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ABSTRACT

The primary purpose of this study was to determine a model of the
upper crust for the Rio Grande rift near Socorro, New Mexico. To achieve
this purpose, the upper surface of a known extensive magma body injected
at mid-crustal levels was extensively mapped and used as a known reflector
of microearthquake S-waves. The cbserved S to § (5,8) reflections effected
a crustal velocity structure and accurate microearthquake depths of focus.
These and other geophysical observations were combined into a consistent
crustal model.

Reflection data came primarily from a very local microearthquake
study, initiated in May, 1975, that used a five to eight station movable
seismic network and provided both analog and high quality digital seismo-
grams. From 316 recording days, 99 individual shocks which were laterally
located to within 0.5 km (s.d.) allowed mapping of 214 unmistakable 5,8
reflection points. The least squares inversion location program employed
a homogeneous half-space having a 5.8 km/sec P-wave velocity and a 3.35
km/sec S~wave velocity. Station corrections were derived and applied to
every arrival time; corrections account for the diversity in the local
near surface geology and ranged from +0.28 to —-0.20 second.

The impulsive nature oflthe 5,5 and the S to P reflections (SZP), the
single energy pulse recorded for many SZP phases and the identical fre—
quency contents of both the direct S-wave and the 5,5 reflections indicate
that the upper surface of the magma body is singular and sharp to S-wave
energy. SzP/SzS amplitude ratios indicate that the material beneath the
discontinuity has very little rigidity. Specific values of impedances

cannot be estimated. Other evidence indicates that the magma is probably

basaltic. st reflection points show that the magma body is continuous




and has, when deep P-wave reflection data are included, an areal extent
of at least 1700 km®?. The body extends from 10 km south of Socorro to

possibly more than 50 km to the north. Data do not indicate more than

0.8 km of surface relief and to a first approximation it is horizontal.
It lies beneath surface rift structures having as much as 3 to 5 km of

displacement.

st reflection travel times were inverted with recording station
locations and epicenter locations to determine an S-wave velocity struc—
ture. Results, assuming an horizontal magma layer, indicate that the
best average crustal velocity is 3.405 + 0.05 km/sec. Using this velocity
the best depth to the magma is 19.2 * 0.6 km. A two-layered model sup-
ported by microearthquake distributions has a velocity of 3.35 km/sec
in a 10 km thick upper layer and a velocity of 3.44 + 0,05 km/sec in a
lower 9.2 ¥m thick layer. No anisotropies have been noted; however, a
six percent lower than average velocity in south central La Jencia
basin was found. Data also allowed two degrees of northward dip on the
magma body which places it in concordance with the Moho.

Using the final crustal velocity model, accurate depths of focus
(#1.4 km) were determined for more than 150 microearthquakes. Cross
sections of these hypocenters show that the seismic activity is diffusely
centered over the magma body and cannot be associated with prominent
faults exposed at the surface. The activity is normally distributed
between 3 and 13 km in depth and is not substantially different than
seismic activity found in other geothermal areas exhibiting similar tec-
tonics.

The flat relief of the upper surface of the magma body, the S-wave

velocity structure, and the hypocentral locations of the microearth-

quakes suggests a two-layer crustal model: (1) the first layer extends




from the surface to 10 km, has an S-wave velocity of 3.35 km/sec and
allows brittle rock failure; (2) a transition zone from 10 to 13 km where
the brittle upper crust changes to a ductile lower crust; and (3) the
lower layer extending from 10 km to the magma body, or 19.2 km, has an
S-wave velocity of 3.44 km/sec and is ductile to long-term strains. The

mid-crustal position of the magma body appears to be controlled by the

lower boundary of the third layer (the Conrad discontinuity).
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INTRODUCTION

Purpose and Scope

The primary purpose of this study was to determine an upper crustal
geophysical model for the Rio Grande rift near Socorro, New Mexico, em-
ploying micfoearthquake seismic signals. To achieve this purpose the
upper surface of an extensive magma body contained within the upper
crust beneath Socorro was first extensively mapped and was then used as
a known reflector of microearthquake S-waves. The S-wave reflection
travel times were combined with recording station locations and micro-
earthquake epicenters to yield both a viable crustal velocity model, via
a least squares inversion, and accurate microearthquake depths of focus.
All three geophysical observations -~ i.e. the shape of the magma body,
the improved depths of focus and the velocity model —— were couwbined
to give a compatible, although nonunique, crustal model. The model
as determined can help account for some of the observed and postulated
features of the rift; for example, differential depths to basement
rock of up to 3 to 5 km (Sanford, 1968;:Chapin et al., 1978, and Brown
et al., 1979); recent Quaternary faults (Sanford et al., 1972); low P--
wave and S-wave upper crustal velocities (Sanford et al., 1973); de-
tachment of the lower upper crust from the upper brittle crust (this
study) and recent crustal extemsion (Chapin and Seager, 1975; Eaton,
1979).

Evidence for an extensive magma body comes from many seismograms of
local microearthquakes which contain two sharp arrivals following the
direct S~wave by about 2.5 and 5.0 seconds. These were identified as S

to P reflections (SZP) and S to § reflections (st) from the upper

surface of the extensive magma body (Sanford and Long, 1963; and Sanford




et al., 1973). These early analyses of the reflection amplitudes and
arrival times also placed a minimum value on the areal extent of the
reflector, restricted its depth and determined someﬁhing about its phys-
ical properties. | :
To obéain greater detailed knowledge about the-magma body and to
study in some detail the geophysical propertles of the upper crust in
the Socorro area, a very localized microearthquake study was initiated
in May, 1975 (Sanford et al., 1977). From more than 1200 microearth-
quakes recorded during 316 recording days, 99 very select shocks produc-
ing ummistakable SZS reflections and having very accurate epicentral
locations were winnowed. T¥rom this restricted data set 214 accurately
determined reflection points were obtained. TInasmuch as a completely
new data set was thus available for this present study, early interpre-
tations concerning the magma body, presented in three previous papers
(Sanford and Long, 1965; Sanford et al., 1973; and Sanford et al., 1977),
were re—evaluated and, when acceptable, were refined by the new data
set; on the other hand, unacceptablerinterpretations have been replaced
with more viable options. Substantial improvements in the knowledge of
the areal extent, surface relief, orientation with known ecrustal hori-
zons and depth to the magma body provided much of ghe needed data to

determine a quite complete crustal model of the Rio Grande rift.

Geological and Geophysical Background

To set the stage for this study, a very brief description of the
Rio Grande rift near Socorro, New Mexico, will be attempted. Figure 1
(from Sanford et al., 1977) is a generalized map of the rift which In-

cludes the main physiographic features surrounding the rift as it is

seen within New Mexico. The Rio Grande rift is a nearly north to south




4 1090 a l o ) X -1 10300
3701__, _loge o7 /l_/.OG 105 _____l_qg______,l:%?
y 2z |
' e ;//4
| K z2<
[95]
36° 2 ,//2]“"3 36°
P [
| I e
o o0~ |2
//] -
35 nko A 4@ c}ue;que o I
~ j‘ d 1 ol :
o f//7 |
‘ 7 s /% /
Alrea 177 =
34°,\ »a//g of ¢ K 2 34°
S 5¢a93 o T .
Wad
Datil ;///;ﬁ ,
Mogollojn %/ | o
. Volcanilc /(;;;3
53°|-Field s 33

! ags // Las Cruces |
Lozt 1osn 105 o

50 kilometers
|

| E - |

Figure 1. Physiographic provinces and the Rio Grande rift in New
Mexico (after Chapin, 1871). Also shown is the approximate
area contained in Figure 3.




linear feature extending from just north of Leadville, Colorado, to
Chihuahua, Mexico (Chapin, 1971). The rift appears to be comprised of
three separate segments: (1) the northern :ift which ends near the
Colorado an@ New Mexico boundary, (2) the central rift extending from
the state”boundary to near Socorro, NM, and (3) the southern rift ex-
tending from Socorro, NM, southward (Ramberg et al., 1978).
This study is concerned primarily with a 100 km long section of

the central Rio Grande rift extending from approximately 30 km south of
Albuquerque, New Mexico, to approximately 20 km south of Socorro (see
Figure 3). To the east of this portion of the rift exists the Great
Plains province; to the northwest and west exists the Colorado Plateau
and to the southwest exists the Basin and Range province and the inter—
vening Datil-Mogollon volcanic field. The best identifying features of
this portion of the rift are (1) 3 to 5 km deep alluvial basinse (Sanford,
1968; and Chapin and Seager, 1975), (2) bounding Quaternary faults that
strike northnortheast or northnorthwest (Sanford et al., 1972), (3)
raised structural margins, especially.on the eastern side of the rift
(Chapin, 1971) and (4) several intrarift uplifts (Chapin and Seager, 1975).
The important intra-rift uplift in this study is the Socorro-Lemitar
Mountain block which begins approximately 10 km southwest of Socorro,
strikes northnorthwest, visually ends 40 km north of Socorro and can be
geophysically traced for at least another 10 km toward the north (Brown
et al., 1979).

| Rifting began about 32 m.y. ago (Chapin, 1979) as determined by
radiometric dating of the change from intermediate cale-alkalic volcanic

rocks toba bimodal rhyolite-basaltic andesite suite and by dating of

volcanic rocks above and below an angular unconformity. In the Socorro




area, there was a lull in volcanism between about 20 and 13 m.y. ago
(Chapin, 1979) during which 1000 to 1500 m of fanglomerate-playa deposits
accumulated in a broad early rift basin. This bésin, the Popotosa basin,
was broken up into a series of parallel grabins separated by intra-rift
uplifts during azétroﬂg pulse.of eperrogenic uplift between about 7 and

4 m.y. ago (Chapin, 1979). The rate of extension and uplift have ap-
parently slowed since 4 m.y. ago as evidenced by nearly flat lying
Pliocene basalt flows that rest on strongly uplifted and tilted older
rocks.

The youngest thyonlitic intrusions in the Scocorro area have been
dated at about 6 m.y. (Chapin, personal communication, 1979). The
youngest basaltic flows in the Socorro area have been dated at 4 m.y.
(Bachman and Mennert, 1978).

However, recent basaltic flows as young as 0.14 m.y. old have been
jdentified (Kudo, 1976) 70 km north of Socorro. The Socorro area is also
a point of intersection of two volcanic lineaments --— one postulated to
be a deep seated transverse shear zone (Chapin et al., 1978) -- which
could very well allow for the.local magmatic activity including the deep
extensive magma body.

Geophysically, recent, extremely rapid (2 to 6 mm/yr) uplift centered
over the extensive magma body has been identified by Reilinger et al.
(1979) using level line data. Also, the Socorro area is an area of con-
centrated seismic swarming that is also centered over the magma body and
is between portions of the rift that are almost aseismic (Sanford et al.,
1979).

The above discussion is admittedly short. It serves for a very

quick review and more importantly, lists most of the important references




that contain extensive information about the rift, especially for the
Socorro area. In addition to the above references, very comprehensive
reviews, interpretations and further references are contained in Rio

Grande Rift: Tectonics and Magmatism edited by Riecker (1979) and the

Guidebook to Rio Grande Rift in New Mexico and Colorado compiled by

Hawley (1978).




DATA

A very localized, high resolution microearthquake array initiated
in May, 1975, provided most of the SZS and‘SzP reflection data neces-
sary to obtain greater knowledge about the extensive magma body and the
upper crusé of the Rio Grande rift. In this section the instrumentation
and array deployment will be discussed. In addition, the microearth-
quake location procedure and criteria used to differentiate between two
different classes of data will be presented.

Instrumentation

' The microearthquake seismograms used in this report were primarily
recorded with a movable array of five to six Sprengnether MEQ-300 seis-—
mic recording systems. This basic network was supplemented affer April,
1977, by two Spremngnether DR-100 digital recording systems. For quali-
tatively determining the frequency content of the reflections, MEQ-800
records were compared with those from an LRSM (Long Range Seismic Monitor-
ing) system located at SNM. Real time data from telemetered signals
were available from Albuquerque Seismological Laboratory (0.5.G.8.) for

stations LAD and LPM starting in 1977.

MEQ-800 Seismograph. The MEQ-800 is a self-contained portable an-
alog seismic recording system with a wide sensitivity range. The am-—- |
plifiers for the system, which have gain settings ranging from 60 to 120
db in discrete 6 db intervals, are stable to * 1 db. Filtering of the
seismic signal is possible for both low frequencies‘(below 5‘or 10 Hz)
and high frequencies_(abéve 5, 10 or 30 Hz). For this study, only the
30 Hz setting on the high frequency filter was ever used. This filter-

ing was necessary to reduce noise caused by near surface atmospheric

disturbances. Only especially quiet stations located in mines (e.g. WT




or DM) or caves (e.g. IC or CC) were recorded unfiltered. Predominant
frequencies of the P phases of the recorded microearthquakes (19,7%1.5
Hz; Johnson, 1978) and the S phasés (see Figure 4) are well within the
filtered or unfiltered frequency range of the seismographs. Helical
recording én smoked paper at a %ate of 120+1.0 ﬁm/min was used to re—
cord the seismic signal.

Selfwcontained, quartz crystal chronometers produced time marks at
60 second intervals. These clocks were synchronized at the beginning
of each recording week with the WWV standard time signal by simultane-
ously recording signals from both the clock and the WWV. To correct for
clock drift the two time signals were again simultaneously recorded at
the end of each recording week.

