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1. Introduction

The purpose of this study was to determine an average Pois-
son*s ratio in the upper crust (<15 km) for the local Socorro
region using body wave arrivals frnn 294 located microearth-
quakes, and to obtain a spatial distribution of Poisson's ratio
using information gleaned from the microearthquake locations.
The determination and location of areas with anomalously high
Poisson*s ratio was of particular interest in this study as
these segments of the crust may contain partially molten ma=-
terial. :

Poisson's ratio (V) i= a dimensionless quantity representing
the ratio of the fractional change in length to the fractional
change in diameter in a cylindercal volume of material sub-
jected to a tensional or compressional force, such as the
transmission of seismic energy through rock. Since core samples
of rock for the entire are of investigation were unavailable,
an alternate means for obtaining Poisson's ratio was necessary.
The method employed 111_ this study u“d_ the arrival times of
the P (compressional wave) and S (shear wave) phases and the
S=P time intervals (see Figure 1). Note that the plot of S5-P
intervals versus P arrival times gives a straight line with
a slope of (¥-1) which appears in the relation:

s-p = (P-0)(§-1), _ (1)

vhere S = S-wvave arrival time,
P = P-ywave arrival time,
0 = Origin time of the microearthquake,
ol p-wave velocity, and
A= S-vave velocity.



Equation 1 may be derived from the definition of the S-P in-
. terval, given by '

D D

S=p m —

B 2 ? (1a)

vhere D = distance from the esarthquake hypocenter to
a receiving seismograph station, and may be
written ast D = (P-0),

Poisson*s ratio may then be calculated using the relation:

4
(Fe-2)
B e—
= -1 *
given by Bullen (1963, page 213). The value of Poisson's

(2)
2(

ratio may vary between 0 and &% for different materials but
usually is in the neighborhood of % (Nettleton, 1940). The
cases vhere V' is 0 and & correspond to a perfectly rigid so-
1id and a perfect liquid, respectively. Poisson's ratio thus
provides a measure of the general characteristics of a ma-
terial, which may be utilized to detect the shallow (<10 km)
magma bodies in the Socorro area proposed by Sanford and others
(1977), Shuleski (1977), Caravella (1976), Johnston (1978),
and wWallace (1978).



II. Geoloaic Setting

The area of study lies within the Rio Grande rift, in cen-
tral New Mexico, approximately 120 km south-southwest of Al-
buguerque. The Rlo Grande rift is a major extensional structure
formed by east-west tension begining about 25 to 29 m.y. ago
and continuing to the present (Chapin and Seager, 1975). The
rift is composed of a series of en echelon structural depres-
sions having raised margins and a general northern trend. The
rift extends from southern New Mexico into central Colorado,
and penetrates the southern Rocky Mountains of northern New
Mexico and southern Colorado. The rift lies between the Colo-
rado Plateau and Great Plains in central New Mexico, and merges
to the south in a complicated manner with the Basin and Range
Province (see Figure 2). The area of investigation encompasses
a portion of the Rio Grande rift which has been further modi-
fied by intergraben horsts believed to be 9 to 10 m,y. old,
suggesting relatively recent crustal structure activity (Chapin
and Seager, 1975). Figure 3 shows the general physiographic
features of the area of study, where intergraben horsts appear
as the Socorro-lemitar and Chupadera mountains separating the
La Jencia and Socorro basins,

A large amount of evidence indicates that volcanic activity
accompanied formation of the rift, SnverQl_uvnrlapping cal-
deras have been mapped in the Socorro area and are believed
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Figure 1. Example of microearthquake used in this study.
This event was recorded at seismic station CC
on February 19, 1976, and shows the P and 5 wave
arrivales as vell as two reflection phases be-
lieved to be associated with a deep magma body
whose upper surface lies between 18 and 20 km
below the area of study. The S-P interval is
obtained by subtracting the P arrival time from
the S arrival time. \

to be the source of voluminous ashflow eruptions which depos-
ited the widespread tuff sheets that cap the Datil-Mogollon

" volcanic pile. K-Ar dates on these volcanic rocks indicate

periods of magmatism at 27-20 m.y., 12-7 m.Y. and 4 m.y., ago

(Chapin et al., 1978), Early volcanism had basaltic andesites
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Figure 3. Phjrn.i‘.ngnphiu features of the Socorro area, seismic
station locations, and outline of the deep (18 km)
magma body (from Rinehart, 1978).
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associated with it, wvhile true basalts dominated the flows
of very recent age in the Socorro area.

Evidence supporting current activity in and around the rift
includes a ribbon of high heat flow (> 2.5 HFU) which is roughly
coincident with thermal springs occurring along the western
margin of the rift (Reiter et al., 1975), a high rate of sur-
face uplift, with a maximum average rate of 6,1 mm per year,
approximately 23 km north of Socorre (Reilinger and Oliver,
1976), high microearthquake activity and microearthquakes oc-
curring in swarms. {The epicentral distribution of microearth-
guakes used in this study is shown in Figure 4.) The hottest
and largest thermal springs are located in the southern end
of the Socorro-lemitar mountains where high temperature gradients
(maximum, 241°C/km) and heat flows (maximum, 11.7 HFU) have
been obtained from boreholes within the Socorro Mountain block
(Reiter and Smith, 1977).

