperatures for the
data of figure 12, Erratic phase data for all but the transducer temperature
have been deleted from the plot in the period interval 1-10 hours.

The relation between strain and atmospheric pressure at RII-NV was examined using
data covering a shorter interval of time (12-24 October 1970). Figure 13

shows power spectral density curves for strain, pressure, and temperaturc

using 293 samples at l-hour intervals. Coherence and phase between strain and
the other parameters were obtained using 128 lags.

Only data points at 12, 24, and over 100 hours corresponding to peaks in the
power spectral density plot, are plotted in figure 15. The most reliable and
most significant point is at a period of 24 hours where temperature effects
will have completed a diurnal cycle and the long term seasonal rate of change
of strain can be removed. llere, we observe that the strain is in phase with
pressure. The results indicate that most of the noise in this 30-day time
period could be climinated from the strain recordings by using a Wiener
optimum filter designed to predict the temperature and pressure-induced noisc
on the strain record. The possibility exists that multichannel filters using
all the thermistor readings to predict the temperature-induced strain noise
would be even more cffective.
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and instrument temperatures, at site RI-NV from hand-digitized
readings at 1/2-hour intervals in the period 12 October to
11 November 1970. 1440 samples, 2 samples/hour, Parzen

smoothing. i
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bata from RH-NV in the time interval US-20 January 1971, during which time a
steep rate of strain prevailed, were exaained to obtain additional information
on the strain-pressure relationship and to determine whether the transducer
temperature continues to be a key to climinating temperature-induced strain
from the recording. Simple linear regression analysis was used to detemmine
controlling factors, to systematically isolate both short- and long-tern effects,
and to derive a relationship between strain and environmental factors. Corre-
lation coefficients were computed for strain as a function of outside air
tempeiature, tube temperature, transducer temperature, and atmospheric pressure.
A series of two variable scatter diagrams along with correlation coefficients
were obtained for 19 daily observations; 48 hourly observations; and 72
observations at S-minute intervals.

A correlation coefficient of -0.72 for strain versus tube temperature for the
19 daily observations is interpreted as a compressional strain of the country
rock with decreasing seasonal temperature at a rate of approximately

6 x 10-6/°C. The temperaturc effect on the tube, which acts in the opposite
direction at a rate of 0.5 x 10-0/°C, has not been removed from the
observations.

For short-term observations, the strain-temperature coefficient changes sign
but retains the same level of correlation. lourly observations over a 2-day
period (17-18 January 1971) show an cquivalent extensional strain with de-
creasing tube temperature at a rate of approximately 0.5 x 10-0/°C as shown

in the scatter diagram of figure 14, in c¢lose agreement with a predicted
strain rate of 0.8 x 10-0/°C for the strainmeter, Tidal strains and a seasonal
strain trend of 1.6 x 10-7 per day (fignre 15) have been removed. lourly
readings of strain, temperature, and pressure over the 2-day period are shown
in figure lo. The high degree of correlation between strain and tube tempera-
ture is evident.

The correlatiocn coefficient for strain and atmospheric pressure fluctuations
for daily readings, increasing to 0.0 for hourly observations and 0.7 for
observations at 5-minute intervals is low (0.12).

At an observation rate of 12 per hour, the strain-temperature rate is
approximately 0.4 x 10-0/°C as shewn in the scatter-diagram of figure 17 for
the time period 1500 to 20402 on 18 January 1971. Tidal strains and the
long-term strain trend have been removed. 7The data are also shown plotted
as function of time in figure 18.
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Figure 16. Hourly rcadings of strain, temperature, and pressurc at
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RI-NV showing high degrce of correlation between strain

and tube temperature.
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To test the feasibility of using tubc temperature measurements to subtract
temperature effects in order to detemine the character of the decay of the
strain step associated with large earthquakes and explosions, a predicted
strain output was computed using the relatiouship

Spppp * S e (6.5 x 10°971R) x 0] + 0.34 x

1079/°C x ¢
/ Truse:
where

Mpppp = predicted change in strain in a given
time interval ¢

\6Tin = change in theoretical tidal strain
9 = time interval in hours

Meene: * Change in temperature of the tube in
TUBE :
centigrade degrees.

Predicted strains were computed at 5-minute intervals for a 3-hour period
following the original 0-hour period from which the short-term strain tempera-
ture rate was computed. As shown in figure 19 the preldicted strain is within
1 x 10-9 of the observed strain for 30 minutes into the predicted time period.
The maximum deviation is 4 x 109 in the first 1-1/2 hours. The maximum
deviation in the period 1-1/2 to 3 hours dropped to 2 X 10-Y,
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5. CASE STUDIES OF SIGNIFICAI'T EVENTS

5.1 GENERAL
The analysis of explosion data has been limited to the following:

a. A comparison of the explosions CYATHUS and BANEBERRY, requested by
the Project Office;

b. A report on the San Joaquin Valley earthquake, requested by the
Project Office.

c. A case study of the NTS explosion MINIATA, demonstrating cxamination
of a single event recorded at six sites.

d. A comparison of the character of the strain step of an ecarthquake
and an explosion;

c. A study of the relation between direction of the strain step and
changes in regional strain conditions.