To complete the MEQ-800 system, a Mark Products vertical L4-C geo-
phone (1.0 Hz natural frequency) or, when necessary, a Willmore vertical
geophone (1.5 Hz natural frequéncy), was used. Magnification response
curves for the usual field settings are shown in Figure 2. A peak mag-
nification of around 1.6 x 10% is achieved at 40 Hz (with the high
filter set on 30 Hz).

DR-100 Seismograph. The DR-100 system is a precision 12-bit digi-

tal seismic recorder. It continually samples the seismic signal until
triggered by a particular event whose beginning short-term average is
larger, by a prescribed amount, than the long-term signal average. At
this time, the signal producing the large short—term average is recorded
on magnetic tape. Allowances are made for recording the beginning of
the triggering signal and timing information, supplied by a quartz

crystal chronometer. The amplification and available filter settings

are identical to the MEQ-300 éystem as is the geophone, a Marks Products
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L4-C. For the microearthquake study, the digital recording was done at
100 samples per second. A companion play back system (DP-100) provided
both analog and digital outputs for subsequent data processing and anal-
ysis.,

LRSM ézstéﬁ. The station at SNM hag a Long Range Seismic Monitor-
ing (LRSM) system. The system employs one vertical and two horizontal
(N-S and E—W) short period Benioff seismometers. The gignal, after
amplification is recorded on a helical 35 mm film recorder at a rate of
0.25 mm/sec. The magnification has a peak value of 140 k at 3.3 Hz.

Arrays. The five to eight Sprengnether systems were available for
use in a movable array which could occupy any of the 26 station sites
shown in Figure 3 and listed in Table 1. Protection from atmospheric
noise was a main prerequisite for site selection. In most cases caves
and abandoned mines were used; however, nine stations (BB, CK, CU, HC, TD
MY, NG, SL and TA) were only protected by rock overhangs. When possible,
the geophone at the station was buried. In all cases, the underlying
material of the station is solid rock, reducing as much as possible,
seismic signals arriving nearly vertically because of refraction through
low velocity surface material. The majority of the recording time was
spent with arrays in the southern portion of the area until Fall, 1977,
when the instruments were moved to the more northerly stations.

The MEQ-800 seismographs were deployed on Mondays and retrieved on
Fridays. The DR-100 units were placed in the field for longer .periods
of time. They provéd reliable encugh to provide continuous sampling
and individual event recording for periods of up to 4 weeks.

Hypocentral Locations

Microearthquakes were located using a damped least squares inversion
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TABLE 1. Portable Seismograph Station Locations@and Statjon Corrections,

. o L . Station*
" Station “Latitude " ‘Longitude Elevation (m) ""Correction(sec)
BB ' 34,4090 106.6818 1615 | ~.02
BG 34,2068 ~ 106.8205 ' 1516 ‘ +.02
cc 34,1442 106.9819 1649 .09
CK 34,2725 106.7702 1578 #
cM 33.9501 106.9576 1640 +.22
cu 34.1573 106.7785 1585 -.03
DM 34.1075 106.8079 1536 -.09
FC 33.8950 107.0504 1850 ~27
FM 34.0829 106. 8047 1537 +.02
FR 33.8747 106.7270 1558 #
oM 34.1454 107.2345 1945 ~.09
HC . 34.0658 107.2361 2240 +.13
¢ 33,9870 106.9967 1730 +.18
LAD 34,4583 107.0375 1768 ~.20
LPM 34,3076 106.6336 . 1737 +.00
MG 34.1305 107, 2425 2024 #
MY 34.1667 106. 7459 1645 ~.08
NG 33.9648 106.9933 1730 +.15
NJ 33.9924 106.6253 1644 #
RI 34.4234 107.2075 1530 +.18
sC 34,0100 107.0894 2073 +.28
SL 34.2234 106.9910 1615 ~.09
TA 34.0498 106.7751 1558 ~.05
D 34.2339 106.5778 1850 ~.20
WM 34.0120 106.9929 1673 .12
WT 34.0722 106.9459 1555 ~.20

*P-wave corrections. For S-wave corrections multiply by ¥3 .
# Not determined because of lack of data.

@ Relative latitudes and longitudes.

T e
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program written by R. M. Ward (personal communication, 1879). The pro-
gram provided estimates for hypocentral locations, origin times and
errors for these parameters. Because four unknowns (latitude, longitude,
depth of focus and origin time) were calculated, five or more P-wave
arrival times were required to provide redundancy in the solution. To
calculate the four unknowns, a crustal P-wave velocity model, P-wave
arrival times and initial estimates of the four unknowns were needed for
the program.

The crustal velocity model used for this study was a homogeneous
half space with a P-wave velocity of 5.8 km/sec. Three different types
of observations substantiate the low P-wave velocity. Sanford et al.
(1973) obtained a 5.8 km/sec velocity from the distances and travel
times between a U.S.G.S. station at Albuquerque (ALQ) and microearth-
quakes accurately located in the vicinity of Socorro. Toppozada and
Sanford (1976) observed a secondary phase with a velocity of 5.8 km/sec
on a refraction profile aloﬁg the Rio Grande rift which they interpreted
as a direct P-phase through the upper crust of the rift. Finally a
best least squares value of 5.8 km/sec has been obtained through inver-
sion of the microearthquake P-wave arrival time data (R. M. Ward, per-
sonal communication, 1978).

Impulsive P-wave arrival times were measured to *0.02 seconds with
a2 modified Gaertner traveling microscope. Variations in recording rates
were accounted for by measuring the duration of each minute on each
record at the time of the arrival of the event. Clock drift, which was

no larger than 0.5 sec/week, was corrected for by assuming linear clock

drift between times of synchronic recording of the internal clock and
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the WWV time signal. Subsequent checks have shown that this assump-
tion was accurate to at least *0.05 seconds. The best check of the
overall error in P-wave arrivals came from comparing arrivals from known
manmade explosions. P-wave arrivals from different explosions having
identical ray paths from the source to several stations were timed.
Although different recording units were used at the stations, different
personnel timed the explosions and the events occurred at different
times of the recording week, P-wave travel times between the source -.
and stations were reproducible to *+0.03 seconds at the 95% confidence
interval.

Initial estimates of the origin times for the microearthquakes were
obtained from Wadati plots, 1.e. graphs of S-P intervals versus P-wave
arrival times. The Wadati origin time is the P-phase arrival time at an
S-P interval of zero. The slope of the line passing through the data
was constrained to 0.73, the value for a Poisson's ratio of 0.25. Ini-
tial estimates of the epicentral Jocation were found by using the Wadati
origin times to find approximate P-wave travel times. These travel
times were then used in a graphical, cord-intersecting technique to de-
‘termine the coordinates of the epicenter (Richter, 1958, pp. 320-321).
Initial estimates for depths of focus were set at‘lO km.

Original locations of microearthquakes using the half space veloc-
ity model revealed that there were particular crustal zones within which
events could not be located well. 1In addition, there were particular
stations that always produced substantial time residuals (observed minus

theoretical travel times) when used in the solution of a microearthquake

location. For example, microearthquakes located near station CM many
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times had average time residuals that were more than twice as great as
those for shocks located mear WT or SC. Moreover, time residuals for
station CM were usually greater than those for other stations. Station
CM is within the boundaries of the Sacorro Caldera which contains a
substantial thickness.of low'Qelocity material. Between WT and CM
thicknesses of alluvial and ash flow tuff fill of up to 5 km are ex-
pected (Chapin et al., 1978). Several other similar anamolous crustal
zones and stations having associated large residuals were found.

To aécount for the large time residuals caused by both known and
unknown diverse geologic conditicns beneath and/or near recording sta-
tions, individual station corrections were calculated. Microearthquake
data proved too ambiguous to be the only source of data for calculating
the correctionss; so for as many stations as possible, corrections were
assigned by measuring arrival times of iocal explosions whose locations
and origin times were accurately known. Differences between theoretical
and observed travel times for these explosions were attributed to dif-
ferences in the geologic conditions directly beneath the station. For
stations that were too distant to record the explosions, corrections
were calculated using the location program in the following manner. A
hypocenter was determined for a particular event using those recording
stations that had station corrections determined from explosions. The
remaining uncorrected arrival times were then inserted into the location
program and a new hypocenter was found. Variable station corrections
were added to the uncorrected station arrival times until the two loca-—

tions agreed. All the station corrections were shifted so that the

origin time found with the iterative program agreed, on the average,

with the origin times obtained from the Wadati plots.
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The P-wave station correttion, the times to be subtracted from
arrival time;, are listed in Table 1. The S-wave station corrections
to be applied to the SZS reflection travei times were the P-wave station
corrections multiplied by 3 which assumes the rock immediately beneath
each stati&n has é.Poisson ragio of 0.25. The station corrections
roughly reflect the near-surface geology (see Figure 3). To the south-
west and west of station WT, corrections are largest, greater than 0.20
seconds, because stations in this area are located on thick sequences
of intra-caldera fill (Chapin et al., 1978). Stations north of and in-
cluding station WT have the smallest corrections, less than -0.12 sec-
onds, because they are located on or close to Precambrian rock. Stations
located on intra-rift uplifts on the eastern side of the rift also have
small corrections, between 0.00 and 0.02 seconds.

The microearthquake origin times were used to determine the SZS Te-—
flection travel times. Because of their importance, origin times de-
'termined by the iterative procedure and Wadati procedure were continually
compared. Wadati origin times were considered more reliable because
they depended only on Poisson's ratio. Iterative origin times depended
upon, in addition to the crustal velocity structure, the final micro-
earthquake hypocenters. Erroneous hypocenters, especially for poorly
constrained events, oftentimes resulted in origin time errors of up to
several seconds. On the other hand, because small changes in Poisson's
ratio are probable in the region, some variation in the Wadatl origin
times is possible. Therefore, the procedure followed was to use the
Wadati origin time if it differed from the iterative origin time by 0.45

seconds or more. This restriction helped immensely for poorly con-

strained locations, the majority of which were for events outside of the
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recording array. Origih.times were constrained to the Wadati values for
less than 20 of the events used. For the remaining events, iterative
origin times were used. These differed from the Wadati origin times by
less than #0.25 seconds, on the average,

An eséimate of the average error in hypocentral locations is needed
before proper errors in resulting reflection points and the S-wave
velocity structure can be estimated. The iterative location program
calculated a covariance matrix from which estimates of the relative er—
rors could be based. This covariance matrix was based on (1) a P-wave
arrival time standard deviation of 0.03 seconds, (2) the geographic dis-
tribution of stations and (3) a 5.8 km/sec P-wave velocity half-space

crustal model. For events used in this study the covariance matrixes

DT

B

gave average standard deviations of +0.38 km in latitude, *0.40 km in
longitude and #0.85 km in depth of focus. Unfortunately, these errors
are only relative and depend strongly on the above factors.

For shocks located within a small local array with an area less
than approximately 500 km? (used extensively in 1975 to early 1977) the
estimates of the errors in latitude and longitude are probably accurate.
For shocks located outside of the array and for events recorded by a
poorly distributed arrzy, lateral errors of up to *2 km are suspected
for maﬁy events, especially Class B.

With the particular location program used, depths of focus are
very closely allied to origin times and station distribution. There
appears to be almost a one to one trade off between origin time esti-
mates and depths. Earlier origin times are associated with deeper
depths of focus assuming the same eplcentral location. It will be seen

in the inversion section that depths of focus errors may be as great as ;
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*5 km. These errors can be reduced by calculating depths of focus using
a known reflector, the magma body, and reflection travel times.

Reflection Data

The microearthquakes re;orded during the 316 operating days from
May, 1975, to January, 1978, were inspected for all SzS and SZP reflec—
tions. Reflections and their associated shocks were then categorized.
Class A reflections always are associated with Class A microearthquakes;
however, there can be Class B reflections associated with Class A shocks.
The reverse is not true. Reflections and events were categorized using
the following specifications.

Class A (all specifipations required)

1. Unmistakable SzS arrival (see Figure 4).

2. Five or more stations recording the microearthquake.

3. Iterative origin time is within *0.45 seconds of the
Wadati origin.

4. Average P-wave residuals are within #0.09 seconds for
events contained in the recording array; residuals are
within *0.2 seconds for events outside the recording array.

Class B
Any reflection, and/or its associated event which does not

satisfy all specifications for a Class A status.

Locations for many Class B data were available from Fender (1978).
Class A and B data arelisted in Appendix 1. All hypocenters are given
in Appendix 2.
Qther Data

Most of the information on the extent and shapé of the upper sur~

face of the magma body was determined from the gspatial positions of the

v
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points of reflections; however, important additional controls were ob-

tained from COCORP deep P-wave reflection profiles crossing the Rio

Grande rift (Brown et al., 1979)(see Figure 9).

RSt i e DA
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MAGMA BODY

Introduction

From previous studies (Saanford and Long, 1965; Sanford et al.,
1973; Sanford et al., 1977) the existence of an extepsive magma body
épproximately 18 to 19 km beneath the Socorro area has been known for
several years. In thils paper, amplitude ratiocs of the SzP to SZS re-
flection phases, wave form character and reflection frequency content
have all been used to gain insight into the physical propertieé of the
discontinuity and type of material beneath it. In addition, a neces-
sary effort of this study was to map, with confidence and some resolu-
tion, the lateral extent and relief of this discontinuity so that it
could be used in conjunction with travel times of the st reflections
to determine upper crustal S~wave velocities with a linear inversion
technique.