An extensive magma body whose upper surface is located be-
tween 18 and 20 km in depth has been defined using reflection
phases appearing in many micrnearthﬁuaku codas (Rinehart, 1976).
The ocutline of the deep magma body is shown in Figure 3, where
dotted lines indicate boundaries where more data are regquired
to map them accurately. The body appears to be thin (approxi-
mately 1 to 2 km in vertical thinknass& and elongate, and has
a general north-south trend (Sanford et al., 1977). The upper
surface of tﬁu magma body is relatively flat with a slight
northward dip of two to three degrees (Rinehart, 1978). The



possiblility that this deep magma body serves as a source of
the proposed shallower magma bodies is at present unresolved.
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I1I1. Previous Studies of Poisson's Ratio ip the Rio Grande Rift

A study of Poisson's ratio (V) was conducted in the Rio
Grande rift, between AlbuQuerque and Socorro, New Mexico by
Kiet Sakdejayont (1974)., The ratio of P-wave velocity to S5-
wave velocity was examined using the data obtained from 32
well-recorded microearthguakes within 45 km of the Socorro
seismograph station, SNM. The values of ={/g and v were found
to ba 1,664 and 0,217 respectively. These comparatively low
values were considered to be normal values for the Rio Grande
rift by Sakde jayont.

A more recent paper involving the calculation and spatial
distribution of Poisson's ratio in the Socorro, New Mexico
area was that of Caravella (1976). In this study, data from
50 microearthquakes located in and a_rmm:t the southern mar-
gins of the Socorro and La Jencia basins were used, Caravella
found an average \ of 0.262 with a standard deviation of
0.034 using a method similar to that employed in this paper.
This average Poisson's ratio is about 21% higher than the
value obtained by Sakde jayont for crustal rock further north
in the rift. One notes however that two standard deviations
applied to Caravella®*s value of V' would include the result
obtained by Sakdejayont, and one standard deviation applied
to both would probably produce a non-null ﬁn:l.nn { Sakde jayont
did not state a standard deviation for his value of V.).
Caravalla attributed the possible difference in Poisson's
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Figure 5, The three areas of anomalous Poisson's ratio
proposed by Caravella (1976), cbtained using
crustal wedge intersections, The areas are:
(1) the southern La Jencia basin (V= 0,292),
(2) Socorro Mountain (v = 0,289), and (3) cen-
tral la Jencia basin (V= 0,284),

11
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to a difference in the S-wave velocity for the two areas,
3.30 km/sec. versus 3.49 km/sec, Caravella attempted to de-
termine spatial variations in v/, but found that more data
vere necessary to resolve such variations in a significant
fraction of his study area. His data were sufficient to de-
fine three anomalous areas (see Figure 5) having average v's
of 0.292, 0.289 and 0.284. They were: (1) southern La Jencia
basin, (2) Socorro Mountain, and (3) central la Jencia basin

respectively.



13

IV. Instrumentation

Microearthquake data used in this study were obtained us-
ing two types of portable seismic systems. Throughout the data
collection period (April, 1975 to January, 1978) an array of
4 to 6 Sprengnether Instrument Company MEQ-800 analog re-
cording units was deployed. Each MEQ-800 unit consisted of
either a Mark Products 1L4C or Willmore vertical seismometer
having natural frequencies of 1.0 and 1.5 Hz respectively, a
gain-stable amplifier, a quartz-crystal-controlled timing
system, and a smoked-paper helical recorder which operated
at a recording speed of 120 mm/min. This basic array was sup-
plimented, starting in April, 1977, with two Sprengnether
DR-100 digital recording units equipped with Mark Products
LAC vertical seismometers. In addition to the:alunita. a
Kinematics PS-1 analog unit, with a recording speed of 150
mm/min., was used to record station LAD which wvas telemetered
via telephone line directly to the campus of New Mexico In-
stitute of Mining and Technology. The MEQ-800 seismographs
served as the fundamental source for data, while the PS-I.
unit and DR-100 systems were primarily used to imprnvu hypo-
center locations by expanding the existing arrays.

During the data collection period, many different arrays
wvere used, and in all, 26 different ntaticm locations vere
occupied (see Figure 3)., Table 1 lists these seismograph
stations along with their locations and elevations. Elimin-
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Latitude
34.4090

34.2068
34,1442
34.2725
33,9501
34,1573
34.1075
34,8950
34,0829
33.8745
34.1454
34,0658
33.9870
34,4583
34.3076
34.1305
34.1667
33.9648
33,9924
34.4234
34.0100
34,2234
34,0498

Table 1. location of Seismic Stations

Longitude

106.6818
106.8205
106.9812
106.7702
106.9576
106.7785
106.8079
107.0504
106.8047
106.7270
107.2345
107.2361
106.9967
107.0375
106.6336
107.2425
106.7459
106,.9933
106.6253
107.2075
107.0894
106.9910
106,7751

16

Elevation (m)
1615

1516
1649
1578
1640
1585
1536
1850
1537
1558
1945
2240
1730
1768
1737
2024
1645
1730
1644
1530
2073
1615
1558
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Table 1. (continued)

Station Iatitude Longitude Elevation (m)
TD 34,2339 106.5778 1850
WM 34,0120 106,9929 1673
WT 34.0722 106.9459 1555

ation of atmospheric and man-made noise were two prerequisites
for station site selection. All seismograph stations select-
ed rested upon bedrock. In most cases, caves and abandoned
mines were used and proved quite satisfactory, but wvhen high
background noise levels were encountered, lower gain settings
and/or filtering were employed to increase signal to noise
ratios.