5.2 LEXPLOSIONS CYATHUS AND BANEBERRY

A report entitled "Preliminary Comparison of NTS Explesions CYATHUS and
BANEBERRY" shown as uppendix 2 of this report, was prepared at the request
of the Project Office and forwarded on 14 January 1971. The <data from the
two cvents, which were of equal predicted yield and approximately the same
epicenter, showed a factor of six larger ground amplitude from BANEBERRY than
from CYATHUS as recorded at Queen Creek, Arizona, a distance of 018 km. 1In
contrast, BANEBERRY produced about one-half as much earth strain at portable
strain site YM-NV compared with QM-NV, both at an epicentral distance of
approximately 50 km. Differences in the two explosions werc also observed
in the l-minute rise time for CYATHUS (attributed to the rise time of the
0.01 scc filter in the system) and a 2-minute rise time for BANEBLRRY.

Additional information from the short-period strain-inertial scismograph at
lloulton, Maine (IIN-ME) showed BANEBERRY to be clearly recorded at 1.0 llz at
a S/N ratio of 4, whereas no signal from CYATHUS was discernible at approxi-
mately the same background level.

5.3 THE SAN JOAQUIN VALLEY EARTIHQUAKE OF 09 FEBRUARY 1971
Also requested by the Project Office was the report in appendix 3 entitled
"Preliminary Notes on the San Joaquin Valley Larthquake of 09 February 1971

from Portable Strain Records," dated 19 May 1971. The main points of that
report together with additional observations and conclusions follow.
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Figures 20 and 21 show magnetic tape playback of the primary strain and the
wide-band low-gain strain channels at sites YM-NV and QM-NV, respectively. It
is noted that, fortuitously, the system sensitivities were idea] for recording
a magnitude 6.2 carthquake from California, It is significant to note that the
step at YM-NV occurs 15 to 17 seconds after onset of the Sg phase or approxi-
mitely at the onset of the Rg phase. The principal step at YM-Ny lasts 10
seconds longer than predicted by the filter response, and at QM-NV lasts

1 minute longer than predicted. It is possible that local strains are contri-
buting to the duration of the step, or that the step is being triggered by

more than one phase.

From table 8 the velocity of the strain step for QM-NV and YM-NV are in close
agreement and compare favorably to the average velocity 3.0 0.3 km/sec
reported by Wideman and Major (BSSA, Dec. 1967) for a continental path. The
amplitude of the strain step at both QM-NV and YM-NV agree closely with Wideman
and Major; whereas, the observed step is lower by a factor of 2.3 at TI-NV and
higher by a factor of 1.3 at RH-Nv,

Table 8. Observed amplitude and velocity of the strain step from
the San Joaquin Valley Earthquake of 09 February 197]

Amplitude of Observed
Observed strain step step
amplitude from Wideman velocity
Site of strain step and Major (km/sec)
QM- 6.4 x 1079 ¢ 6.4 x 10-9 3.06
M=KV 6.5 x 109 ¢ 6.6 x 10-9 3.03
TI=NY 2.9 x 1079 ¢ 6.8 x 10-9
RI-NY 8.0 x 1079 ¢ 6.2 x 1079

€ extension
C compression

A plot of the strain step at YM-NV is shown as figure 22. The tide and
long-term temperature trend have been removed. The effect of the filter is
negligible about 100 seconds after the onset of the step. The step has a
maximum quasi-static strain of 7.8 x 10-9, an cxponential decay with a 7-minute
time constant, and a residual strain of 5.8 x 10-9.
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Figure 23, Power spectral density in strain?/Hz of noise and signal
recorded on the primary strain channel at YM-NV for 3 cvents
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Power spectral density plots of the San Joaquin Valley earthquake and two NTS
explosions recorded at site YM-NV are shown for the primary strain channei

in figure 23. The San Joaquin cvent which travels a greater distance to YM-NV
contains less energy at high frequencies (0.1 to 0.5 Hz) than at lower fre-
quencies (0.01 to 0.1 liz) comparcd with the NTS events HAREBELL and MINIATA.
Differences in direction of approach also probably contribute to the spectral
distribution of the energy, since the strainmeter has a different azimuthal
responsc to longitudinal than to transverse waves. Orthogonal horizontal
strain instruments arc required for proper analysis.

It is also indicated from figure 23 that the San Joaquin carthquake compared
with HAREBELL and MINIATA has less strain at frequencies shorter than 0.01 Iz
relative to the frequency range 0.01 to 0.1 Iz, Both distance and site coupling
are factors which affect the comparison. The azimuth of approach and local
strain conditions could also be contributing factors. The relative power levels
of the three cvents at frequencies lower than 0.01 liz are comparable with step
strain measurements of 15 x 10-9, 6.5 x 10-9, and 3.6 x 10-9 for the cvents
MINIATA, San Joaquin Valley, and HAREBELL, respectively.

5.4 CASE STUDY OF NTS EVENT 'MINIATA' of 08 JULY 1971

The event MINIATA of 08 July 1971 has been sclected for a case study because
it is recorded at all sites with a high signal-to-ncise ratio. In fact, the
signal at OB-NV cxceeded the linear range of the summation amplificr. Power
spectral density plots at all sites except OB-NV are shown for the primary
strain channel in figure 24. The response of the system (channel No. 1 in
figure 3) has not been removed. With single strainmeters at each site the
influence of both angle of approach and distance on the spectral distribution
of the site is again ignored. However, it is noted from the similarity of the
curves in figure 24 that the spectral distribution of the signal is nearly
equal among the sites at frequencies lower than 0.1 liz - suggesting that the
angle between the direction of approach of the signal and the axis of the
strainmeter might not be an important factor at the longer periods. The
curve for RH-NV does not match the other four because the signal at RII-NV is
at the level of the noise.