Properties of the Upper Surface

Particularly good examples of microearthquake seismograms contain-
ing SZP and st reflections are shown in Figures 4 and 5. Figure 4
contains two digital records from the DR-100 recording units. Although
each seismogram was recorded on a separate day, both events occurred near
station SC and are believed to be members of the same microearthquake
swarm. Figure 5 is reproduced from LRSM seismograms. In addition to
these two figures, many well-recorded seismograms reproduced from both
MEQ-800 and LRSM records appear in Appendix 4.

On all seismograms reproduced, both the SZP and st reflections
are impulsive implying that the discontinuity is quite sharp (10's of

meters). For many shocks, the SzP consists of a single sharp oscilla-

tion followed by a weak or nonexistent coda. The st reflection appears,




21

30-MAY-77 _ O7:16
STATION SC |

“W‘v‘"ﬁ%@«!‘%“(’ AL AL

J } ;
IR R AR S
; 'dhw“ !if

Sz P Reflection

P Wave

::;-;Hzﬁgt_».m—
<
-

e
3
%

< 4 Seéonds —

Cl4-AUG-TT 06:48
ﬁ STATION WT

Two well recorded microearthquakes with clearly defined S,P

and S 5 reflections.
DR—lOﬁ digital seismographs at statioms SC and WI.

Figure 4.
Recording was done with a short-period




22

b e e e
skt ke ,____1

August 12, 1976
0. T. 0L:45
Station SNM

(Mfember of swarm
occurring at 04:56)

December 27, 1978
0. T. 09:29
Station SNM

(Not located)

.
S

ber
=

SECONDS

Figure 5. Reproductions of two strong microearthquakes recorded by the
LRSM system at station SNM. Reflections show a predominate
frequency of from 3 to 4 Hz.
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on many records, to be almost an exact copy, at a reduced amplitude, of
the direct S-wave.

To determine if the discontinuity equally reflects all frequencies
of the direct S-wave as suggested by the similarity.between the direct
S~wave and'the SZS reflection; spectral analysis of both phases was done
by applying the theory of discrete stationary time series (Robinson,
1967 and Jenkins and Watts, 1968). Autocovariances of the signals were
calculated and then transformed, via Fourier Transformations, to give
spectral density function estimates of the signals. The short duration
of individual direct S-waves and st reflections prohibited accurate
resolution of the spectrum at closely spaced frequencies. To improve
the frequency resoluﬁion of the spectral estimates, averages of the
spectral density functions were calculated for several recorded signals
originating from individual microearthquake swarms.

Three sets of spectral density functions, each set containing esti-
mates for the direct S-wave and the st reflection are seen in Figure 6.
The spectrums obtained at station SC are nearly identical. The same is
true for the spectrums obtained for northerly events recorded at station
WT. The spectral estimate obtained for the SZS reflection originating
from the southwesterly swarm and recorded at WT compares well with the
estimates of the spectrums obtained for the northerly swarm; however,
the S-wave derived from the southwesterly swarm, as recorded at WT, ap—
pears to be lacking substantially in high frequencies. It is noted
that this direct S-wave passes through crustal material thought to con-
tain zones of low rigidity (Sanford et al., 1977) which could account

for the absence of high frequenéies. Nevertheless, the almost identical

nature of the other spectrums indicate almost equal S—wave reflection




24

e
N

SPECTRAL DENSITY FUNCTION
(o]

——  S-WAVE _
v —~~—~ 5,5 REFLECTION

v ‘

Station: SC
Swarm locuted at _
34-01°H

1I07-07°W

| ! S

o
o)

Q
NS

SPECTRAL DENSITY FUNCTION
o

O
O

Figure 6.

to 20 30
FREQUENCY (Hz)

—— Station: WT —0  S-Wave

I © swarm at 34-0I°N, [07-07°W
—-X $;S Reflection
Sworm at 34-10°N,107-00° W

=0 S-wave
~-{N S S Reflection

FREQUENCY  (Hz)

Spectral density functions obtained for direct S-waves and
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trums are averages of as many as 14 shocks recorded during
individual microearthquake swarms.
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at all frequencies. Individual station differences are seen and are
believed to be caused by near surface heterogeneities. This is implied
by the similar spectrums obtained at station WI for SZS reflections de~
rived from different source regions.

In additioﬁ to the spectral analysis of the two microearthquake
swarms, seismograms appearing in Figure 5 and in Appendix 4 have been
qualitatively analyzed for frequency content by counting zero crossings.
The data, origin times, instrument used and predominate frequencies are
given in Table 2. Predominate frequencies as high as 18.7 Hz and as
low as 3 Hz are present in the reflected signals.

The simple form of the SZP, the similarity of the station dependent
spectral density functions of the direct S-waves and the SzS reflections,
and the broad frequency content of other st reflections indicate that
the discontinuity is singular to S-wave energy.

One unusual feature of the reflections is the large amplitudes
relative to the direct S—-wave. For nearly 150 vertical component seis—
mograms recorded at SNM, the measured SzS to direct S-wave amplitude
ratios average around 1.3 (Sanford et al., 1873). The large ratios,
particularly those above the average, cannot be explained even if one
assumes (1) ten times more SV energy radiated downward from the focus
along the SZS raypath than outward along the direct S raypath, and (2)

a large reflection coefficient for a solid to solid velocity discontinu-
ity. On the other hand, a solid to non-rigid (magma or partial melt)
interface can account for the observations.

Further evidence for a solid to liquid interface comes from an

analysis of the SZP to SZS amplitude ratios. SZP and st reflections

are generated by S-wave energy traveling only slightly separated ray
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paths and thus their amplitude ratios are relatively unaffected by dif-
ferences in the S-energy radiation pattern. These ratios can be used

to éstimate the general magnitude of the reflection coefficients which
are functions of the velocity and density contrasts across the discon-
tinuity. All meésured SzP and st ratios were corrected to take into
account the angle of incidence of the emerging waves as calculated using
a homogeneous half-space with an S-wave velocity of 3.4 km/sec. The
measured ratios were corrected by multiplying by the sine of the theo-
retical angle of incidence for the SzS wave and dividing by the cosine
of the angle of dincidence for the SZP wave. Figure 7 shows the observed
data from both Class A reflections and, where feasible, Class B reflec-—
tions. Actual values of the corrected amplitude ratios are given in
Appendix 1. To find possible station related effects, each station is
shown with a different symbol. It is apparent that station differences
do exist and are probably related to differences in near surface struc—
ture and rocks. Also included in Figure 7 are three theoretical ampli-
tude ratio curves assuming plane wave theory. Curve A is calculated

for a solid to solid interface across which the P-wave velocity increases
from 5.8 to 6.5 km/secland the rock density increases from 2.8 to 2.9
g/cn®. This model of an intercrustal discontinuity is taken from an
interpretation of a north to south refraction profile through central
New Mexicoe (Toppozada and Sanford, 1976). Curves B and C are for in-
terfaces separating rigid and non-rigid crustal rock, 1.e. interfaces
across which the S-wave velocity abruptlyrdrops te zero. Curve B is

for a discontinuity separating rigid crustal rock and a full melt. P-

wave velocities and densities change from 5.8 km/sec and 2.8 g/cm®

above the discontinuity to 3.0 km/sec and 2.5 g/cm® below the discontinuity.
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These velocity and density contrasts approximate the experimental reduc-
tions measured by Murase and McBirney (Fig. 13, 1973) for a transition
from solidus to full melt of two types of basalts. Curve C is for a dis-
continuity across which no rock density contrast exists; however, the P-
wave velociﬁy drops from 5.8 km/sec to 4.5 km/sec. This velocity reduc~
tion accounts for the complete loss of rigidity while keeping the bulk
modulus of the material constant. This model was chosen to represent an
initial partial melt wherein the solid rock grains are completely surrounded
by a thin film of liquid. This type of initial melting has been proposed
as "My preferred description of the initial melt, in countrast to an array
of isolated droplets of variable aspect ratio." (Yoder, p. 164, 1976) and
was supported by several experimental and real observations. Although
complete loss of S-waves in either a full ox partial melt is not entirely
valid (Aki et al., 1978), almost complete S-wave reflection is required.
Theoretical Curves B and C are believed to represent the extremes possible
for an interface separating rigid and non-rigid crustal rock,.

The measured ratlos cannot be related to the theoretical curve A,
especially at the higher angles of incidence. They are, however, scattered
around curves B and C. Appreciable differences in these two curves do not
appear until the angle of incidence for the SzS exceeds approximately 25°.
Unfortunately, this is also the same region where the SZP and SZS energies
arrive in the coda of the direct S-wave and accurate amplitude measurements
become difficult. Because of this, data for angles of incidence greater
than 25°, although quite select, méy be subject to some error. In addition
to this problem, calculated angles of incidence could be in error by as
nuch as 8° for the larger angles of jncidence if both the P and S wave

velocities were to decrease by. 20% just above the discontinuity. Such a

velocity decrease might be expected because the temperatures of the crustal

T e
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rock above the magma should be elevated, The decrease would make angles of
incidence for the observed data actually less than those calculated from
straight ray paths. Moreover, calculated angles of incidence could also be
less than actual angles of incidence because of near surface velocity de~-
creases, imﬁlied by fhe positive station corrections found for many stations
and the apparent station differences observed in the amplitude ratios. Be-
cause of these problems in addition to the scatter in the data, differentia-
tion between types of melt or rock types is not warranted; however, it is
clear that the discontinuity is one between rigid and non-rigid rock.

Lateral Extent of the Magma Body

Figure 8 shows the basic ray path coﬁfiguration used for calculating

reflection points employing equations

(TS g ° VS) - A (1)
z

(22 - p)?
and A = Tan (r) « (Z - D) . ' (2)
Figure 9 shows the lateral extent of the magma body as defined by both
Class A and B data. Reflection points have been calculated assuming a depth
to the reflector of 19.2 km and an average S-wave velocity of 3,405 km/sec.
Justification for i:se of these values is given in the next section of this
paper. A solid boundary line in Figure 9 indicates the boundary has been
closely defined by calculated reflection peints and/or COCORP P-yave reflec—
tion data. Beyond the solid boundaries to the south, no clear reflections
have been observed, although there have been many opportunities for such re-
flections to occur. This was determined by calculating hypothetical reflec-—
tion points for microearthquakes that did not actually contain reflection
phases. Very weak SZS reflections from points outside the boundaries are

occasionally observed. These are interpreted as being from a selid to solid

discontinuityatapproximatelythesamedepthasthenmgmalayer. Dashed boundaries
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Figure 8. Cross section of the crust showing ray paths and distances.
Either the depth to the magma layer or the depth of focus for
the microearthquake can be calculated from the st travel times.
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indicate only a minimum extent of the magma body due to lack of data.

Errors in the lateral position of reflection points in Figure 9 are
dependent mostly upon both epicentral errors and SZS travel time errors.
Depths of focus érroré areAeliminated by calculating the reflection
points usiﬁg a known S-wave velocity and reflector depth. Errors due to
epicentral uncertainties are less than one half the epicentral errors
themselves. For well constrained epicenters, reflection point errors
are less than 0.2 km; however, for the poorly constrained epicenters for
Class B events errors may be nearly 1.0 km., Errors due to the SZS travel
time uncertainties are more complicated to determine. For near vertical
ray paths (e.g. reflectioﬁ poeints in the southern portion of the area)
errors due to travel times are negligible. For an epicentral distance
of 30 km, travel time errors of the st reflection of 1.0 second will
produce a 1.5 kn lateral error in the reflection point. Both the epi-
central error and travel time error are additive. For events to the
south, then, reflection points probably have errors of less than 0.2 km.
Reflection points with epicentral distances greater than 30 km may have
errors greater than 2 to 3 km.

North of épproximately 34,3°N, the S-wave reflection data do not
closely define the boundaries of the magma body. In these regions, the
control comes primarily from a strong P-wave reflector seen on COCORP
profiles and identified as being the same as the magma body (Brown et al.,
1979). On the basis of st reflections observed on seismograms recorded
at Albuquerque, the magma body is believed to extend as far north as
34.5°N (Sanford et al., 1973). Considering all available data, the
ninimum geographical extent of the magma body i1s on the order of 1700

km?. The reflecting surface appears to be continuous over this entire
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areal extent.

Surface Relief on the Magma Body

A major question in all studies of the magma body has been the
amount of surface relief on its upper surface. Mott (1976) was the
first to pfopbse some relief on the body. Rinehart (1976) mapped an
apparent relief of up to 2 km on the upperrsurface of the southern por-
tion of the body. The reflection points used to determine this apparent
relief were calculated on the assumption that the S-wave energy was re-—
- flected from a hqrizontal surface, i.e., actual dip was not taken into
account when determining the reflection points, With this assumption,
the shallowest point on the reflecting surface was beneath station WT;
from this point the surface dipped in all directions, except the north,
A difficulty with this interpretation became apparent when the reflec—
tion points were migrated to take into account the effect of their
being reflected from a dipping surface (Telford et al., 1976 and Michaels,
1977). The migrated surface became at best, a line source; that is, the
reflections were merely a diffraction pattern. That this cannot be the
case is clearly shown by time-distance graphs for microearthquake re~
flection phases in Sanford and Long (1965) and Sanford et al. {1973).