The MEQ-800 and PS-1 units have gain settings ranging from
60 to 120 db in discrete 6 db increments. Some filtering of
the seismic signal wvas possible for both low frequencies (be-
low 5 or 10 Hz) and high frequencies (above 5, 10, or 30 Hz).
For this study, the 30 Hz setting on the high frequency fil-
ter was used over 50% of the time and nearly 100X of the time
for the noisiest stations (BG, CU, FC, HC, SL, TA, MY). The
filtering vas necessary to reduce noise generated by wind
and small animals, The microearthquake signals were not im=-
paired greatly by this filtering since the MEQ-800 unit still
showed good responce at that setting for frequencies around
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30 Hz, the dominant freguency of the P arrival (Sanford and
Holmes, 1962), The DR-100 systems have gain settings ranging
from 78 to 96 db in discrete 6 db intervals with both high
and low frequency filtering available. In general, the high-
est possible gain setting with least filtering wvas used.

For the MEQ-800 systems, this resulted in most of the gain
settings falling h-tuuan_TE and 90 db for the data used in
this study. Magnification versus frequency plots are shown
in Figures 6 and 7 for the MBEQ-800 seismographs, for both
types of geophones used, at typical gain and filter settings.
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V. Data Collection, Reduction, and Analysis

Section 1

Obtaining accurate times for both the first arrival and
5 phase vas of fundamental importance to this study. Before
each recording period (4-6 days in duration), the clocks on
all seismographs were either synchronized to WWV-UST (broad-
cast from Fort Ceollins, l::nlnﬂ;!n]l or the time difference
was noted. Similarly, at the end of the recording period,
the clocks were checked for any drift which may have occurred.
Any clock drift was assumed to have occurred linearly and
timing corrections were made accordingly. Several tests of
the linearity of clock drift assumption were made, both in
the field and inside a single building or mine where the
temperature vas essentially constant. Two to three drift
measurements wvere made on each seismograph unit at approxi-
mately 8 hour intervals so that any deviation of the clock
drift frnnI linearity might be better defined. The tests
showed that the maximum divergence from linearity vas less
than 5%, which would result in a time correction error of
less than 0.03 seconds.

The P5-1 and MEQ-800 seismograms were read with a Gaertner
traveling microscope, which has a measuring accuracy of
approximately 0,005 mm (~0.003 seconds). Tests show that
different individuals can read the same record with an ac-
curacy of about 0.04 em (~0.,02 seconds) (Rinehart, personal
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communication, 1978). The DR-100 Icllmtn recordings were
usually played back on a strip-chart recorder at a rate of
~60 mm per second, allowing a ﬁrr accurate measurement to
be made with the use of a millimeter scale.

The data used in this study consist of three basic mea-
surements: (1) the P arrival times, (2) the 5-P intervals,
and (3) the distance between minute marks on either side of
the onset of an event, all measured in millimeters (see
Appendix C). The adjacent distance between minute marks was
used wvhen the minute in which the microearthquake arrived
was split when taken off the seismograph drum. Times were
then calculated in seconds by dividing measurements 1 and
2 by measurement 3 and multiplying by 60. A similar pro-
cedure was used to obtain times from the DR-100 records. The
P arrival times were then corrected using the clock drift
corrections described above. Uncertainties in these times
were estimated by repeating the measurements at least three
times for each event .unﬂ:. |

Section 2

Microearthguake locations were obtained for 294 micro-
earthquakes using a numerical inversion computer program. The
crustal model assumed in this iterative inversion program

was an isotropic, homogeneous half-space with a P-wave vel-
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ocity of 5.80 km/sec. A trill h]rfloeunter vas determined using:
{1) chord intersections from a circle plot of the S5-P inter-
vals for the stations in the array, (2) a wadati diagram

(plot of the S=P intervals versus the P arrival times), and
(3) an assumed depth of 7.0 km. The circle plot yielded
tridl values for the longitude and latitude for the hypocenter,
wvhile the wWadati diagram gave an initial estimate of the
origin time for the event. The initial value of 7.0,km for
the depth was used as it is the average depth of focus for
earthguakes occurring in the Socorro area (Sanford, personal
communication, 1978). The average depth found for the 294
microearthquakes located in this study was 6.7 km. The com-
puter printouts of the final microearthquake hypocenters

are included in an appendix separate from this paper, where-
as the measurements used to obtain the locations may be

found in Appendix C of this report.

In addition to the crustal parameters, P arrival times
and trial hypocenter, the iterative inversion program u-
tilized station corrections which corrected for local changes
in velocity that exist in the rock column directly beneath
the seismograph stations. The corrections, which varied
from 0 to 0.48 seconds, were subtracted from the P arrival
times at the onset of the location procedure., A list of the
station corrections used in this study may be found in Table
2, An explanation of the two methods used to obtain these
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Table 2. Station Correctioms.