Power plots for the wide-band hi-gain channel for MINIATA are shown in figure
25. A typical noise distribution for the five sites is shown in figure 26
which contains the signal and noisec power plots for the wide-band hi-gain
strain channel at site QM-NV. The data, which has a high signal to noise ratio
at all frequencies between 0.08 and 10 Hz, contain an anomalous dip in the
power curve of site RH-NV in the frequency range 0.2 to 0.7 Hz. To . terminc
whether this anomaly was related to the apparent low coupling cocfficient
obtained at site RI-NV from mecasurements of Rayleigh waves from large distant
earthquakes, power spectra of the wide-band hi-gain data were computed for the
Chilean carthquake of 09 July 1971 as shown in figure 27. The low response

in the region of 0.1 to 0.2 Hz is confirmed. A low response at frequencies
below 0.07 Hz relative to frequencies above 0.25 iz is also evident. The
Chilean carthquake is at an angle that gives high response to Rayleigh waves
at RII-NV and KP-NV and high response to Love waves at all sites cxcept RH-N\V,
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Power spectral density in strainZ/liz for the MINIATA signal
recorded on the wide-band high-gain strain channel at QM-NV,

A plot of system noise at QM-NV which is typical of the 5 sites
is also shown. The Nyquist frequency is 20 liz,
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lowever, for the MINIATA explosion the angle of approach to RH-NV and KP-\V
are nearly equal and therefore should give the same response to Rayleigh
and shear waves. Thus it appears that factors other than angle of approach
are overriding,

The power curves for the Chilean earthquake (figure 27) have other interesting
features. For one, it is observed that site coupling factors listed in table
5 in an earlier section of this report, obtained from meas.rements of the
predominant 17-20 second Rayleigh waves, would give a higher coupling to site
QM-NV and a lower coupling to site OB-NV if other frequencies in the wave
train were used. It is important to note that the angle of approach to the
strainmeter is nearly the same for sites QM-NV, TI-NV, and OB-NV; therefore,
the relative energy of Rayleigh and Love waves can be ignored. It is also
noted that at frequencies below approximately 0.015 11z in figure 27, the power
level for RH-NV and TI-NV is increased by system noise. However, the high
level for the OB-NV curve occurs at a signal-to-noise ratio of 10 and there-
fore is not a spurious occurrence. It appears that relative power measured at
0.025 Hz (40 seconds) would lead to more representative values of relative
coupling.

5.5 COMPARISON OF THE STRAIN STEP FROM AN EARTIIQUAKE AND AN EXPLOSION

A comparison of the character of a strain step from an explosion and an
earthquake is facilitated by the occurrence of a magnitude 4 earthquake

(figure 28) at an epicentral distance of 40 km from QM-NV at 1952Z on

23 July 1970, followed 195 minutes later by the magnitude 5.5 NTS explosion
SHAPER (figure 29) at an epicentral distance of 59 km from QM-NV. (Epicentral
data were obtained from the Bulletin of the Seismological Laboratory, University
of Nevada, July 1970). A time constant of 13 minutes for the earthquake
compares with a time constant of 24 minu}cs for the explosion. The estimated
amplitude of the strain step is 20 x 107Y in compression for the earthquake

and 49 x 10-9 in compression for the explosion. The maximum possible perma-
nent offset, if any, is 7 x 10~9 for the earthquake and 10 x 10-9 for the
explosion. The strains vere corrected for the tidal trend and the daily
temperature trend; however, short-term temperature effects were not correctable
at QM-NV in March 1970.

5.6 TRENDS IN DIRECTION OF STRAIN STEP

Nevertheless, even a cursory examination of the direction of the strajn step
allows some significant conclusions to be drawn. A few prefactory remarks
relating to the term "strain step' are in order at this point. The term
"strain step" as used in this report refers to the change in strain (com-
pression or extension) associated with the arrival of surface waves from
earthquakes and explosions. No attempt is made to either confirm or deny the
existence of a propagating strain step, evidence for which was reported by
Wideman and Major (1967). The existence of only one component at a station
precludes any attempt to measure the rate at which strain steps decay with
distance, a subject of debate discussed by Romig, et al (1969). The explosion
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data presented herc shows that if a propagating strain step does exist, it is
masked by strain offsets that are clearly not caused by mechanical hysteresis
in the instruments. Specifically, the data show strong cvidence that the
strain offsets are a result of local relecase in the vicinity of the strain-
meter, an effect discussed by Smith, ct al (1969) and supported by Boucher,

et al (1971), based on a comparison of strain offsets from explosions and
associated cavity collapses. The results also tend to support tentative con-
clusions drawn by Smith and Kind (1971) relating observed strain changes to
regional tectonic stresses. We can build an argument for the predominance of
local strain release from the data in table 9, which lists the direction,
compression (+) or extension (-), of the quasi-static strain from 25 NTS
explosions recorded in Southern Nevada in the period January 1970 through
July 1971. Included in table 9 are two local carthquakes and the San Joaquin
Valley earthquake of 09 February 1971. Noting that all explosions listed in
table 9, except IIANDLLY, are located in area B in figure 9, a nearly fixed
azimuth angle from station to epicenter can be assumed for all of the listed
explosions. It follows that despite the availability of only one strainmeter
at each site a comparison of the direction of strain offsets provides meaning-
ful results without computing the strain ellipse. A definite chronologicul
grouping of the direction of the strain step is observed in table 9,
Specifically, we note that a pattern of consistent direction of the step, per-
sisting for at least a 9-month period is interrupted by a directional change
at each site between late December 1970 and carly in 1971. In this period,
steps changed from compressional to tensional at sites QM-NV, TI-NV, YM-NV,
and OB-NV, and from tensional to compressional at sites Ril-NV and KP-NV.
Whether the occurrence of the San Joaquin Valley carthquake in the same time
period is significant is a moot question. llowever, major changes in tiie strain
field in Southern Nevada in December 1970 and January 1971 as reported by Smith
and Kind (1971) and an apparent change in the trend of secular strains at 4 of
the 6 sites for a period of several days preceding the San Joaquin Valley
earthquake of 09 February 1971, as shown in figure 5, bear further investiga-
tion.