In the earlier interpretations of surface relief, no corrections
for travel through low velocity material beneath the stations were ap—
plied to the SZS travel times. When station corrections were applied,
any systematic departure from a horizontal discontinuity was lost in the
statistical uncertainties of the depth calculations which were on the
order of +3.0 km.

Other observations were used to demonstrate that the reflecting

surface has very low relief. First, a study was made of reflector
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depths for individual shocks producing reflection phases at two or more
stations. 1If one portion of the reflector is truly deeper than the rest,
reflection points falling in this deeper area will always appear dif-
ferentially deeper. Data thus far analyzed do not indicate any correla-
table differential depths over the surface of the magma body.

A second important observation indicating low relief on the upper
surface of the magma body is illustrated in Figure 10. Let microearth-
quakes located at E2 and E3 be recorded at stations CM and WT, respec—
tively. If the dip on the upper surface of the magma body was comparable
to that shown in cross section 2, then reflected phases should be re-
corded at these two stations. Several seismograms of microearthquakes
with a ray path geometry similar to Figure 10 were found to have no re—
flection phases.

Seismograms for microearthquakes with ray paths similar to E1-FM
in Figure 10 were also found to have no reflection phases. Cross sec-
tion 1 indicates reflections would be observed at station FM if the body
had 10° or more of dip. Therefore, the approximately eastward dip must
be 10° or less which allows no more than about 0.8 km of east to west
relief on the upper surface of the magma body.

The last observation indicating low relief on the magma body was
an analysis of P-wave reflection data from COCORP profile 1A (Browm et
al., 1979). Figure 11 is a simplified drawing of the time-section for
line 1A which shows the two major continuous reflectors. The interpre-
tation applied to this section is that the early reflection i1s from a
boundary between low-velocity rock and underlying rock with a velocity

of 5.8 km/sec, the average P-wave velocity of the upper crust. The

second reflection is the P-wave discontinuity that Brown et al. (1979)
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Figure 10. Raypaths for microearthquakes which helped.define the relief

on the upper surface of the magma body. See text for ex-
planation.
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associlate with the upper surface of the magma body. The apparent relief
of the upper surface of the magma body can be explained by time delays
associated with the low velocity rock. Consider the two-way travel
times to the magma body at VP240, VP175 and VP90. TIf the low velocity
rock has an average velocity of 3.4 km/sec, these travel times indicate
a horizontal discontinuity at 19.8 km beneath the surface. Sonic logs
from Shell Oil'Company Well Shell 2, Santa Fe, located approximately

50 km north of COCORP Line 1A in the Albuquerque~Belen basin given an
average velocity for the upper 3.24 km of low velocity material near
3.3 km/sec. (R. W. Foster, persomal communication, 1979). Application
of a velocity of 3.3 km/sec to the reflection travel times on Line 1A
only decreases the depth to the reflector by 0.1 km and the resulting
relief is undetectable.

The three observations described above, indicate that to a first
approximation the upper surface of the magma body is planar. However,
statistical uncertainties in the relief calculated from the above obser—
vations still permit a maximum relief of 0.8 km from the extreme edges
to the center of the body.

Depth to the Magma Body

The major problem associated with determining depth to any reflec-
tor, in this case the magma body, is deciding on the appropriate velocity
model to be used. In addition, when using microearthquakes, any error
in the hypocentral locations, especially the depths of focus, will af-
fect calculated depths to the reflector. Table 3 gives a cowmparison be~
tween different crustal models, average depths of focus and resulting
depths to the magma body for all of the past and present studies. S~

wave crustal velocities for the earlier studies were based on P—wave
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velocities and a Poisson's ratio of 0.25, For this study, microearth-
quake locations, recording station locationms and corrected SZS reflec—
tion travel times were used in a least squares, iterative inﬁersion
program to determine the average S-wave velocity of the upper crust as
well as depth to the magma layer. This inversion will be discussed in
the next section.

Thickness of the Magma Body

The available observational data indicate that the magma body is
very thin relative to its extent. Analysis of the Gasbuggy refraction
data (Toppozada and Sanford, 1976) does not support delays in the re-
fracted Pn arrivals through the magma layer much greater than 0.1 seconds
(Sanford, personal communication, 1979). P-wave residuals for teleseisms
(Fischer, 1977), with station corrections applied, show delays for sta-
tions located above the magma layer which cannot be greater than 0.1 to
0.2 seconds. Tang (1978), inverting teleseismic delay times and Pn delay
times obtained from regional mining explosions, found no substantial P-
wave velocity reductions due to a magma body located at 19 km. The lack
of substantial delay times limits the thickness of the magma layer to
0.6 to 1.2 km if the magma is a full melt. Brocher (1979) using P-wave
reflection coefficients estimated from spectral ratios obtained from only

COCORP Line 1, estimates thicknesses are between 23-35 m thick.
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INVERSION OF st REFLECTION DATA

Introduction

This section presents the inversion schemes, forward models and re-
sults of three generalized linear (least squares) inversion models that
were applied to the st reflection travel times. These analytical pro~-
cedures resulted in an average S-wave velocity structure for the Rio Grande
rift in the Socorro area and a depth to the extensive magma body.

The three moaels used for the inversion of the reflection data had
different degrees of complexity and goals. The first model, M1, calculated
the average S-wave velocity for the entire area and the depths to 36 sepa-
rate, horizontal rectangular surfaces representing the upper surface of the
magma body. The other two models, M2 and M3, assumed a horizontal reflec—
tion surface as a first approximation. Model M2 had as its unknown param-
eter the overall average S-wave velocity of the crust or an average reflec~
tor depth. M3 initially permitted three unknown parameters, velocities of
a two-layered crustal model and the thickness of the deeper layer; however,
only the lower layer velocity could accurately be solved for in the final
analysis. The upper layer velocity was constrained to 3.35 km/sec and the
~depth to the magma body was constrained to 19.2 km. Model M3 was also used
with spatially varying data to determine possible lateral velocity inhomo-
geneities and velocity anisotropies, Data for model ML and M2 included all
Class A reflection data. Model M3 used a restricted data set which only
allowed Class A microearthquakes producing three or more reflections.

Inversion Technique

The- least squares inversion technique used in this paper 1Is based on
one outlined by Braile (1973) and explained in detail by Jackson (1972)

and Wiggins (1972). A description of the method used in this study is

presented below.
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The notation used in this discussion is as follows. Lower case
letters represent scalers. Underlined or doubly subscripted capital
letters represent entire matrixes or single matrix elements, respective-
ly. Overlined or singly subscripted capital letters represent multi-
dimensional vectors, The superscripts "o" and "t" designate observed
and theoretically calculated data. The superscript "T" indicates the
transpose of a matrix.

The basic purpose of this generalized inversion technique is to
minimize, in a least squares sense, the differences between the observed
SZS reflection travel times and the theoretically determined SzS travel
times by calculating and applying appropriate changes to parameters in

assumed crustal models. Theoretical travel times are calculated using

a forward model whose equation is the parametric functional

Tt = P (3)

where X is a vector containing all of the model parameters. An expres-—
sion for the difference between the observed and theoretical travel
times is obtained by applying Taylor's expansion about the theoretical

travel times obtaining

n t
T,° = +Z AE, 4+ . o . ,i=T,. . .n (4)
i axlc }<k 2 3 ¢ 3
where Tio = ith observed travel time,

Tit = ith theoretical travel time,
. BTit change of the theoretical travel time

oL t

< with respect to the k b parameter,

change to be applied to the 0 parameter,

AXk =
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total number of data,

el
i

{i

and m total number of parameters.
By assuming that second and higher order terms are small, putting the
theoretical travel time on the left hand side of equation (4), and cal-

culating the partial derivatives using the functional F(X), a set of

first order, but in these models, non-linear equations can be calculated:

AT = A AX , (5)
SF(X, )
where Aki = —?ﬁgk— . (86)
Ty

— n
We can now solve equation (5) for AX such that kgl(Tko - Tkt)z becomes

a minimum. The resulting AX, when added to the starting model parame-
ters, produces new parameters that should best fit the data. If, how-
ever, the higher order terms in equation (4) cannot be neglected, or equa-
tion (5) is nonlinear in i, iteration of the inversion becomes necessary
until resulting AX converges to zero. Physical insight to the problem
is also necessary to determine if the least squares results are indeed
realistic.

The solution of equation (5) requires an operator H, the "natural in-
verse of A", such that H produces the following results (Jackson, 1972):

1. R =HA = I, where T is an identity matrix. R measures

the uniqueness of the solution.

2. The variances of i, given by

. Hkiz var (ATi) (7)

var (AXk)

I b~

i
are not too large .

3. S = AH, where, in this overdetermined problem, S mea-

sures how the model uses the data,
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~

To obtain the desired inverse, the A matrix is decomposed into its eigen~

vectors (U and V) and eigenvalues (4A) by (Lanczos, 1961)

AV, = A, 0. ,3=1...n 8
=] i 7 8
i ATT. = ALV, ,i=1 (9)
and A U, = TR e « o1
T
or A = UAV , (10)

where U and V are the columns of U and V, respectively. The columns of
U are the eigenvectors associated with the unknowns or crustal parame-
ters and the columns of V are the eigenvectors associated with the
data. A is a diagonal (m x m) matrix containing the eigenvalues of A
representing all of the m unknowns. A and the corresponding eigenvec-
tors are ordered such that the largest eigenvalue appears first, with
remaining values in decreasing order. If the original number of param-
eters in the starting model is greater than the given data can resolve,
unresolvable or poorly defined parameters are identified by their zero
or near zero eigenvalues. Elimination of these parameters 1s accom-
plished merely by reducing the rank or the degrees of freedom of A top
instead of m, where p is now the number of solvable degrees of freedom.
It is usually helpful to have in mind some maximum ratio between the
highest and lowest usable eigenvalues. Using only p degrees of free-

dom the "inverse of A" becomes

H = V At U . (11)

(nxm) (nxp)pxp)p x m)

where the matrixes' orders are given. The solution to the original

equation is




45

AX = H AT . (12)
(m) (m x n)(n)

Notice that all of the parameters are solved for; however, poorly defined

or unresolved unknowns will have -

AXk = 0 (13)

with a very small variance and a near null resolution vector (see below).

This method of parameter solution is identical to a classical least
squares method only if all of the parameters are resolvable and P = m.

One advantage with eigenvector/value decomposition is that if certain un-
knowns cannot be resolved they are identified and the inversion can still
continue by merely changing the number of degrees of freedom from m to p.
When p # m, the classical least squares method fails because the A matrix is
singular or at best 1ll conditioned and cannot be inverted unless an entirely
new model is calculated. Also, using the eigenvalue elimination method,
parameters can be eliminated according to one's wishes by eliminating the
respective eigenvalues,

The variances for the changes to the parameters and thus the variances
of the parameters are found by equation (7). This may be done by normaliz-
ing equation (7) so that the variance of ATi is 1. This is done by divid-
ing (Zié) by the variance AT so that equation (7) becones

n
var (8%, ) = igl HkiZ , (14)

which, for statistically independent parameters, becomes

var (aX,) = diagk[ﬁ_;f] (15)

or the square of the diagonal terms of the H matrix (Jackson, 1972).
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A useful constant in the inversion routine is the welghting factor
T, which is an estimate of the variance of an unknown parameter. For
this study, if any model parameter‘was assumed known, its 1 (or estimate
of the variance of the parameter) was set to 0.0l. Other than this, no
other value different than 1 was given to r. To use 7, the particular
column of the A matrix corrésponding to the parameter is multiplied by
T which in turn regquires that the resulting parameter change also Ge
nultiplied by t. Weighting by very small values produces small eigen—
values which then can be eliminated. This method allows certain paran-—
eters to be made constant without rewriting the computer program.

Resolution of the changes to the model parameters is a measure of
independence from the starting model a particular unknown retains after
the inversion. This should not be confused with variances or uncertain-
ties. The resolution is determined by looking at the kth row of the R

matrix
T
R = W = HA {(16)

t . .

for the k h unknown. For complete model independence, a Dirac delta

. th .
function centered about the k element is necessary. A zero or null

th . th .

vector results for the k  row of R if the k~ unknown is completely
model dependent. In general, as model independence is lost the resolu-—
tion decreases, as also does the variance of the parameter.

A most useful tool used in the inversions is the goodness of fit

factor

1/2
o t. 2
(Ti - Ti ) an

r = 5. 2;

i

1 wvar (ATiO)
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which is a normalized estimate of the average standard deviation of the
entire model with respect to observed travel time errors. If the aver—
age is near 1, the resulting standard deviatiop derived from the model
is approximately the same as that observed and the model has provided

a satisfactory fit with respect to the data. If the average 1is much
greater than 1, the standard deviation resulting from the model is tco
large indicating another model should be tried {assuming that the esti-
mates of the variances of the travel times are reliable). On the other
hand, if the average is much less than 1, the resulting model has more
detail than is reasonable for the expected errors in the data (again as-
suming the estimates of the variances of the travel times are accurate).
The amounts greater than or less than 1 that are permissible are arbi-
trary.