Station Correction . Hethod of Determination

0.00 )
-0.11
=0.11
=0.11
-0,.38
-0.44
=0. 35
=0,42
~0.48
-0.11
-0.22
=0, 22
=0.17
-0.32
=0, 3B Fy
-0.12
~0.33 .
-0.47
=0.47
-0.15
-0.38
-0.22

explosion

iterative iuversion

S EPH3BRAENECSEIRBRBEREESREES
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corrections is given by J‘utmutun{iﬂﬂl.

The microearthquake location program utilized a weighted
least-squares approach given by Aki (1976). The solutions
obtained were rated using the following formula:

R = [—:;— Z(%]a}.% (3)

vhere N = number of stations used in location,
K" travel-time residuals (difference between
theoretical and actual travel times), and
v, "a priori uncertainties in the travel-time
measurements (0.05 to 0.50 seconds in this study),

The value of R indicates how well the travel-time residuals
are minimized within the weighting framework and , wvhen R is
close to 1.0, indicates that a solution which is both as good
" as possible and as good as is necessary has been obtained.
(i.e. solutions having an R value close to 1.0 are optimal
for tha weights assigned the P arrival times for those so-
lutions) l:::-cltiun.t with R41 will result in uncertainties in
- the hypocentral parameters which are unnecessarily large,
vhile solutions with R>1 will result in solutions whose
hypocentral parameters have unjustifiably small uncertainties.,
The weights assigned to the P arrival times vere dependent
upon the background noise levels and the character of P
phases observed (impulsive or emergent) on the records.

The weight generally assigned to the arrival times was 0,05
seconds, vwhich was obtained by summing the reading and clock
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drift correction errors mentioned previously. Of the 294
microearthquakes located, 251 had an R value lying between
0,50 and 1,50, vhile only 7 earthguakes had values of R
greater than 2.50.

Since four unknowns are determined by the location pro-
gram, at least four P arrival-times (i.e, four stations re-
cording an event) are necessary to obtain a solution, This
study includes 75 four-station locations, 121 five-station
locations, 77 six-station locations, 17 seven-station locations,
and 4 eight-station locations, Having more than four sta-
tions usually reduced the uncertainties in the hypocentral
parameters. This was of particular importance to this study
because the uncertainty in the iterative origin time was used
in formulating the weights for the analysis of Poisson's ratioc

using travel-times.

Section 3

-

The determination of uncertainties for the measurements
used in this study was of particular cornicern to the author.
In order to handle the data collected in a statistical manner,
a system for reading the S5-P intervals was devised. The pro-
cedure consisted of three independent measurements of the S-P
time, which was assigned a grade of E, G, or P prior to the
first measurement. The criteria for assigning these three

grades were as follows:
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E: Very sharp P and S phaszes. No noise
obscuring either arrival,

Gt Some noise affecting the P and/or S
phases, i.e, less well-defined arrivals
but P and S picks are obvious,

P: Any combination of noise, clipping and
"white-out" (found only on the strongest
microearthguakes), or emergent character
of P and/or S phases, making S-P time
subjective but not unreasonable.

Any S5-P interval which was split when the record was taken

of the seismograph drum was assigned a grade of P. Examples
of each of the above types of 5-P intervals encountered in
this study are shown in Figures 8a, 8b, and 8c. The two basic
properties of amplitude and frequency change in the seismogram
trace were used predominantly to pick the 5 phase, the S-
wave generally having the largest amplitude and lower frequen-
cy content. The mean and standard deviation were calculated
for each trio of S-P measurements, which were then grouped
according to their assigned grade. Fourty-three percent of

the 5-F intervals measured were graded E, and were found to
have an average standard deviation of 0.007 seconds. 5-P in-
tervals receiving a grade of G comprised about 36% of the
readings and had an average standard ﬁeviatiun of 0.009 sec-
onds. The remaining S-P measurements receivad a grade of P

and had an ;varage standard deviation of 0.012 seconds. These

small average standard deviations appear to represent the
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Figure Ba. Example of microearthquake having an
S=P interval that received a grade of
E. Both the P and S phase exhibit sharp,
impulsive onsets., Event was recorded at
station WM on February 19,1976 at 00:08,

inaccuracy 1ntxudu:nd by the trauniiﬂg microscope, which has
been described previously. Although a small increase in the
standard deviation was found to exist as the guality of the
S-P interval decreased, the overall error associated with
any S-P measurement is small when compared with the uncer-
tainties in the P arrival time, This result indicates con-
sistency in the picking of the P and S arrivals, but not
necessarily the error associated with the S-P determination.
{(i.e. The ability to pick the same breaks on the seismogram
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Figure Bb. Microearthguake recorded at station SC
on February 19, 1976 at 00:54. The 5-F
interval for this event received a grade

- of G, The P pick is obvious while the S
arrival is somewhat subjective.

for the arrivals of the P and 5 waves does not reflect upon
the correctness of the resulting S-P interval, as one might
cunsistaﬁtlr pick the P and/or S arrival incorrectly.) For
this reason, the uncertainties assigned to the 5-F values
were the sum of the P arrival-time uncertainty and the
standard deviation found for the S-P time. These uncer-
tainties were then used in the Wadati diagram analysis as

the weights in the ﬁeighted least-squares linear regression.
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Figure Be. Hinqpearthﬁuake recorded at station IC
on March 23, 1976 at 12¢53. The 5 phase
) pick is highly subjective for this event,
and although the P phase may be easily
found, the 5-P interval may be subject to
a large error if the incorrect S arrival
is cheosen. For this reason, the grade as-

signed to the S5-P for this event was P,

The vﬁightu employed in the travel-time analysis ;ttﬁ the
sum of the uncertainties in the iterative origin time, S-P
interval and the P arrival-time. (The sﬁm of these un-
certainties vas used, as the measurement and determination
of the P arrival, S-P interval, and iterative origin time
are not independent.)
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Section 4