The data of table 9 have been replotted schematically in figure 30 in terms

of a very approximate relative amplitude of the recorded signal to provide

a coarsc measure of the reliability of the estimated dircction of trace off-
set. Referring now to the data for site OB-NV, we note that within a period
of a few weeks, a reversal of the strain offset occurs between events

HAREBELL on 24 June 1971 and MINIATA on 08 July 1971. The estimated direction
is obviously reliable since figure 30 indicates that both signals were well
recorded. Furthermore, if we compute the station-to-cpicenter azimuthal angle
for the two events, we find that the angles differ by only 9 degrees.

Seasonal effects are ruled out as a contributing factor.

Perhaps of some significance is the fact that two local carthquakes (onc,

a magnitude 4 event occurring 40 km northeast of QM-NV at 19:52:13.1Z on

23 March 1970, and the other, an cvent occurring within 10 km of QM-NV at
1922Z on 06 July 1971), produced offsets in the same direction as for con-
current explosions. Furthermore, strain offsets from the San Joaquin ‘alley
earthquake did not differ in direction from the previous recorded explosion
at a given site, which tends to further substantiate the hypothesis that the
direction of the strain step is controlled by local stress readjustments
induced by the dynamic loading of the seismic waves.
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Table 9. Summary of direction of strain steps measured at portable strain
sites for events from January 1970 through July 1971

Site
Date Event RH-NV KP-NV QM-NV  TI-NV YM-NV OB-NV
01/23/70 FOB 0 0
01/30/70 AJO 0
02/04/70 GRAPE B + +
02/05/70 LABIS 0 0
02/11/70 DIANA MIST - 0 +
02/25/70 CUMARIN 0 o 0 +
02/26/70 YANNIGAN 0 - 0 +
03/06/70 CYATHUS 0 - - -
03/06/70 ARABIS 0 - 0
03/19,70 JAL 0 - +
03/23/70 MAG 4 QUAKE 0 + 0 0
03/23/70 SHAPER 0 + + + +
03/26/70 HANDLEY - = + + + +
04/21/70 SNUBBER 0 0 0 0 +
04/21/70 CAN 0 0 0 0 +
05/01/70 BEEBALM +
05/01/70 HOD +
05/05/70 MINTLEAF +
10/14/70 TIJERAS - 0 + + +
11/05/70 ABEYTAS 0 0 0 + +
12/:6/70 ARTESIA + + + +
12/17/70 CARPETBAG + - + + + +
12/18/70 BANEBLRRY 0 - 0 + +
02/09/71 SAN JOAQUIN + + +
06/23/71 LAGUNA 0 0 0 - -
06/24/71 HAREBELL 0 + + - -
07/06/71 LOCAL QUAKE 0 + 0 4] 0
07/08/71 MINIATA + + - - +
+ compression 0 - no discernible step
- extension blank - no data
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It is also interesting to note that a strain step was observed at site
QM-NV at the time of arrival of both the body waves and the surface waves
for both the San Joaquin Valley earthquake (figure 21) and the local earth-
quake cf U6 July 1971. The phenomenon of a double strain step was also
reported by Wideman and Major (1967).
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6. CONCLUSIONS

6.1 STRAIN STEPS

This report presents new information supporting the hypothesis that dynamic

loading by the seismic waves from explosions and carthquakes trigger a local
release of tectonic strain (a strain step), and that trends in the diiection
of strain steps appear to be related to regional tectonic strain.

This hypothesis is supported mainly by five factors:

1. The direction of the strain steps at any one site show chronological
patterns that are clearly not related to seasonal effects.

2. Long-term trends in the direction of the strain steps at a given
site change without corresponding changes in general epicenter location and
yield of the explosions.

5. Chronological patterns of the direction of the strain steps appear
to be independent of type of cvent (explosion or earthquake), and independent
of size, distance, or azimuth of approach of the events.

4. Trends in the direction of the strain steps among the six sites
appear to be chronologically related.

5. A major change in the rate of change of s~cular strain occurred
at several sites in January and February 1971, near., coincident with changes
in direction of cxplosion-induced strain steps at all sites.

6.2 COUPLING OF EARTIQUAKES AND EARTH TIDES

Pronounced differences arc observed among the six portable strain sites in
reclation to the degree of coupling of the instruments to the surface rock or
of the surface rock to the rock at depth. The relative coupling factors
among the six sites show the same reclationship for earth tides as for ecarth-
quakes. Low coupling factors for both sites RI-NV and OB-NV could be related
to the fact that both sites are located in sharp ridges - the only apparent
geological feature that is common to both sites vet is absent at the other
four.

0.5 THE RELATIVE MERIT OF TRENCII AND TUNNEL INSTALLATIONS

As strain data from trench and tunnel installation are compared, together
with a consideration of site selection problems, several appealing features
of trench installations come into focus. In particular, the use of trenches
does not restrict the selection of sites to locations containing existing
excavations, as occurs with the use of mine tunnels. Thcrefore, more
accessible locations are available, and there is greater freedom in the
selection of rock conditions, topographical features, and orientation of
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the strainmeter. In regard to environmental effects, pressure-induced strains
appear to be less prevalent; the secular strain over the annual cycle returns
nearly to its original position; and the coupling factor for earthquakes and
earth tides was relatively high at both trench sites, in contrast with an
abnormally low coupling factor at 2 of the 4 tunnel sites.