The ability of generalized inversion to be able to identify which
parameters cannot be resolved and how many degrees of freedom a partic—-
ular data set has, makes it a very powerful tool. On the other hand, it
is up to the investigator to decide what eigenvalue range (i.e. the
number of degrees of frgedom) should be used. It is also up to the in-
vestigator to decide what goodness of fit factors are acceptable and
when another model should be used. Finally, although answers are always
provided, this method still does not eliminate nonuniqueness inherent in
many geophysical problems. The validity of the model is still very much
dependent upon the investigator.

Inversion Models

For all of the inversion models the following will be given: a
figure of the model, theoretical travel time equations, the A matrix

equation, the data used and the results. For each model, the observed

vreflection travel times were calculated by subtracting the associated

)

L B e e
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microearthquake origin time, as determined by methods outlined previoug-
ly, from the reflection arrival time. Theoretical reflection travel
times were calculated from ray path tracing techniques using hypocentral
locations, statién locations, crustal model velocities and model depths
to the refiector. In all of the models, the resulting inversion was
nonlinear and iteration was necessary. All theoretical travel times
and the A matrix were recalcﬁlated before each iteration.

In order to find the standard deviations of the model parameters
using equation (16), an estimate of the standard deviation of the ob-
served travel times of the SZS reflections was\necessary. The most im-
portant contribution to the travel time error was associated with the
origin.time of the microearthquake producing the reflection. Although
no direct measurement of this error was possible an estimate can be
calculated by assuming the average error associated with the hypocentral
locations of the micrcearthquakes is related to the average travel time
error. By applying a Taylcr expansion to the SzS reflection travel time
equation (1) and taking the proper expected values (see Meyer, 1965, p.

128), the standard deviation of the reflection travel time due to hypo-~

central errors is

1/2
2 2
aTSzS 2 aTSzS 2
op = , + %y . (18)
oA oD
2 . .
where UL = variance of the reflection travel times,
2 i . 2
“ 9y = variance of the epicenters (0.16 km ),
2 . ' 2
o] = varilance of the depths of focus (0.81 km™),
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3
»TSZS = the change of reflection travel time with
SA respect to a change in epicenters,
aT : . .
SZS = the change of reflection travel time with
and
3D respect to a change in depths of focus.

Estimates of the variances of epicenters and depths of focus for Class
A data are, from Section II, 0.16 km2 and 0.81 km2 respectively. The
errors in epicenters are probably accurate. The errors in depths of
focus are too low when using depths of focus calculated by the itera-
tive location program; but are probably accurate when using the very
restricted data set used for model M3, Although a low estimate when
using M1 and M2, the error in the depths of focus was kept constant for
comparative purposes. Using an hypocentral te station distance of 16.5
km, an S-wave velocity of 3.4 km/sec and a depth to reflector of 18 km,
the estimate of the standard deviation due to hypocentral location
errors is 0.45 seconds.

The other important error in the travel times was the abiliiy to
pick the first arrival of the SzS properly. This standard deviation
was estimated to be *0.15 second. Since both major errors are additive,
the standard deviation of the observed reflection travel time is, by

assuming statistical independence of the parameters and adding variances
- 2, 2y1/2
GTSZS = {O’L 1 USZS} , (19)

where US 82 is the variance of the first arrival of the SZS. The esti-
z
mate of UTS g? which was used in all of the inversion models, was 0.5
2z

seconds. The S-wave velocity and depth to reflector are also in equation
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(1) and could contribute some error to the estimate.

Model J. Model M1l was used to calculate an average S-wave velocity
and depth to 36 horizontal reflectors représenting the surface of the
magma body. Figure 12 shows both a cross section and a plan view of
the model.‘ The unequal areal subdivision is an attempt to make the
total number of reflection points per horizontal reflecting surface ap-—
proximately equal. Note that 27 reflectors are contained in ihe single
southwestern most rectangle of Figure 12. Using only Class A data, the
theoretical travel time for the ith ray reflecting from the kth surface

was calculated using

1/2
{(22, -p)% 4 A.z}
£ 1 1 (20)

T =

Vv
s

where Z = depth to the kth reflector,

, th
D, = depth of focus for the i event,
A, = ith epicentral distance,

V. = average S-wave velocity.
N
The equations defining the sparse A matrix were

aTit %g BTit
AT, = —z— AV_+ ) —— AZ (21)
i avs s kel BZk k

h

i

where ATit change in theoretical time for the 1i°
ray,

AVS = change in the average S-wave velocity,

t
AZ = change in the k B depth to reflector,
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BTi = change in the theoretical travel time with
av .

5 respect to change in the velocity
aTi? changes 1n the theoretical travel time
U N .
aZk with respect to a change in the k h depth

to reflector.

Figure 13 shows the convergence of the average S—wave velocity and
the goodness of fit factor for the entire model. Both the average
velocity and goodness of fit factor appear to have approached their
best values by iteration number four. All but three of the 36 reflector
depths also reached, to within +0.3 km, their final wvalue by the fourth
iteration.

The depths to reflectors {given in Figure 12) are physically un-
reasonable. Differential depths of up to 2.8 km are preseni between
several adjacent rectangles. This apparent relief is in contradiction
to observations, discussed in Section III, which only allow relief on
the order of 0.8 km. When the depths obtained from the inversion were
plotted against actual values for individual reflection points, it was
seen that the inversion values were, indeed, the best average of the
data for any particular rectangle. This suggested that the rectangles
were too small to adequately model a reallstic overall average. Degrees
of freedom were eliminated in the model inversion in an attempt to pro—
duce one, data dependent, reflecting layer. This resulted in complete
model dependence of affected depths of the reflecting rectangles.

The most important result from model ML is the overall S-wave
velocity of 3.405i0;2 km/sec (95% C.I.) obtained from iteration number

four. Throughout the remaining analysis, it is this velocity that es-

sentially determines the crustal S-wave velocity structure and depth to
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the magma body. Three observations lead me to helieve that this is a good
estimate., Tirst, the velocity obtained was completely data dependent.
Second,-the'veIOLity converged in a stable manner to a particular solu-
tion. Finally, the large range in depths to the rectangles, although

physically unrealistic, have, I believe, helped to compensate for errors

1

N
=
[m]

epths of focus. Statistically speaking, the average S-wave velocity
wes found after accounting for errors in the depths of focus.

Two dindependent observations confirm this S-wave velocity. Usine
I O

.

surface wave dispersion cdata, the first 18 kﬁ of the crust in the Rio
Grande rift was found to have an average S-wave velocity of 3.4 km/sec
(Rellex et al., 1979). Sanford et al. (1973) found that an S-wave veloc-
ity of 3.38 km/sec produced the smoothest transition of the st reflector
depths as thev extended it northwvard from ststion SNM.

Hodel 2. M2 wae constructed to provide the simpler crustal modcl
required to cbtain a physically reasonable depth to the reflector.
Model M2, assuming a horizontal, flat reflector, had as a parameter the
average crustal S-wave velocity or the average depth to the reflector.
It would have been desirable to simultaneously solve for both depth to
the reflector and an average S-wave velocity; however, when this was
tried with a specialized, more accuvate data set (as explained in the dis-
cussion of model M3), a continuous trade off between the two occurred.
In addition to the tradeoff, the variances of both parameters became too
large (on the order of the parameter itself); thus viclating condition 2
(as set forth by equation (7)), vhich is required for the "proper inverse
of A", |

Figure l4a shows the crusral cross section for model M2. Using

Class A data, theoretical travel times were calculated by
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Figure 14. A comparison of inversion model M2 with model M3.
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']-4 - Vv H (22)
= 5
where z = denth to the reflector
. . ,th
b, = epicentral distance of the 1 event,
e e v .th
Di = depth of focus for the i aevent,
and v = average S-wave velocity.
s

The equations that

the unknown were

BT.t
wn B T3
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a7, b
vhere e =
’ oz
and A7 =

The equations that

parameter were

t
‘ oT .
m —_—
AT 3V
IS
ar.*
i
where _—— =
o o
and AV =
3

were solved when the average depth to reflector was

. -

AZ , (23)

change 1n travel time with respect to
the depth to the reflector,
change in the average depth.

were sclved when the average velocity was the unknown

AV {(24)
8

the change in travel time with respect
to the velocity,

change in the average velocity.

In all calculations, convergence to a solution that was completely in-

dependent of the starting model, as determined by the resolution matrix




and equation (16), was obtained by the fourth iteration.

Using the S-wave velocity of 3.405 km/sec, found in ML, the average
depth td the reflector is 19.3+0.6 km (a.d.), with a goodness of fit
factor of 2.0. On the other hand, when a depth to reflector of 19.3 km
was used to find the hast S-wave velocity, a value of 3.432620.02 km/sec
(s.d.) resulted, also yielding a goodness of fit value of 2.0. The dig--

.

parity between the two results, although both are within each other's 95

12

percent confidence intervals, is a result of which parameter (i.e. depth
or velocity) was changed to minimize the travel time residuals in the
least squares sense. To obtain a best least squares velocity of 3.405

km/sec using model M2, the required depth to the reflector was of 19.1 Lkm,
Once an average S-wave velocity and depth to reflector are known,
depths of focus for every Class A and Class B microearthquake producing
a reflection can be calculated from equation (22) using st reflection
travel times. Assuming that the microearthquakes are independent and ran-
donly distributed both in time and space, a Central Limit Theorem of Prob-
ability (Meyer, 1965, p. 233) can be applied to differences found subtract-
ing depths of focus calculated using the iterative location program from
the depths of focus calculated using the reflection travel times. If the
depths of focus calculated by the iterative program are considered fo be,
on the average, accurate, the average differences between the two types of
depths should be zero if a proper depth to reflector 1is used. Using aill
Class A data and 41 additional Class T hypocenters, a depth to reflector
of 19.1 Im resulted in a zero average difference using a S-wave velocity of
3.405 km/sec. The SZS reflection time from the closest recording staticn
was used to calculate the depths of focus to minimize any errors arising

from a poor estimate of the assumed S-wave velocity. In addition, the

histograms of both types of depths of focus should be the same. Figure 15
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differences between depths calculated using the iterative
location program and the depths calculated using §_§ travel
times. Model M2 was used with 158 microearthquakeg. The

average minimum residual dis 2.0 km.




shews the sum of the squares of the differences between the histogram for
iterative depths of focus and several histograms czlculated using SZS travel
times and assuming different depths to reflector. A depth to reflector of
19.1 km gave the best fit. The advantage in using the histogram matching
method is that different data sets can be used.

The final vesults from model M2 are (1) an average S-wave velocitv of
3.405%0.025 km/sec (s.d.) and (2) a best reflector depth between 19.1 km
and 19.3 km or 19.2 Im with standard deviation of 0.6 km. This depth is
based upon a best velocity of 3,405 km/sec.

Iterative depths of focus and depths of focus caleulated using SzS re-

flection travel times for both Class A and Class

o3}

events are listed in
Appendix 2. Differences of up to 5 km exist between them, These larger
than expected differences help explain the large goodness of fit factors ob-
tained in the very detailed M1 inversion model because the estimate of vay
- Oy . . 5 N , .
(AT,”) in equation (17) was too low. Because of the large discrepancies
i
between the two depths of focus, it was decided that 1if any detailed infor-

mation was to be determined using reflection data, depths of focus based on

5.5 reflection travel times must be used, Using a standard deviation of

0.3 seconds in the SzS reflection travel times and a standard deviation of
0.6 km in the depth to the reflector, a standard deviation of appreximately
1.4 km is obtained for the new depths of focus calculated using the reflec-
tion data. This standard deviation is now a closer agreenent with the value
used in equation (18).

Model 3. To obtain a more detailed velocity structure from the SzS
travel time data, model M3, containing two horizontal crustal layers, was
constructed (see Figure 14b). The velocities of each layer and the thickness
of the deeper layer were parameters in the model. Changes in angles of in-

cidence of the ray path within the different layers was incorporated. As
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explained later, all depths of focus used were calculated using model M2

and 878 travel times. Thecretical travel times were

(20 -~ D)
1

L , 27 (25)
) = e e ED
i Vl cos (ul) \2 cos (uz)
for events with depths of focus less than 10 km and
27 - D
t 1 i
Ti Ty cog)(a y o+ V, cos (i )] (26
1 1 2 2

c e s - . t ’
for events with depths of focus greater than 10 km, where T,  and D, are
i i
as previecusly definad and,

£~

z = thickness of the lower layer,

]

V, = S-phase velocity of the firet layer,

VZ = S-phase velocity of the second layer,
¢, = angle of incidence of the ray in the
e

first layer,
@, = angle of incidence of the ray in the

second layer,

o end o, ave related by Snell's law. The equations to be solved were
t t t
. OT, BT~ aT,
AT, = e AZ A i AV F e AV 27
i 37 X 1 v, B e (27)
1 2
where 47, AVl and AV2 are changes in the unknown parameters and
37"
“2 = change in theoretical travel time with re-
o]
spect to the lower layer thicknees,
t
3T,
: ?ﬁ%h = change in theoretical travel time with re -
1
spect to the upper layer velocity
t
aT,
and -555- = change in theoretical travel time with re-
2

spect to the lower layer velocity.
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The upper layer thickness was fixed at 10 km because it is at this depth
in the crust where microearthquakes start to be scarce, possibly imply-
ing a crustal change.