The procedures used to calculate Poisson's ratio involved
the use of the P arrival-times, S5-P intervals, distances
from seismic stations to earthquake epicenters, azimuths
from stations to earthquake locations, and earthduake origin
times, The P arrival-times and S-P intervals were obtained
directly from the nlismnﬁrlph records, as outlined in Sec-
tions 1 and 2, while the remaining information was calculated
by the location program discussed in Section 3. The origin-
times and P arrival-times were used to determine the P travel-
times (P travel-time = P arrival-time - iterative origin-time),
vhich completed the data needed for this study.

The analysis used to obtain an average value of V for the
upper crust in the area of study utilized only the P arrival-
times, S-P intervals and the uncertainties associated with
their determination. Of the 294 microearthquakes located,

277 were deemed suitable for this analysis. The reasons for
eliminating a microearthquake solution from the calcula-
tions were 1 (1) poor hypocentral determination caused by
an inadequate seismic station distribution about the event
and (2) an insufficient number ({4) of readable S-P 1ntJr-
vals due to saturation and/or clipping of seismic signals
and/or apparent absence of the S phase on a number of the
seismogragh records used to locate the event. A weighted
least-squares linear regression was used for each of the

L]
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277 Wadati plots constructed, The resulting slopes found for
the lines determined by this procedure were then used to cal-
culate Poisson's ratio, using equations 1 and 2.

The method of weighted least-squares was employed be-
cause this approach allowed the incorporation of the pre-
viously determined uncertainties found for the measurements.
The Quantity that one desires to minimize in the wadati

weighted least-sQuares regression is @
N
(a + bx; - y; ) 2wy, (4)
i i
is1
where a = the y-intercept of the fitted line,
b = the slope of the line {#%- 1, where
®and 8 are the velocities of the P and
S wave respectively),
x; & the P arrival-times,
¥; = the s-P intervals,
v, = the associated uncertainties for
the S-P intervals, and
N = the number of points (stations) in
the plot. -

Expression 4 represents the sum of the sjuares of the duéi-
ations of the data from the welghted least-sguares line. To
minimize this expression, derivatives with respect to a and
b are found and set edual to zero. The resulting two egua-

tions are given by
; N

E (a + bx, = ri}vi = 0 (5)

=

FER|
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[xi}ta + t“i = ri]“i = 0, {5.1

a4=1
Equations S5 and 5a may be solved simultaneocusly for a and
b to obtain:

) bl ),
(L0200

Y FICE ] FET

() (e
(S - ()

FET

and

Equation 2 may now be rewritten in terms of b, the slope, to

get 1
hz-ih—l

. (2¢)
Z2b” + 4b

V o=

The degree to which the data fitted the deduced lin; vas ex-
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pressed by a correlation coefficient given by 1@

-

total sum of sQuares - residual sum of 5@uares\:

R = _} (7)
total sum of sguares

which for the Wadati diqynmﬁ Was & N

‘*_f_ vy -2 - ) ;- G2+ pxg))?

& W
* E [Ti - ?12
FET]

vhere ¥ = the mean of the Yo

. (7a)

In addition to having a correlation coefficient for the
plots, a method for determining the standard deviation of
the calculated Polsson's ratios was devised. The method a-

dopted the approximation 1

I
var(Vi(b)) = ("“"‘b”) var(b) , (8)
g db

where +/(b) = Poisson's ratio as a function of
slope (equation 2'},

d(v(p)) . the derivative of equation
db 2' with respect to b, and

var{b) and Var(V(b)) are the variances
of the slope and Poisson's ratio respec-
tively (Gutjahr, personal communication).

The standard deviation of \/ was obtained by taking the

sguare-root of the right-hand side of equation 8.
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In order to obtain the variance of the slope in efuation
8, a rearrangement of the summations in eguation 6a is neces-
sary to isoclate the :"-'i terms, Consider the generalized pro-

duct of summations:

N N N [ ] N
E ! Z i E g il o ZE‘FJ“}‘T =
<=3 e sl P LE! 4L L=y

Given the above identity, one can rewrite the numerator of

the right-hand side of eQuation 6a to obtain 1

numarator of b = % EZ vy 'jrj é ' )x'_-,ru

E '(E I' wix)t }rj.
43 FEF]

so that equation 6a becomes &

Z”I(Z‘i g Z"'f‘j) .1"J
(S

The variance of the slope may be easily found from equa-

(10)

. (6a*)

tion 6a*, and is given by »

) M L - 3

- Zvarlyy)
ZExiwi Z ol Loy j) W ?j . (11)
(3o L)

where 'Ii"-u::{_-fj} = the variance of the S-P measurements.

var{b) =
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Note that the expression, vﬁﬂart?j}. is identically equal
to one, since the variance of the rj's is just the recipro-
cal of the square of the standard deviations (the Hj'n}.