6.4 PREDICTION OF STRAIN

It has been shown that tidal strains and temperature-induced strains at site
RH-NV can be removed from the data to study the decay characteristics of
step strains. However, the procedure was very time consuming and was
successfully applied to data from the winter season only. The process will
be equally complex at other sites because of the existence of complex combin-
nations of long-term and short-term temperature and atmospheric pressure
effects, and because of the need for more precise determinations of tidal
coupling factors.

6.5 CASE STUDIES

The analysis of explosion datu is limited by the availability of only one
strainmeter at ecach site. In addition, the conclusions to be drawn are
limited to the results ot four case studies, each of which bears little or
no direct relation to the other because of their divergent sbjectives.
Nevertheless, three intercsting results, umong several, are noted.

A case in point is the l-minute time difference in the rise time of the
strain-step from the CYATIUS and BANEBERRY explosions recorded at QM-NV,

9 months apart, and a 50-second time difference in the rise time between
recordings of the Step at sites QM-NV and YM-NV for the San Joaquin Valley
earthquake of 09 February 1971. These data suggest that the rise time of
the step is more strongly influenced by tectonic conditions at the recording
site than by source conditions, at least for epicentral distances and event
magnitudes considered here.

a different distance and angle of approach among the six sites the spectral
distribution of the signal was found to be nearly equal among the sites at
frequencies lower than 0.1 llz. These results suggest that the angle between
the direction of approach of the signal and the axis of the strainmeter is
not an important factor at the longer periods. 1t is not understood whv this
is so.

The case study of CYATHUS and BANEBERRY revealed interesting results aside

from the unexpected high yield from BANEBERRY. It is not obvious why

BANEBERRY was recorded at substantially greater ground amplitude than CYATIUS
by inertial seismographs, yet at much less strain amplitude. llere again the
hypothesis that local stress relecase is the predominant factor, seems plausible.
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7.  RECOMMENDATIONS

7.1 GENERAL

The analysis of the strain records for this project has consisted mainly of
the reduction of data, the development of analysis techniques, the cursory
examination of data trends, and the completion of a few case studies of
significant events. A detailed follow-up study using existing recordings

is recommended. Such a study would contribute greatly to an understanding of
the relation between such parameters as regional-strain and weather-induced
phenomena; theoretical and apparent tidal strains; the direction of the step
strain from cvents arnd regional or local strain conditions; spectral distri-
bution of energy from events and factors such as distance, type of source,
and site cond’tions; rise timc of the strain step and source factors; duration
of the strain step and source iype; and duration of the strain step and site
conditions. More important is the fact that a more detailed and thorough
study of the aforementioned relations will provide a more accurate assessment
of the limitations of near-surface strain installations for the study of
regional strains, tides, and near carthquakes and explosions.

7.2 COUPLING OF THE TIDES AND EARTHQUAKES

The ratio of recorded tides to theoretical tides among sites are in approximate
agreement with relative coupling factors determined from large earthquakes.

The possibility has not been ruled out that anomalics exist in tidal strain
patterns and/or the response to traveling waves. Additional measurements of
carthquake coupling and refinement of existing data should be done. Sites
RII-NV and OB-NV have the lowest coupling in response to both earthquakes and
tides. Only a cursory comparison of geological features has been made in
attempting to explain the low coupling factors. A more rigorous study is
recommended.

7.3 PREDICTION OF STRAIN

In order to study the decay characteristics of strain steps, the degree of
coupling of vhe carth tides must be determined more precisely, und strain-
temperature relationships must be investigated further. The relation between
observed and theoretical tides should be determined more accurately by
treating a larger data sample and by determining the c¢nvironmental effect

more precisely. Techniques such as measuring the temperature effect at tidal
zeros and tidal effects at equal temperatures were started late in the program.
Optimum filtering of the environmental effects has not been done. Filtering
to separate the semidiurnal tide from the diurnal tides and diurnal temperature
effect has not been done either. It is reccommended that these techniques

be explored in order to improve the interpretation of the data.
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7.4 SECULAR STRAINS

There appear to be no reliable criteria for Predicting the responsc of the
four tunnecl sites to the environment ; however, of the two trench sites, the
decper of the two (YM-NV) showed much less diurnal and scasonal change in
strain than the shallower one (TI-NV). Much useful information relating to
secular strain has not been analyzed. Information on the phase relation of
secular strain and temperature as well as short-term strain and temperaturc
have not been applied. Preliminary measurements show phase relations tl.at
differ markedly among sites. 1t is recommended that these data be analyzed
since it could help solve questions concerning residual strains over the
annual cycle,

7.5 RISE TIME OF STRAIN STEP

Very little analysis of the character of the dynamic phase has been done in
this report period. The rise time of events can be determined by removing
the filter response of the primary strain channel. The decay character of
many of the strain steps still have not been measured. Many low yield events
recorded at site OB-NV are available for analysis. 1t is recommended that
these important features of the signal be studied using existing recordings,

7.6 DECAY OF STLP

Analysis of the amplitude and duration-of the step and categorizing the
results by yield, by site, and by distance remains to be done.