Application of perfect travel time data for the two-layvered model
showed that the inversion could produce correct results. lowever, when
the test data contained random errors of up to #0.2 seconds, accurate

results were elusive. Individual layer velocities, although apparent -1y

[a W

b
Ld

(=8

o

completely independent, produced overall average velocities and notc the

‘

individual layer velocities used for calculating

(Q

the perfect data.

Variances, depending upon ray path orientations and estimates of ob-

X

e
Py

served traevel time errors remained approzimately the same for hoth dara
sets as did the depth to the reflector. Tt is easy to show that many

velocity and depth combinations produce essentially the same theorerical

-

ravel time curves, especially for small angles of incidences. For
example, a 19.3 kn layer having a constant velocity of 3.4 km/sec pro-
duces to within #0.1 sec the seme travel time reflection curve up to a
distance of 100 km a5 a two-layered case having a 10 km thick upper
layer with rock having an S-wave velocity of 3.223 km/sec and a lover,
9.3 km thick laver of 3.6 km/cec velocity rock. It is onily at much
greater distances or with the introduction of refraction data that
these two different structures can be properly distinguished. Similar
problems with inverting reflection data to find both velocities and
depths of layers have been noted by Gibson et al. (1979).

Because of the dinherent lack of parameter resclution, model M3 was

reduced to one degree of freedom from the start. The S-wave velocity

selected for the upper layer was 3.35 km/sec. This velocity was

obtained by multiplying the upper crustal P-wave velocity of 5.8 km/sec
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by V3 corresponding to a Poisson's ratio of 0.25. This estimate of

Poisson's ratio was established as the best local average by Fender (1978)

S~P intervals for local milcroearthquakes in conjuncticn

o
w
IJ.
o}
9e]
=
o
m
0
o
I
o
oL

with locations found from the iterative location pregram, Total depth to

the reflecting interface was set at 19,2 km as determined in model M2.
[+

0

The epicentral locations and S S reflection travel times used in

model M3 were taken directly from the Class A data set; however, depths

1

of focus were calculated using th

@l
5]

verage S-wave veloccity of 3.405 km/
sec and the depth to an horizontal reflector of 19.2 km. To be used +n
model M3, the microearthquakes must have produced SZS rellectiong at

three or more stations. From the 106 resulting restricted travel times,
the S7S rerlecticn travel times from seismograme obtained at the closest
recording stations were used to calculate the individual depths of fecus.
Only the remaining 77 reflection travel times were used in rhe inversion
with the newly calculated depths of focus. Because the depths of focus
were calculated using reflection travel times, the estimate of 0.5 seconds
for the standard deviation of the reflection travel times is approximately
correct.

The restricted data set was further broken down to determine if any
lateral inhomogeneities and/or anisotropies are present in the Socorro
area. To check for anisotropy, two data sets were used; one having
horizontally projected ray path azimuths within #30° of north or south,
and the other having prejected ray path azimuths within +30° of east or
west. The data were also separated into three geographic areas; cne north
of 34.125°N, one between stations SC and WM and one located in the south-

central part of La Jencia basin (See Figure 3). The inversions converged

quickly and the results are shown in Table 4.
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TABLE 4, Velocities Calculated Using Mocdel M3 and a Restricted Data Ser

Velocity of
Data Set Lower Laver
{(93% C.1.)

Goodness of
Fit Factor

Basic data 3.44 % 0,05 km/sec 0.8
North-South

Ray Faths 3.43 £ 0,07 km/sec 1.1
East-Vest

Ray Paths 3.49 *+ 0.08 km/sec 1.0

North of
34,125°N 3.50 £ 0.07 kw/secc 1.3
Tast of SC 3.57 £ 0.14 kn/sec 0.8

Central La
Jencia Basin 3.25

1+

0.11 km/sec 0.7
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The one degree of freedom system indicated thar at the 95% confi-
dence level, the lower layer has a three percent higher velocity than
the uppér iayer. On the average there are no differences between east-
west or north-south I-wave velocities. SzS travel paths origirnating
near station SC and being recorded at stations WT and CC have, however,

decrease in the S~

[ars

produced tvavel times that required a sgix percen
wave velocity. This indicated either a low velocity area in the south-
central part of La Jencia basin or time delays near the rgcording sta-—
tions. It must alsc be remembered that all of these results are based
on depths of focus and depth to the refleactor that were calculated using
the average S-wave velocity of 3.405 km/sec,

4

Discussion of the Inversion Results. Figure 1€ is a time versus

epicentral distance plot for Class A reflection “ravel times. All ob-
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served data have time and dists

different depths of focus of each separate shock. These corrections were
calculated using hypocenters, calculated 5y the iterative location pro-
gram, in conjunction with the results of medel M3 and equations (25) and
(26). The corrections essentially raise the foci of the events to the
surface. The data plotted include all Class A reflection travel times;
that is, there was no segregation of data based on azimuth or spatial po-
sition of the reflection ray paths. Reflection travel times for small
epicentral distances include data from events leccated in the northern area
that were recorded by northern stations ac well as southern events that
wér: recorded by southern stations. The reflection travel times for
large distances include both northern event~southern station and southern
event-northern station combinations. That is, the data shown contain

both reversed and unreversed profile data.
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Figure 16. Travel time of Class A S S reflections versus epicentral
distance. Times and dis%ances have been corrected to
account for different depths of focus of individual shocks.
Curve A is the theoretical travel time curve for either
final model M2 or M3, Curves B and C are the northward
(dashed) and southward (dot-dashed) travel times for the
crustal model proposed by Sanford et al. (1973).




The solid line (Cuxve A) in Figure 16 is the theoretical travel
tinme curve celculated using the best final least sguares result from
model M3a The upper 10 km thick layer contains crustal mat al with
an S-wave velocity of 3,35 km/sec and the deeper, 9.2 km laver, has
material with a 3.44 km/sec S-wave velocity. The solid line is quite
close to (within the line thickness) another theoretical travel time
curve for a 19.2 km thick layer having an average crustal velocity of

3.405 km/sec which is the bhegt least sguares result obtained for model

-a

M2, The fit between borh theoretical curves and the data 1ig good. Most

[~
of the scatter in the data is due to ervonecus depths of focus.

Curve B, the dashed line in Figure 16, ig a2 theoretical fravel
time curve assuming the crustal model proposed by Sanford et al. (1973).
This model assumes a depth to reflector of 17.8 km beneath station SNM,
a crustal S-wave velocity of 3.35 km/sec and a northward dip of the
reflector of 6 degrees. At firvst glance this model also appears to fit
the date quite well; unfortunatelv, this gooﬂ fit is only for the south
to north (unreversed) travel time curve, Curve C is a theoretical curve
calculated for a north to south (reversed) travel path starting 50 km
north of station WI (near station LAD) using the 1973 crustal model.
This curve lies above all of the actual reflection travel times, in-
cluding shocks located near station LAD which produced reflections at
station LAD. If the 1973 model were valid, there should be at least
some occasional reflection data near Curve C. The data are not consis~
tent with an interface dipping te the north by 6 degrees.

Figure 17 is a similar type of time versus epicentral distance plot

+

showing the restricted data set used in model M3, Again, times and epi-

central distances for the data are corrected for their different depths
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f N { } !
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Figure 17. Travel time of § 5 reflections versus epicentral distance
using a restricted data set. Times and distances have
been corrected to account for different depths of focus.
The solid line is the theoretical travel time curve for
final model M3. The dashed curves are calculated for a
discontinuity with a northward dip of two degrees,
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of focus by mathematically bringing the foci to the surface. The depths
of focus used for Figure 17 were calculared using 8 S reflection times.
Again the solid line is the theoreticel travel time curve for the two-
layered model obtained from model M3. Also included in Figure i7 are two

dashed lines representing both the reversed (upper curve) and unreversed

il
i

(lower curve) theorerical travel times for a simple one-layered model with
an interface dipping 2 degrees norihward. Depth to the interface ig 18.6

ka beneath station WT and the average crustal velocity is 3.405 km/sec.

.

It ie seen that the data also fit this model to sufficient closeness.
Three models apparvently fit the data equally well; (1) a two-layer

horizental interface crustal model found from model M3, (2) a one~-layer

crustal model with an horizontal interface found from model M? and (3)

a one~layer model having an interface dipping 2 degrees toward the north.

Each of these crustal models was found using a diffevent mathematical

jaxd
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is clear that no absolutely unique solution can ever be
found. On the other haend, various models can be eliminated. Perhaps a
more useful approach to the inversion of travel times would be to cal-
culate all possible crustal models that fit the data rather than to
solve for one particular "covrect" model, in other words, to use the
Monto Carlo inversion technique (see Parker, 1977y, Included 3in this
Monto Carlo technique could be more than just the reflection travel
times. Tor example, the upper crustal P-wave velocity, Poisson's ratio,
density restrictions placed on the model by gravity studies and refrac-
“tion travel time data could also be included. Rather than one particular
crustal model being made to fit the data, a range of acceptable models

would be produced which might give more realistic physical insight to

the inversion.
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DISCUSSION

Distribution of HUypocenters

Two important byproducts of this study have been the accurate areal

o)

location cf 99 microea rthquake epicenters and the calcuiation of depths

of fceus for more than 135 microearthquake hypocenters o within 1.0
kn (s.d.). The distribution of these Jocations 1is now discussed.

Epicenters. Figure 18 shows the epicenters of all Class A and

in epicentral locations, discussed in
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Section 2, are less than #0.4 Im (s.d4.) for Class A dat; and are belisved
to be less than_l km for Class B data (Sanford er al., 1979). Superim—
posed on this figure are the major Quaternary rift faults that are ex—
posed at the surface, major pitysiographic features of the area (R.
Chamberlin, personal communications, 1979; and Sanford et al., 197¢) and
the extensive magma body described in Section 3. There may be some bias
in the location of epicenters on the map because only events with re-
flections appearing on at least one recorded seismogram arve shown; how-
ever, when compared with Sanford's et al. (1979, Tig. 2) Ric Grande rift
selsmicity map the only wajor discrepancies appear in the southeastern
and the northern areas. Sauford et al. (1979) show much more activity
beneath and to the south of stations DM and FM as well as more activity
near station LAD than is dindicated in Figure 18. Nevertheless, two
dominant observations remain: (1) diffuse activity with no overall in-
tegral relaticnship with tectonic rift faults and (2) centering of epi-
centers over the magma body.

The correlation of the diffuse pattern of epicenters in the Socorro
area with the magma body and not tectonic features was expected and is

noted by Sanford et al. (1977) and Sanford et al. (1979). Aki et al.
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» Figure 18. lMap of Class A and B epicenters of microearthquales in relation
to major faults, the margin of the extensive magma laver and
the intra-zift Socorro-Lemitar uplift, The geology is from
R. Chamberlin (1979, personal communication) and Sanford et
al. (1979).
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(1978), in a passive seismic recording experiment designed to cate a
bnewn, shall =, ic 2il’ magma bedy in Kilauca Iki, found “hat the

spatial distribution of sejsmic events ovigin wating from the crust ahove

the magma body best defined it. The present study suggests the sanme
“hing:; however, there is a lack of defining epicenters ncar the western

boundary of the extensive magma body and there ig alsce very limited

>

t. The

g
I~y
j

=

orroe-Lemitar intre—-vift upli lack o

0

activity wilithin the Sc
activity in both areas could be because of peor temporal sampling. On

4

the other hand, it may represent, on the we

("]

stern edge, 2 lack of con-

temporaneous magmatic activity. The lack of contemporanesus activity
in the intra-rift uplift may possibly reflzct the lifting of the intra-—
rift uplift block enmasse. The abundance of activity southwest of sta-—

tion WT has been att to the possible intrusion of small magna
bodies into the uprer crust (Sanford et al., 1979).

Depthe of Focus. Figure 19 ghows four west to east cross sectiong,

with ne vertical exzapggeration, of both Class A and Class B hypocen-—

tral locations between 34.00°N and 34,08°N latitudes. TFigure 20 shows
four west to east cross sections of wider dimensions, with a 2.5 to 1
horizontal exaggeration. A1l depths of focus were calculated using re-
flecticn travel times from the closest recording station, a reflector

at 19.2 km and an S-wave crustal velocity of 3.405 km/sec. All southern
(below approximately 34.10°N latitude) and the northern events with
small recording station to hypocenter distances, have depths of focus
that are accurate to within *1.4 km (s.d.). WNorthern events with large
hwypocentral distances have depths of focus believed to be accurate to

within £3.0 km. TFor convenience, appropriate stations, the Socorro~

Lemitar intra-rift uplift and two identifiable, large surficial
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Quaternary faults arve shown in Figures 19 and 20. The two surficial

faulte near stations SC and WT have been extended into the cross sections

plane zelutions. The implied fault in the cross scotion between 34.02°N

1

degree fault zoue dip sngle obtained from first motion fauli

T

and 34.04°N vas drawn only as a vesult of a first motion P-wave composite

fault sclution obtained by using seven well located events that occurred

h

ied

feature has yet besn identi
in the ares because of a Pliccene lava extrusion.