The final calculation performed for the Wadati diagram
analysis wvas the determination of weighted least-squares
origin-times. These origin times were used to check the re-
;;ahility of the iterative origin-times generated by the
microearthquake location program. Large differences (sev-
eral seconds) between iterative and weighted least-squares
origin-times were occasionally encountered in microearth-
quake solutions. When a difference of greater than one sec-
ond was found between origin-times, the data for that plot
were excluded from any further analysis. Solutions exhibit-
ing this inconsistency were either solutions for earth-
quakes falling well outside the array, or were events having
all recnréing stations nearly eduidistant from their hypo-
centers, (A discussion of the latter situation, and its
effects upon the inversion problem may be found in the paper
by Aki(1976).) The reasons for excluding these earthquakes
from the analysis were ¢ (1) the travel-times obtained from
the iterative origin-times and P arrival-times for an event
ware not consistent with any of the S-P measurements for the
microearthguake, and (2) when all the recording seismograph
stations were eduidistant from the earthduake, the corres-

ponding Wadati diagfam was very poorly defined, with all the
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Figure 9. (a) Wadati diagram for an eight station location
used in this report.{(The weights were all 0,05 sec,)
(b) Travel-time diagram used to obtain vfor crustal

wedge from stationSC,
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data plots plotting in essentially the same area. An example
of a Wadati diagram used in the above analysis is shown in

Figure %a.

Section 5

The next analysis to be performed was designed to ascer-
tain vhether or not plots of 5-P intervals versus travel-
times could be used to obtain Poisson's ratio (i.e. whether
the ratina—; is relatively constant for the study area). The
method involved the construction of a single composite plot
of all the microearthguake data used in this study. Travel-
times were calculated using iterative origin-times from 259
microearthguakes and their associated P arrival-times. The
weights employed in the composite plot were obtained by sum-
ming the uncertainties in origin-time, F arrival-time and
S-P interval for each point in the plot. The results of the
analysis were expressed in terms of a correlation coefficient

given by equation 12, below

S ) il
Zt?i Lo ".'l_"}z —;(Yi = htijz

i
{]ri"‘.'l'}

1%

’ . (12)

: P

vhere Yy; = the S-P intervals,
¥ = the mean of the Yy"Ss
b = the slope of the fitted line, and
£y = the travel-times associated with
the 5-P intervals,



Section &

Tha final segment of the data analysis and reduction involved the
determination of spatial variations in Polsson's ratio in the upper
crust for the area of study. For a complete description of the tech-
nique esployed, the reader is directed to the paper by Caravella(1976).
Essentially, plots of 5-P intervals versus travel-times were constructed
for body waves arriving along particular ten degree increments of azi-
rmuth about a seismograph station. The principle is represented graph--
ically in Figure 10. A welghted least-squares linear regression was
performed for each of the travel-time dlagrams which had a minimunm
of thres data points. Polsson's ratlo was then calevlated, using equa-
tions 1 and 2, from the slopes obtained from the linear regressions.

The method of welghted least-squares linear regression, as applied
to S<P interval versus travel-time plots, is essentially the same as
that employed for the Wadatl analysis, although the algebra lnvolved
is simplified somewhat. The expresslon used to caleulate the correla-
tion coefficlents for the travel-time dlagrama 1z given by equatlon
12, above. '.nu quantity =inisized in this analysis given by

Z{mi - ¥y)%y (13)

where ¥ is the number of points used in the plot and ty, ¥y, and wy
represent tho estimates (measurements or calculations) of the travel-
time, S=P interval, and the welight assocliated with the 35-P interval
mmtiﬂhl Thus the travel-time analysis was reduced to the de-
termination of a single variable; the slope of the fitted line through
the origin. Values for Polsson's ratlo obtained from the slopes were
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Figure 10. Graphical representation of the technigue employed to
spatially distribute Polsson's ratie (from Caravella,
1976). Body wave arrivals along ten degree increments
of azimuth about a selsmograph statlon are used to form
an 5-P interval versus travel-time plot. L'rmt.a:l wedges
are then constructed for each plot made.



assigned to the appropriate ten-degree sector of the selsmograph sta-
tion being examined.
To minimize the expression in 13, the derlvative with respect to

b is found and set equal to zeroc to obtaln:

N iy
b E tﬁﬂl - E tyyiwg = 0. (14)
i3

. L]
the slope ls then found to bes
]
tlri"i
b= — (15)

]

Z‘ti“i

The approximation given in equation 8 was again employed in the cal-

culation of the standard deviation of Folsson's ratlo. The expression

vasd to obtaln the variance of the slope for the travel-time plots is:

B

2 AT
var(v) = Z Hefrarv) (16)

;.. z
a1

vherr again the wivar(y;) term is identically equal to one, as Yar(y;)

= l_fvi_. An example of a travel-time diagram used in this study is
shown in Figure 9b. The information obtained by thls segment of the
study was used to construct crustal wedges having angular widths of
of ten degrees and lengths corresponding to the most distant epi-
center used in the plot. (see Figure 10) Intersections of crustal

wedges exhibiting abnormally high (> 0.275) Polsson's ratios were used
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Figura 11. Diagram showing the distribution of Poisson's

ratios found from the Madati diagram analysis.
Yalues of Polsson's ratio were grouped by in-
cresents of 0.05, where the numbers appearing
above a particular block represent the number
of Wadatl plots yielding a value of Vwithin
that 0.05 interval.