7.7 AMPLITUDE OF STEP

The amplitude of the quasi-static strain step has been measured only for
isolated case studies. It is recommended that amplitude measurements be

made for the 70 steps in table 9 for which direction of the step has been
ascertained, and that these amplitudes be related to source energy. Amplitude
data will also possibly support the hypothesis that the character of the
strain step at a recording station is affected mainly by the local release of
tectonic strain triggered by the dynamic loading of the seismic waves from

an event,

7.8 COMPARISON OF SPECTRA "F EVENTS

of magnitude and distance, in order to isolate spectral strain anomalies.
Such an analysis can be performed using all of the °Xisting data. The spectral
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analysis presented in this report only demonstrates the approach to the analysis
of individual events and does little to establish trends in the events. The
spectral data also can be presented in a more usable form. For example, the
primary strain and wide gzin channels should be combined and the response of
the system removed. Future instrumentation should include a channel that is
flat in tue frequency range 0.01 to 0.1 Ilz.

7.9 AUXILIARY INSTRUMENTS

Accelerometers and inertial seismographs were part of an auxiliary system
operated at site RII-NV from May through July 1971. The accelerometers were
too insensitive to obtain useful recordings of low and low-intermediate yield
explosions at the distances involved (100-120 km) to use in a survey of step
strain amplitude as a function of incident energy. Where the inertial seismo-
graphs would have been useful for low and low-intermediate yield explosions,
the portable strains were not opcrating at optimum sensitivity, and when large
magnitude earthquakes were useful in strain coupling studies, the signals on
the inertial seismographs at RI-NV were clipped. An optimum distance range
for auxiliary inertial instruments in support of portable strain measurements
for low and low-intermediate yield events is about 20-40 km.

7.10 TRENCIHES VERSUS TUNNLLS

The relative merits of tunnels and trenches as discussed in section 6.3

show clearly the advantages of trench sites. The reaction of tunnel sites

to temperature changes not exceeding diurnal periods in length has not been
examined in detail sufficient for reporting of the results. llowever, it is
evident that “rench sites, despite their close proximity to the surface,
appear to be us stable as tunnel sites. Benioff (1959) points out that on
flat earth, surface temperature variations produce stress variations at depth,
but little or no strain increments. The fact remains, however, that the
short-term strains bear no simple relationship to the measured temperatures.
Therefore, it is recommended that more advanced analysis techniques be applied
to existing trench data, particularly in view of the advantages woted for the
use of trenched strainmeter installations.
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STATEMENT OF WORK TO BE DONE

VELA T/0703/B/ASD(32)
Amendment No. 4
18 September 1970
d. Expansion and Extension of Special Projects Actions. Certain
actions initiated and conducted under Tasks a, b, and c above require

extension of the time period originally provided and of the level of effort
as follows:

"(1) Operation of the six existing and installed strainmeter
systems initiated during Aug 1970 is to be continued through the project
period. Continuous data recording and subsequent analysis of long-term
environmental effects observed during this period is required. Detaileu
interpretations of strain data obtained from significant individual ecvents
arc required at a rate of approximately onc event per month to be selected
as data are collected or as specified by the Government."
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PRELIMINARY COMPARISON OF NTS EXPLOSIONS CYATHUS AND BANEBERRY

by

Robert C. Shopland

‘This report contains a preliminary comparison of the relative ground motion
of two NTS explosions, CYATHUS and BANEBERRY, which were of cqual predicted
vield and occurred at approximately the same epicenter.

Conventional short-period and long-period pendulum records from Queen Creek,
Arizona (QC-AZ) at an epicentral distance of 618 km indicate that the ground
amplitude of BANEBERRY on 18 December 1970 is approximately six times that of
CYATHUS on 06 March 1970, as shown in figures 1 and 2. Both events arc played
back from magnetic tape at approximately cqual system magnifications.
Amplitude ratios between the two cvents are listed in table 1 for various
phases.

To aid in determining the relative character of the two events, the short-period
vertical pendulum outputs have been played back at approximately equal trace
amplitude in figure 3. The Pn and Pg phases for the two cvents arc almost
identical on the short-period traces. lHowever, it is noted that CYATHUS is
recorded on the verticul trace (PZS) with less amplitude variation at periods
exceeding approximately 1 second, particulurly in the coda of Pg and in the
coda of the surfuce group. The vertical long-period surface wave on trace PIL
in figure 2 has a shorter period for CYATHUS than for BANEBERRY. lowever, the
character of the long-period surface wave recorded on the P325L component of
figure 3 shows little difference. Additional information will be available
after a spectral analysis is run. Inertial data from the LRSM site at lloulton,
Maine (HN-ME) and Tonto Forest Observatory (TFO) will be evaluated at a later
date for the two events.

In contrast wi<.. i relatively large ground amplitudes recorded at QC-AZ from
BANEBERRY, (wo LR3SM portuble strainmeter sites (YM-NV and QM-NV) at 4~ 50 km
indicate about onc-half as much carth strain from BANEBERRY as from CYATHUS,

as shown in figure 4. Values of maximum guasi-static strain and the ratio of
the strains for the two cvents are listed in table 2. Although it is rcasonable
to question the validity of the strain data on the basis that the amplitude

of the signals are of the order of magnitude of the background noise, it is
worthy of notc that the strain steps correspond to the arrival time of the
signal. Furthermore, the start of the strain step for BANEBERRY at sites YM-NV
and QM-NV coincides with the arrival of the S wave. 1t is also interesting to
note that the rise time for CYATHUS is about 1 minute in duration, whereas

that of BANEBERRY is about 2 minutes.
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A comparison of portable strain sites TI-NV and OB-NV is not possible because
the two sites were not opcrating during one or the other of the events. Sites
KP-NV and RH-NV were too distant to record either cevent. Figure 5 shows the
location of the six portable strainmeter sites discussed above,

A high-frequency strain chunnel (0.1-50 Iiz) was operated at the portable strain
sites during BANEBERRY, but no high-frequency response data above 0.01 {Iz was
available during CYATHUS. llowever, a more effective comparison of future events
will be possible when a system of 3-component inertial seismographs now being
installed at sites RH-NV and YM-NV becomes operational.