Five substantial obserxvations are wmade frem the two figures. (1)

generally occuy randomly in the crust. (2) If major surfi-
cial faults are located, hypocenters ave not restricted to individual

majer fault planes but rather are contained in broad fault zones. This

b % 1 L} “ e
i 3

alsc been obgevyved in other regions of normal faulting such

o
W
7
o

Besin end Range province (Stauder and Ryall, 1967) and in the Inter-—

to the west of Socorre (Smith, 1978). (3) Hypo-

centers are limited in depth to between 3 and 13 km. (4) There is no

ence in the hypocentral depths from one intra~rift basin to an-
other, i.e. activity In che Socorro basin is distributed about the same
as 1t 1s in La Jencia basin. (5) There is, as previously ohserved, a
lack of activity in the intra~rift uplift

Figure 21 showe the histogram of both Class A and Class B events.
The activity is almost normally distributed between 3 and 13 km. Oc-
casional surface shocks have been observed that are not apparent in this
survey {(Sanford et al., Fig. 9, 1973). The lack of activity =bove 3 knm

is expected because the accumulation of stresses is released either by

slow frictional sliding along preexicting surface fractures or by stable

sliding in limestone, alluvial fill or ash flow tuff surficial sections
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Histogram of microearthquake depths of focus.
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line is for depths calculated using 5 S travel times and

the final crustal model M3.
depths of focus.
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The dashed line is for iterative




76

overlying the zones of failure (Byerlee and Brace, 1968). Borl surface
fractures and the specified overlying surface sequences are present in
the Sccorre area. The beginning of micrecearthouaske activity at 3 lm in

noermal to the fracture

depth i the result of

H
0
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o
f—}
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£
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vent further slow frictic

nenirectured basement rock, well indurated sandstones
again 2ll of which ezist in the Socorro arez and
all of which fail by stick slip at Llow temperatures and pressures

[9 ¥elio

{(Byerlce end Brace, 1968).

The lower limit of the stick slip zorz (or micreoearthquake zone) is
dependent upon the type of basement rock and the presgure-tamparature
regime of the crust. Increasing pressure should enhance the strength of

the crustal material and zstress rel

O]

ase should be by stick slip: on the

\'}]

other hand, increasing temperature should decrease the vield strength of
the asperities on the fault surface producing stable sliding and perhaps
plastic or ductile flow. Compariscns of depths of focus for microearth-—
quakes recorded in other normally faulted arecas mav indicate that the

socorro area is not seismically abnormal especially when considering the

jte}

higher than normal heat flowe measured in the area (Reiter et al., 1975:

Reiter and Smith, 1977; and Sanford, 1977). Smith (Fig. 6-7, 1978) in-
ates that for four known hotter than normal crustal zones (Marysville,

'NT: Yellowstone Nat'l., Park; Pocatello Valley, ID-UT; and Roosevelt Hot

Springs, UT) microearthquake activity is above 15 km and that the activ-

ity peaks between 5 to 10 km; almost identical in nature to the denths

of focus measured in the Socorro area. Normal faulting activity in




b3

cooler crustal zones (Central Nev,) has been independently measured to

be mostly between 10 and 15 km in depth (Stauder and Hyall, 1967 and

Westphal 1967), which is
lan obtained in the Socorro area dept

10 to 13 Im, a crustal zone that allows long term strains to

leased vie stable gl

Upper Surface. Thisg study has shown ihﬂ* the upper surface of the

-
3

extensive magma body is located approwimately at 19 km beneath the

socorvo area and 1ls a sharp, flac, nesrly horizontal disc ontinuity. The

PR

data are also consistent with a northward d dip of the interface of less
than twe degrees. Study of COCORP data, especially Figure 11 of thi

report and Figure 3 of Brown et al. (7979) uphold these conclusions.

of the magma laver is the ebsence

of any resclvable relief even though it lies beneath surfa
structures which have vertical displacements that are quite large (see

-

igure 18). Near Socorro, differential movements between hovsts and

fa—

grabens of up to 3.8 km have been interpreted Irom gravicy observations
(Sanford, 1268) and movements of up to 5 km have been postulated on the

eologic mapping (Chapin et al., 1978). The lack of substantial

~h

basis o

a2

relief on the magma body indicates detachment of the brittle uppermost
crust from a more ductile zonme at lower levels of the upper crust.
The limitation of northward dip cn the upper magma surface to less
4

than two degrees allows the upper surface to be concordant with grozs

crustal layering inferred from seismic refraction data including both

the upper surface of the crust and/or the Moho.




The upper surface of the extensive magma body appears to blend
Lr & } I

dirvectly into a solid to solid interface. COCORP Line 1A (Brown of al.,

RS o 2 7 ey s ~ 1 = ~ ~ 4= $ v el oy e - T a4
Figure 3, 1979: and figure 11 of this study) indicares thar benesath

ector identified by Brown et al. (1979) to
be the masma hody appears to abruptly transform, as one goes west, into

Less definite, although preminent ref

e

a ecter at the game depth. Be-

cause of the reduced P-wave reflection coeificient it is probable thar

4

i to go0lid interface.

~

this is a soli

f

to solid P-wave reflector hss zlco

produced several very weak § 8 reflections that bring about caleul

Cr example,

during the entire microearthquake study, approvimately five to 10 per—

cent of the microearthguakes originating near station SC and producing
seismograms at station G. had a hint of an apparent SZS reflection., On
the other hand, many coincilenta hypothetical reflection points and the
lack of any umamistakable reflections in the same area resulted in the
interpretation that no magma layer exicted in this area. The absence of
the magma body in this area has been substantiated by COCORP Line 3.
Similar cbservations are applicable for an area just to the east of sta-
tion WT,.

Two independent seismic refraction studies indicate that there

exists, at approximately the same depth as the magma body, a solid to

solid interface (Conrad) over an extensive area both within and to the




west of the ri

[T,

“t (Toppozada and Sanford, 1976) znd to the ezst of the

Conrad suggest that the materisl above the Conrad has sufficient strength

a magma cap

« A basic question often as

it is usually aceociated, not with the rifting process, but with sub-
duetion zones and (2) the rapid decline of observed intermediste extru-

sions beginming to 14 mey. ago (Chapin and Seager, 1275).

or acidic material will be greatly reduced by

The mrost vecently extruded material within the central Rio Grande

rif

t including the Socorro arca is basalt. Starting approximately 20 km
north of the mapped northern limit of the magma body as shown in Figure
and proceeding southward, dates of the most recent extrusions are:
(1) Cat Hills dated to be 0.14 m.y. old by Kudo {(1976), (2) Los Lunas
basaltic flows dated to be 3.4 and 1.3 m.y. old, (3) Black sa at San
Acacia dated to be 4.5 m.y. 0ld, (4) Black Mesa 20 km east of Socorro
dated to be 3.5 m.v. old, (5) Black Mesa 15 km southwest of Socorro datel
to be 4.0 m.v. 0ld and (6) the excensive San Marcizl basalt flow 40 km
south of Socorro dated to be 3.5 m.y. old. ((2) through (6) are from

Backmen and Mehnert, 1978.) The youngest silicic extrusion to be dated

in the entire local Socorro area is at least 6 m.y. old (Chapin, personal
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communication, 1979).

Several avguments can be mac an actively intruded magma body

rusion ic made by considering heat and mass requirements. Tor in place

1

to be a viable option Lache qoluch et al. (1976) suggest that

both extensive amounts of heatr and some additionsl amounts of HZO must
be br into the crustal zone. H,0
'

teuwperature of the crust to a value near 700 to 800°C which

is perhaps more compatible wich the measured heaL flow values of rhe

>

area. Any preexisting H.0 was prebably used up by earlier generation

~i
<
L&l
0
faad
h
1
g
)

21 melting, even 2t a rvelatively low
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H,0 is somehow supplied; is by crustal intrusion of lower crustal/upper

4

In addition Lachenbruch et al. (1976) indicate that the

injected material must have (1) low viscosity, (2) high remperature and
(3) high heat capacity or enthalpy; that is be a mafic magma. In other
words, to have a partial melt, intruded mafic material is almost a pre-
requisite

The geometrical shape and estimated mawimum thickness of the magma
body indicate that it 1s & sill. Two arguments, assuming an intruded
sill shaped magma body, can be made for mafic material. The first is
thot the material is derived from lower crustal/upper mantle material.

The high velocity, lower crustal material (Vp & 6.5 km/sec) is charac-—

teristic of denser (more mafic) materials as is the high velocity (Vp

il

7.9 km/sec; Toppozada and Sanford (1976)) upper mantle material
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he are:

(s

(,u

postulated for The second argument is the fact that the only

raterial with low enough viscosity to be intruded zs a sill is mafic.

tal data from Murase and MeBirney (1973) indicate that there
exists at least a four order magnitude viscosity difference between

baselts (= 107 p) and rhyolites (3 10° p») which have been fully melted,

.

Because the intrusion ig into cold country rock further restrainte are

..z
[a N
i

A
19}

placed on the amount of enthalpy and viscosity. Lachenbruch ar

(1978) indicated that the cnly material +o meet these requirements Is

ibution of the local seismicity
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Reilinger et al.

(1979).  4n intruded, fully me

he ovserved sharp upper and lateral boundaries observed in
I P
this paper. In place melting would probebly produce gradational changes

al melit.
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hypotheses and observations from other workers

to support a basalt layer. Conservation of the mass required to obtain
the higher than normel heat flows chserved in the ares necessitstes
mafic intrusions (Lachenbruch and Sass, 1978; and Cook'et al., 1978).
Besaltic dintrusions have been predicted al)o on petrologic grounds.
Baldridge (1979) suggested that "the importance of olivine and plagio-
clase as fractionating phascs [of basaltic extrusions occurring in the
rift] indicates that this fractionation occurs at depths . . . compati-

ble with the [extensive] magma body." If indeed, crystal fractiona ting

is taking place in the intruded basalt, the crystal settlings on the

TR
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lower surface of the magma body would probably not form a singular, sharp

lower beundary thus causing no reflections to be generated. Ramberg et al.

jo7 afror Moaed f ! S 3 o .
(1978), efter "stripping" gravity anomalies caused from all lower density

Cenozoic sedimerts, found a broad 30 mgal gravity anomaly which they

thet regulzs in crustal attenuation. This last observation is from the

tures have not as yet

Lontirmation of the ability of basalt to fovm thin (2.2 to 0.5 km) ex—

’\)

€8]

).

tensive (100's to 1G00's k") magma sheets or sills comes f{rom Hunter (187

T ¢ 3 £ 1 . wveoicall - . R R RN
have been geologically and geophysically mapped over extensive areas.

an upper cruztal rift model to be postulsted for the zone above the Conrad
and/or magma body in the Sccorre aresa. Figure 22 is a diagram of the model
which shows fwo zounee above a crustal depth of 19 km. The first zone ex-
tends from the surface to approximetely 10 km. The second zone begins at

Jm b

10 lun in depth and extends to the magma body. The transition

between the twe layers is not sharp and may be on the order of 2 to 3 km.
Also, the entire upper crust beneath the Precambrian upper surface is

cuite tramsparent to S3-wave seismic energy, except for the shallow magma

bodies postulated by Sanford et al., (1979),

The three basic substantiating observations for an uppermost brittle

layer are (1) the stick slip mechanism for stress release (i.e. microearth-

quakes), (2) observed vertical offsets of up to 3 to 5 km and (3) the sub-

tantially lower than normal P-wave and S-wave velocities indicating

o
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preservation ¢f many crustal fractures sustained ino the britt

‘he brittle failure, or quake activity cbserved appears
to be cénfined to the region of the crust direcfly above the extensive
nagma body. This sucgests that the macma body, most likely through

active inflation, is the cause of the activity. As a result, the need

for general extension of the entire crust as a meang for present day

stress and strein accumulation as perhans expected by the recent normal

D

W

75) 1

- ~ =~ gak B, - oy -
2tocene surfaces (Chapin and Seager, 1

been obaserved that the Socorro arves

[
]
]
8]
ot

:neion (Prescott and Savage, 1979).

the crustal model is interp:%ted to be a ductile
or plastic layer beginning arocund 10 km. The two primary observations
to support this dinterpretation are (1) lacl of any nicroearthguakes with-
in this lower zone and (2) detrachment of the flat, horizontel macma
leyer Irom an extremecly bricrle upper crust supporiing vertical displace-
ments of up to 5 km.

fhe importance of a ductile layer in the upper crust is twofold. It
allcws easy flow of crustal material away from crvustal zeones that have an

ructural vasins and it

n
et

overabundance of meterial such as down dropped
allows for substantial lower crustal flow into voids caused by any
crustal extension or crustal compression. The zone also allows detach-
ment from the basement of any pre xisting or contemporaneous stress re-
gime existing at the surface (Jaeger and Cnok, p. 398, 1976). This would
in “urn allow the shape of the extensive magma body to be structurally
controlled. This, of course, lends more support to the idea of an ex~
tensive crustal discontinuity (the Conrad) controlling the placement of

magma at depth.
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It is interesting to note that frem a detailed selsmic refraction

has be&ﬁ suggested to be continuous from the Basin and Range province

into the Middle Rocky Mountaine by Braile et al. (1974). This low-velocity
layer wae implied using time delays associzted with retracted Pn arrivals.
They also indi Poiggon's ratios as high as (.32 mav be interpreted

ogvaphic provinces to the

west and novthwest of Secorro. The low vicidity zone in the Sccorrc area

The trensition zone between the two different phvsical states of the

ecirical disceontinuitcy.