to define anomalous areas in the crust for the reglon of study. (see

Figures IE-iE] .



b1

¥VI. Results and Discussion

The average value for Foleson's ratio, obtalned from the Wadati
analysis, was 0.2514 with a standard deviation of 0.0516. The Polsson's
ratios calculated from individal Jadati diagrams wers found to be uni-
formly distributed about thelr mean (see Figure 11). This latter re-
sult assures statistical significance of the average Folsson's ratlo
obtained, at a one standard deviation confidence level. The average V
found by Sakdejayont (1974) and Caravella (1976) are both within one
standard deviation of the result obtalned in this paper

Several of the Wadatl dlagrams, which could not be eliminated from
the analysis by any of the criteria previcusly mentloned, vielded un-
reasonably low values for Poisson's ratie (0.03% to 0.111). The five
Wadatl plots exhibiting this property were felt to be of importance,
as unlikely values of V are still obtained when a two standard devia-
tion confidence interval about these values of ¥V is applied. The
Wadati dlagrams for these microearthouakes are included in Appendix
A. The author believes that these anomalous-Wadati plots were the re-
sult of an lnsufficlent anm;nt of data to effectively determine a line.
Ko correlation between the hypocenter locations or station distri-
butions for these anomalous diagrams was found.

The results of the composite S5-P interval versus travel-time plot,
discussed in Section 5 of this report, showed substantial correlation
among the data. A correlation coefficlent of 0.9065 was obtalned for
the plot, which consisted of more than 1,000 data points. This rela-



tively high correlation indicates that the travel-times were con-
aistent with their asscolated S<P intervals. This provides some jJust-
ification for using the travel-times to obtaln values for Polsson's
ratio in the spatial distribution analysis.

The final segment of this report involved the determination of
spatial variations in Polsson's matlio. The raypath technlique devised
by Caravella (1976) and discussed in Section 6 of this paper was used
to determine values of Y for crustal wedges originating from various
selsmograph stations. An azimuthal increment of ten degrees was chosen
as the angular width of the wedgea because it was felt that smaller
azimuthal increments were not justified (due to hypocenter uncer-
tainties in the microearthiuake locations), and that sufficient ac-

curacy could be attained using a ten degree width.
A total of 167 wedges were constructed from the data, using at

least three polnts (three S-P intervals and their assoclated travel-
times) for any ten degree sector. Of the 167 wedges, nearly 30% had
Polsson's ratios greater than 0.275. In order to map areas with
anomalously high Polsson's ratio, it was decided to use only those
wedges uhm_ values of \J were greater than ID.E?E at the 95%€ con-

fidence level, l.e. wedges whose v 's were less than 0.275 after having
two standard deviations subtracted from them were not conslidered
anomalous. This technioue reduced the total number of anomalous wedges
to 40. Intersections among the 40 remaining wedges were examined in

order to map areas of anomalously high Polsson's ratlo.
The mapoing of wedges having low (£0.170), normal (0.170 teo

0.274) and high (>0.275 values of Folsson's ratio was used to assure



Magdalena Mountains

AFR

, 33°45'

Figure 12. Anomalous area A, defined by 7 intersecting crustal wedges -

having Polsson's ratlos of 0.275 and above at the 99% con-
fidenca level. - .



£ y )
2 " \
A i . -
2 ;I! WM C + i —L34°00
S e |
g PR \
17 ™)
3 A NE 2 |
AFC g ;
é ' AFR Jornado
del
g v
o
@
; - 33°45'

Q. 10 20 KM

" Figure 13. Anomalous area B, determined from the intersections of 6

crustal wedges having Polsson's ratio values of 0.280 and
above at the 99% confidence lavel.




o

, Mo
D p—~ 8 “‘I‘

> O
E g
Mogdalena Mountains

Muerto

3°45'

‘Figure 14. Anomalous area C, determined by A crustal wedges having

values of Poisson's ratlo of greater than 0.279 at the
99% confidence level.




Mﬂﬂdm!ﬂn Moa.lnmini

 33°45"

q 8] 20 KM
H-!'lﬂf'l 15. Anomalous area D and anomalous area that cannot be supported

by this report. Area D was determined from & wedges having
Poisson's ratlos.of 0.275 or greater at the 95% confidence level.



47

consistency betwesen the data and the locations of anomalous areas of .
Polsson®s ratlo, and to provide control for determining the size and
shape of those areas. The ruls foellowed in the =apping procedure was
to explain the maximum number of anomalous crustal wedges with the
least number of anomalous areas. The results of this analysis are

shown in Flgures 12-16.

A total of § areas of anomalous Folsson's ratio was determined
using intersections of four or more crustal wedges having Folsson's
ratios exceeding 0.275 at the 95% confidence level. When crustal wedges
of both normal and low values of VJwere added to the analysis, only
4 of the 5 areas of anomalous Polsson's ratio could be supported.

These four areas, labded A, B, C, and D in Flgures 12-16, can be used
to explain all but three of the anomalous crustal wedges obtalned In
this study.