Records from QC-AZ were furmnished under Contract F33057-09-C-0121 and records
from the portable strain sites under Contract F33057-70-C-0040.
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Fable 1.

Ratio of ma.imum ground amplitude of BANEBERRY to CYATHUS
for various phascs

Phase Amplitude Ratio (BANEBERRY/CYATHUS)
Short-Period Long-Period
Vertical Horiz 325° Vertical Hloriz 325°
(PS) (P325S8) (P2L) (P325L)
Pn 7.5 0.7 Do -
Pg 0.8 4.3 -——- ---
Sg-Lg 5.0 7.2 --- ---
LR 7.0 4.8 5.8 1.0
Lyl
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Table 2. Ratio of maximum quasi-static strain for
CYATHUS and BANEBERRY

Portable

Strain CYATHUS BANEBERRY ~ BANEEERRY/CYATHUS
Site Strain Strain Strain Ratio
QM-NV 1.5 x 1079 ¢ 0.05 x 1079 0.45 ¢
YM-NV 1.8 x 1079 ¢ 1.1 x 10-9 0.0l ¢

€ - extension

¢ - compression

TR 71-20, app 2



o ‘Ajaa13dadsar ‘.61

(ZV-20) BUOTTIAY “Y931) uaany 1eE sydeadows1as potaad-iioys usuodwod-¢
driaudely

13quada( § PUE YOIEly 90 UO PIPIoddL $IUIAD AYHIAANVE PUP SAHIVAD 3O Yarqseid adel

Addaganvd 4
0550 TVINCZZIHTH ‘ANTNTN3d GOIH3d 1HOHS  S§SG¢
05ZE€ WINCTZIdZH 'WNTNCNId AOIHIdLdOHS  SSZEd
IVIILHIA "WNTINTNIJ Q0N 3d L HOHS szd

sandiy

L] : ] [ (] ' . ! -
N fNWNL A, .\<. ‘5. ! E{C } \. ¥ ........._ i 3.,, _... W N AR T .._..f,}jé.._..‘w %St S55d
Y LR L "
| _;
by ot 1 Ky i "
! ) ‘r_ ! _ [ F YY) . ‘_.. ! ._./ . . __H t
2;:1,‘&3?§e ,.;J.(} /i ,_: 3\_:_;_#. VA YL ..‘.. e ... y! L WY ___ ﬁﬂl..lli.lln sszed
’ : __
'
(R -m . ! :_.. ‘1 "y, .... ..__:.
v fzé.@?\?z? ,._? \ ,,\; \s?_. .s. . _. ? %._. ¥ I ,._.e A NN ,.r... L f..,....‘.s.c...;., \ .a._......i.u. (Nt St szd
:‘. i TAIE L L
. 1y
) 2v-00
0/61 234 8t
SAHIVAD °®
%%%%.(\(.\J\.\..ﬁ/f AN AL st ol .. AL SSSd
R T N T R A o T At I...,.,. ..~ ’ MNS51L SSZEd
e AAAANAANAANAAANN AL AN AP L AN Pt AnIN NN NN L PPN L0 L0 L ) o v Y ISTINFPIREPR)F 1) NS1L S2d
: : 1 ZvD0  DES1O gy,

SANOD3S CL
x4 &

OL61 HOHVIN 90 ovin

TR 71-20, app 2



(Zv-20) euoztay ‘yosa) ussny e sydeadoustas pPo11ad-suol jusuodwod-¢ uo ‘Al9Al3dadsog *0L61

19quade(q g pue Yyosael 9o uo P3pI0331 S3U3A3 AY¥3daNvy pue SMHLVAD Jo Ydeqae(d ade) 213sudey *C aandig

0550 TVANOZIJGH "WNINANId GOIHIIDICY 1654
oSZE TYLNOZIHOH "WNINAN3d ATIZI4ONST 15284
TVIILHIA "WNTNANII COIHIL-ONCT 124
Add3ganvg  -q

—— N — ——— sz 1564
NS—————— W2 1SCE4
}I\\(/)\/\/ /\/\/ T~ 24
uu.“u”unu“uH..Hu..u..n“H..u..nnuuuuHuuuuuuHm S 3 mEEmm 3INIL a8

P4 Aolo)

046t H38W3D3A 81

SNHLYAD e
(\/I\Il\(\\./\.l/u\/\l/l\ll‘/l\ll\ll(’\/)\/,\/ 38 1654
e~ e 1524
200424 ZVJD D2J3SSZ®
SANOJ3S 01 | 1 0L6L HOHVYN 90 OSvw

5, -, o a“..n..u.n..”n.l!iunnu..u....m.iﬂ..u.-.l.-.ﬂi Y : - 3WIL o8

- IR - =

TR 71-20, app 2



1eced)
[riuost1aoy poraad-Tuoyl 9yl U0 puwe ‘7 pue [ 3dudl ‘(ST4) 9OLAI [EIT1ILAA vo_uo:- ao0ys Iyl

opnitijdue odeay [wnbs Araieurxoadde

poraad-duo} -q

|//:||::\:11\:::::\\\\//(\\\v.

Ry s

CNHLVAD €

poraad-iaoys v

B Y,
VY .... .. ] 'y ! [ ........
.. )0 ! . [ we! i, ! ' v C
' ! ant i o .. N "e ! ting -—
.\. .i 7 \.../ .r ‘ [ ./..._.' L A 115 ' ﬁ: \J.. ...< b &
f (R m e oo oyt ' n ' ' AHZIEINVE T
' ! v . ._‘ X
] . : i .
Jaudis dl (LN ' ' t o L Y
el _c‘ ‘: ALYl __‘_. oA ......_.— o ._: , :.- (Y ._. .
<¢ o | I.\.%..w. 4: ;;f,\. _...:%. “_ .J \.. ..- ! _. __q_\..l.- c.J.?In»‘... s:f... \. ._a as'b: \ . /
ity ol ot e P TIAY U U TR AT SNHLVAD 1
b ' Zv-20

0L HOHVYW 90

1t SIUDAD AYYAAINVH PUT SAHIVAD 3O YdeqiAeld odel d1idude)y ¢

3R] 00 Y

uo

Zv-00
0L 230 8:

h 174

A3t

238G &
OV

0L HOEVW 90

Zv-00

0L 334 81

p.1 x4

NS

J3s 1@
OV

dans14

QJa

18ZEd

16ZEd

SZ4

SZd

TR 71-20, app 2



SWI3 os14a

1o8uo[ v sey puv ﬁm 0T X 6°0) Auyyaganvd worj eyl ueyl isdie] st Am 0T X 9°1) SAHLVAD
Eo.C dois uteals syl c(wy 9t = V) AN-KD pue (wy 6t = V) AN-RA sa11s ureals srqezaod
€ Paplodal (.61 12quadaq g uo AYHIAINYE Pue 0/61 Yodael 90 uo SMHIYAD suolsoruxs §IN "t aandiy

AdyddaINvd -q

iiwx

d31S 40 18V1S

}!\l{"'{g;o”_ﬁx_

Ironw 1L —
061 230 81

Z Cesli
INIL NIDIBO

SMAHLVAD -®

N |

H.._u._. L |

JALE 20 LuviS

ARV
,g:ﬁ:g:ﬁ_.ff.c}x! " !f..ﬁf:f:.ir{.:ﬁ,f% s s .”u_ﬁ

NOITS R b Tinmim o b —
BLEL Hsv 30

T v
ML NG

ANWNO

ANWNA

AN-NC

ANWA

TR 71-20, app 2



f";?g”
&
|
!a
) 3 J
i al fﬂ (8]
4
|"1'i (- .
i f "
Hi‘ .én = ‘ ~N .~
|
g 0
4
'F - .|
fics
N
TORDFLH
TEST
BAWGE
Q=
NILLE AR FORCE MAWGE
e
LTi=My
[
r v | s am ronce mavse M
Tid=hy
“-
NEVADA TCRET WITE
@ TOWNS
@ STRAINMETER SITES I
1"7.' _.‘rl il

Figure 5. Location of strain sites

-9-

TR 71-20, app 2



APPENDIX 3 to TECHNICAL REPORT NO. 71-20

PRELIMINARY NOTES ON THE SAN JOAQUIN VALLEY EARTHQUAKE
OF 09 FEBRUARY 1971 FROM PORTABLE STRAIN RECORDS




19 May 1971

PRELIMINARY NOTES ON TIIE SAN JOAQUIN VA:ILLY
EARTIQUAKE OF 09 FEBRUARY 1971
FROM PORTABLE STRAIN RECORDS

by

Robert C. Shopland

The following table summarizes the observations made to date on the

San Joaquin V:lley carthquake recorded on four of the six portable strain
seismographs in Nevada. Listed are the amplitude of the strain step, the
apparent velocity of the step, the apparent duration of the step, and remarks
on signal condition and operational status.

Apparent
duration
Strain step Step velocity principal step
Site amp li tude (km/sec) (minutes) Remarks
QM-NV 6.4 x 1079 ¢ 5.00 km/sec 1.0 Good signal
YM-NV 6.5 x 1079 ¢ 3.03 km/sec 0.2 Good signal
TI-NV 2.9 x 1079 ¢ (not timed yet) - Low signal-to-
noise ratio
RI1-NV 8.0 x 1079 ¢ Cannot be i Recorded on
measured Esterline-
Angus paper
rccord only
KP-NV Out of range - - Out of range
OB-NV Inoperative - - Inoperative

¢ - extension
C - compression
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The information contained ir records from QM-NV and YM-NV are of excellent
quality. The system sensitivities were ideal for recording the San Joaquin
carthquake. The low-gain wide-band trace contains valuible high-frequency
information llowever, TI-NV is operated at a low sensitivity and, therefore,
had a low siynal-to-noise ratio. The signal at RH-NV, recorded on Esterline-
Angus paper, contains only information on direction and amplitude of the strain
step.

The velocity of the strain step for QM-NV and YM-NV are in close agreemciit
and compare favorably to the average velocity 3.0 £0.3 km/scc reported by
Wideman and Major (BSSA, Dec. 1967). It is significant to note that the
strain step is coincident with tic arrival of the Sg phase. The step occurs
15 to 17 seconds after onset or the S¢ phase and prior to the peaking of the
long-period component.

The principal step associated with the Sg phase at YM-NV lasts 10 seconds longer
than predicted by the filter response, :nd at QM-NV lasts 1 minute longer

than predicted. It is possible that local strains are contributing to the
duration of the step, or that the step is being triggered by more than one
phase.

Additional analysis of the strain signal is required. The results will be
reported in a final report on the portable strain uperation.
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