Anomalous area A (Figure 12) was located using seven intersecting
crustal wedges having FPolsson's ratios greater than 0,275 at the 95%
confidonce level. The selsmograph statlons from which these wedges
originated were CC, CK, DK, SL and ¥T, with two adjacent wedges from
DM: The eigze and shape of area A was established by using the above
seven wedres and orustal wedges of normal and low rolcson'c bl
from stations 5, CC, O, ¥/, LAL and .\, Additlonal crustal wedges
exhibiting anoralously high, normal, and low values for 3} could have
been used in locating area A, however thelr addition would not have
altered any of the boundaries already determined, and would merely
duplicate the existing information. Such extraneous crustal wedges will

henceforth not ba mentlioned.



The second reglon of anomalously high Polsson's ratlio determined
by this study is located along the southern margin of the La Jencla
basin, approximately 3 km west of station IC. The intersections of
8ix crustal wedges having-; Polsaon's ratlos in excess of 0.280 at the
95% confidence level were used to determine this area (denoted B, in
Figure 13). Wadges having normal to low values of Polsson's ratle
from stations CM, HC, NG, 5C, WM and WT were used to establish the
boundaries of area Bwhile stations CM, FC, NG, and 5C were the sources
of the six anomalous wedges. The reglon shown in Figure 1% could con-
sist of several smaller areas having anomalously high Folsson's ratios,
as proposed by Johnston (1978) and Wallace (1978) (see Figures 17 and
1B), however the crustal wedge approach adopted in this paper is not
able to resolve such fine detall, Area B is the largest anomalous re-
glon found in this study, with an areal extent of nearly 20 ke®.

A third aromalous area, determined by six interseecting crustal
wedges having Polsson's ratios greater than 0.279 at the 95% confidence
level, is located along the northern tlp ni‘ the Chupadera Mountain
Block, approximately 1 km east of selsmograph station IC.(Area C, Fig-
ure 14). This region was determined by ancralous wedges originating
from stations CM, DM, NG, SC and TS, and was bounded by crustal wedges
having normal to low values of Polsson's ratlio.from stations CM, D¥,
RG, SC and WT. Area C might have been better resolved 1f data had been
available to construct crustal wedges crossing the anomaly from sels-
mic stations IC and WM.

The final area of anomalously high Folsson's ratic that can be sup-



ported by this study is located approximately 4 km north-west of

station RM (Reglon Dj Figure 15). Six wedges having Poisson's ratios

of 0:275 or above at thé 95% confidence level were drawn from seis-
mograph stations CM, CM, H;.'.‘-. WG and SC to obtaln reglon D. The boundaries
of area D were primarily determined by crustal wedges having norrmal
values of Polsson's ratlo from from statlons CM, IC and WT. An absence
of earthquake epicenters (see Figure 4) is associated with this region,
which might indicate a relatively shallow anomaly (Sanford, personal
communication, 1978).

A Tifth area defined by intersections of five crustal wedges hav-
ing Polsson's ratios of 0.275 Or greater at the 95 confidence level
is shown in Figure 15. This area is located approximately & k= north-
oast of station SL. The author felt that the anomalous wedges from
stations DM and CH, used to locate the area, have already been ax-
plained by reglons A and C, and thus should rot be used to resolve
an additional ano=alous area. The two remdlning wedges from CC and
EB, which have Polsson's ratios of 0.286 and 0.281 at a 95% con-
fidence level respectively, can not be explained either by reading
error or a lack of sufficlent da:tn. The intersecting wodges from sta-
tions BC, CK, SL, LAD and LPN all have normal to low values of Fols-
son"a ratio. The small amount of corraborating evidence combined
with the disagreement awong the data was felt to be sufficlent grounds
for not defining an anomalous region in this area.

As was stated previously, all but three of the anomalous crustal
wedges found in this study could be explained by the four areas dis-
cussed above, The two anomalous wedges from stations BB and CC have
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Figure '17.+ The positions of the eight proposecd attmntl%vuluma

of crustal rock relative to the phy:ii%?'r'ilshic features
~ of the Socoerre area (from Johnston
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already been mentioned. The final unexplained crustal wedge, which
has a Polsson's ratio of 0.281 at the 95% confidence level, is the
50-60 degree sector from station CM. There are no other crustal wedges
(anomalous or normal) that intersect this wedge, and no errors in the
measurements or analysis were found. The shallow magra body proposed
by Johnston (1978), located to the northeast of station CM, could
explain the hlgh value of Polsson's ratlo obtained for thls crustal
wedge, but this proposed anomaly is not able to be supported by this
study.

Figure 16 displays the four anomalous areas, determined by this
report, on a single map so that the results of the studles of Caravella
{1976), Johnston (1978) and Wallace (1978) may be more easily com=-
pared.



VII. Conclusions

The average value for Polsson's ratlio for the upper crust in the
Socorro, New Mexico area is 0.251 * 0.052. Localized areas of anomo-
lously high Polsson's ratio ( 0.275 at the 99% confldence level) exist,
and may be spvatially mapped using body wave arrivals from microearth-
quakes.

The method of determining the spatial distribution of Polsson's
ratioc using crustal wedge intersectlons provides an excellent in-
direct procedure for mapping anomalous areas of Folsson's matloe.
Smaller azimuthal increments and larger data setls could be employed
in future studies to obtain a more detalled spatial distribution.
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APPENDIX A 1@

Wadati diagrams which yielded unreasonably

low values for Poisson's ratio
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