pears to coincide rather well with a major e
ing techniques nesr

=T TS F] b 3 . . L] . . - K RO b o " . ¥ 1
COCORP Line 1A detected a decrease in resistivity by two orders of mag—

nitude from a 2000 or 200 ohm-m upper layer to a 20 or 2 ohm-m lower

lever maintaining the two ovders of mezgnitude drop. This decrease, in-

terpreted to be a decrease in rigidity, occurred between 8 and 10 km in

depth. The transition zone produces no reflections nor refractions of

seismic waves and i1s thought to be on the ovder of a few kilometers thick.
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STATION RATIO

DATE  ORIGIN TIME LATITUDE LUNCITUDE DEPTH P~ARRIVAL SZ5~P
60375, 40301,00. . 34,0245  106.9988 0.00 3.8% 6.65 cc
% 60375 151015,50 34,0155 1¢7.0452 9,00 18,45 7,00 sC
S EH61675...234320, 76 .. 34,0184 . 107.0439 10,00 . 22.99 ... 7,30 5C .
k 61675 234320,76 34,0184 107.0439 16,00 23,80 7.00 ce
—-62675.__.25644.81..._. 34,0559 . 1U7.0576 4,10 46,90 . 7.03 . 5C R
* 62675  25644,81 34,0559 107,0876 5,10 46,94 6,55 CT
p—%-70275.....10020,49.... 34,2272  106.8817 . 9,00 21.43 7.55 ce S
R % 70275 10020,49 34,2272 106.8817 9,00 24,38 7.56 Ch
—%—70275.__23422,05___ 34,2272 _ 1U6.8817  _.9,00 24.42 ... 7.55 CCoo
® 70275 23422,05 34,2272 106.4817 9,00 25,13 7,80 FH
—%* 70275_-23422,05-— 34,2272 106,8817.. 9,00 —-27,33- ...7,56 . CMo. oee o
70975  21224.49 34,0511 106.9315 V.00 26,98 6,38 ce
70975 91648,07 34,0554 _ 10649275 0,00 50,23 _6,31. CC
72375 145642,06 34,0119 107,0387 0,00 44,806 6.97 cc .40
72375 145642.06 34,0119..._107.0387_ ___ 0,00 43,8} 7,33 SC 10
"2475  42313,95 34,0505  3107.0025 V.00 16,11 7,47 cC
72475 42313,95 34,0505 __107.0025__._@..00 16.44 8.63 S0
72475 17101432 34,0094  107.0409 0.00 16,21 7.87 °  sC V03
72875 171014,32_ 34,0094 107.0409 0,00 17,26 6,32 CC._____ 23
80175 112620,93 34,0710  107.0266 0,00 23,05 8.74 sC
R BOSIS _41720,31 34,0159 106.9927. 11,60 22.51 6,05 WT 035
R % 80575  41720,31 34,0159  106.9927 11,60 23,20 6,27 sC
R-% _B0SIS  41720,31 34,0159 106,997 11,60 23,26 b.411 ce
R % 80575 141921.94 34,0127 107,0625 11.70 24.38 T.24 5C
R_.e BOSTS 141921 94 34,0127 10T ,0625 11,10 24,2 . K 46 WIT 5.8
R—#—80575 141921,94 34,0127 107,0625 11,70 25.31 6,96 ce .33
806875 105722,23 34,0689 106,9263 0,00 25,75 7.82 5C
4 81375.. .73918,14 ... 34,0703  106,9312 11,00 21,74 8,02 sC
* 81375 112226,40 34,0017  106.9824 11,60 29,14 6,34 sC
———81375_.201825,49. .. 34,0763 . 107.0367 0,00 27,28 6,89 cc -
81375 201825,49 34,0763 107.0367 v,00 27.30 7,08 Wl 1.4
%_81975  81146.46 24,0445  106,9703 11,50 49,09 6,45 ce -
* 81975 B1146,46 24,0445 106,9703 11,60 49.69 6.72 sC 55
~% 81975 . .100007,00.—_ 33,9766  1U7,0105 10,50 9.67 .. 6,45 S50 .84,
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& —82175.-.190405,66 ..~ 34,0409.106.9714 13,30 9,08.___ 6,69 .. SC..____,42._
102975 72135,16 34,0532 107.0108 0,00 37.25 8.54 sC
—102975——72135.16 34,0532 - 107.0108- 0,00~ 37,40 .~ 8,37 CC.  —0yi12
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DATE ~ ORIGIN TINE  LATITUDE ~LONGITUDE Deptn P-ARRIVAL ~ §zS=P  STATION RATIO

102975  73437,02 34,0249 107.0077 0.00 39,28 7,37 sc ,20

~—-102935_73437,02 34,0248 ._107.0077.__ 0,00 e 38,58 7,00 _WT ____ .42
103075  70938,40 34,0196 1U7.0443 0.00 40,78 6.79 sC .23
~103075—-70938,40__34,0196__.107.0443.._0,00___ 40,84 ___ 6.49..  wr. 69

% 110475 163011, 38 34,0315  107,0845 10,60 14,14 7,00 WT- .52
*~440415mﬁ¢53041,33___A34,3315__“lnz,aaasuﬁ_iovao”uh_ig,sohf_ﬁ_z.os_Aﬂ_,cc_A*Wﬁm““k_
110575 - 143504,61 .. 34,0129, . 107.0844 0,00 .._ 7,77..._.6.76 .. Wl __ .
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#-110275--222826.14 . 34,0339 1U7.0550 .. 7,90 _ 28,86 6,88 _ . CC___ .74
110675  93358,27 34,0199 107.0317 0,00 0.98 6,42 WT .49
110675 93358,27. 34,0199 . 107.0317 0,00 .. .1,22 _.._.7,28 __ sC.. _ .10__
% 110775  82735.65 34,0343 107.0594 9,20 38,56 6.84 cc
T 12276-160510,75— 34,0144 107.0542 . 0,00 . 13,56 ___ 6,54 . wT ___35 _
12276 160510,75 34,0149 107,0542 0,00 13.29 7,50 5C .06
12376 25332.79 . 34,0154 107.0426. 10,10, 35,04 _ . 7,53 _sc___ o7
% 12376 25332.79 34,0154  107.0426  10.10 35.15 6,64 wT .29
H12976--150640,20-—— 33,9816 106.9838 —— 6,00 . 42,61 . 7.67 sC.. .
% 12976 150640,20° 33,9816  106.9338 6,00 43,25 7,04 ce
——13076--135623,78—— 34,0611 . 1C6,9971 __ 0,00 25,70 o T A0 e OO
13076 135623,78 34,0611  106.9971 0.00 26.15 8,03 se
H—=20676-—-92157,40—— 34,3763 107,0348. . 0.0 4,79, 7,65.__ . CC_ ____ ____ __
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X 20676—--92157.,40.— 34,3763 _107.0348 . 0.00 —  3.30 . 7.64.. _ wT. ___ .
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®—21776--173405,00— 34,0382 107,0260 __ 10.80. . _ 7,35 7,00 _IC . ,31___
% 21776 17340500 34,0382 107.0260 10,80 7.71 6,59 ce W17
*—21876—_54455,59 34,0056 __107.0694 ~=1l.10 5790 745 sc o5 __
% 21876  54455,59 34,0056 107.0694 11,10 58,07 6,95 Ic .27
#2186 —54455,59-34,0056_..307,0696 11,10 __ 57,95 _ 6.90 _  wM_ 04
% 21876  54455.59 34,0056  107.0694  11.10 58,48 6.45 WT .88
*—21876 - 54455.59 34,0056 -107,0694 __11,10- . 59,02 6,75 . cc.
- 21876 232535,19 . 34,0261 . 107.080& 0,00 37,15 7.35 5C .04
k 21976 636,65 34,0103  1U7.0685 Y, 60 38,74 7.12 5C
k21976, _. 836.65.._34,0103_._107.0685 9,60 38.85 6.89 WM L05 .
% 21976 536,65 34,0103 107.00685 Y, 60 38.87 6.31 1C .19
522076 125145.06. _ 34,0027 . 107.0568 _ 10,50 _ 47.29 . 7.25 5C .08
% 22076 125145.06 34,0027  107.0%68 10,50 47,24 6.91 W
H-22076.-125145.06. . 34,0027 1CT.0568 . 10,50 47,69 . 6.66. wr T
% 32376 125219,30 34,2924  1U6.854B  11.50 23,80 7,60 i
5—32376._125219,80___34,2924 _ 106.8548 __11,50 __ 24,77 . _7.41. _ WT_ .. .40 _.
% 32376 125219,80 34,2924 106.8548 11,50 26,34 8,20 iC
#-32376--125219,080-— 34,2924 __106.8548 . 11.50 .. 27,03 . §.35.  cn
% 41376 94540,40 34,0540  107,0239 10,50 43,05 7.60 s5C .18

*_—41376_..,,94540.40_*ﬁ34.064(L___.107.0239‘_v‘iUQSO...._ 42,79 . 7.43 .. CC___ __,08B__
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k61376 116125,16

Y-

34,0248 107.0739 10,60 27,50 7.10 Wi
% 41376 114125,16 . 34,0248___107,0739 40,60 _ _ 27,93 . B6.78 . __ WL __ .64 __
& 41375 115834,55 33,9760  106,9713 6,60 37.16 7.68 5C
— 41376__231514,92 34,0209 _107.0354 0,00 11,37 __6.10._ _ . CC__
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% A1576. B4S52,24 34,0598 107.0236__ 9,90 54,35 T.93_.___ WM
% 41576  B4552,24 34,0598  107.0236 9.90 54,08 8.54 sC
% 41576 R4552,24 34,0598 107,0236.___9.90___ 54,58 . 7,36 CO _________
% 41676  $3342.74 34,0564  107.0212 7.70 44,48 7,15 Wh .18
41676 . 93342,74 34,0564 107,0232 7,70 44,45 7.34 WT e
% 41676  93342,74 34,0564  107.0212 7.70 44,89 7.42 ic .28
% 41675 . 9334274 34,0564  107,0212_ 7,70 45.06_ 1,96 sC 14
% 41676  93342,74 34,0564  107.0212 1.70 44,86 7.09 cc .19 -
% 41676 140733,01 34,0624 106.9Y53 10,20 34,76 7.33 wT
41676 .140733,01 34,0624  1U6,9953  1u,20 35,09 7.55 WM .18
% 41676 140733,01 34,0624  106.9953 10,20 35,50 7,50 1C .18
k41676 140733,01 ... 34,0624 . 106.9953 10,20 35,26 7,09 (oI T
% 41676 140733,01 34,0624  106.9953 10,20 35,87 B.08 sC ,28
£ 42076.._.25219,50Q —-—.34,0456 __107,0705 9,10 21481 . - - 6,81 WT . _._, 34
% 42076  25219,50 34,0456  107,070% 9.10 22,21 7,06 ce
$—42176 111619.50 .- 34,3159 . 106.8381 . S,40._ 21,79 __ 8,35 .. __BG. ___ 17 _
% 42176, r11619,50 34,3159  106.8381 5.10 22,65 7.39 SL .40
A 42176.-111619.50 34,3159 {U6,8381 -~ 5,10 .- 22,73 7,34.. _CU - — o .
* 42176 111619,50 34,3159  106.8381 5,10 23,33 6,96 cc .64
#_47176—111619,50-. .. 34,3159..- 1068388 .._ 5,10 . . 23,61 ____ B,10. .. DM _______ . ___
* 42176 111619,50 34,3159 16,8381 5,10 24,42 7.33 WT
42376 -55859,35- . 34,0364-— 107.0732 . 8,50 ._. .1,80-cu_ 6,85 -  WT... . .__ .40 _
* 42376  55859.35 34,0364 107.0732 8,50 2.15 7,05 ce .44
% 52576 30816,03 34,0441 __ 107,0841. 4,40 ___ 18,24 ____8.08__ ___ WT .52
60176  83848,01 34,0094  107.0486 U.00 50,20 6,53 WT .55
—60376.153113,12.. 34,0340 107.0093. __0,00____14,80 6.35 WT 3l
50876  52454,37 34,0516  106,9991 0,00 57,02 8,19 sC .25
# 71576 105834,53 34,0229 __ 107.068S5.____6,40_ ___36.11___ _7.16 “ S5Co 1T
% 71576 105834,53 34,0229  1U7.0685 6.40 36,62 6.68 NG .32
% 71576 105834,53 . 34,0229  107.0685___ 0,40 _ 36.87. .. Be80 L L WT LT
% 71576 164306,88 34,0242  107,0665 10,20 9,68 7,314 sC .09
A A1576. 164306, 88 . 34,0242 107, 0665 10,20 .. 10,10 .. F,38_ RM . .
% 71576 -164306,80 34,0242 107.UB6S 10,20 10,33 6.53 WT LaL. .
80376  T1016,54 34,4272 1u7.0022 10,60 23.4v 89,08 AT
—80376—--71016,54 -...34,4272. 107.0022 10,00 25.69 9,40 NG
80376  71015,54 34,4272 167,0022 10,60 24.74 8.76 HC
—-80376.  71016,54 .. 34,4272 107,0022 10,00 25.11 3.66 sC .
81076  43825,63 34,0103 107.0718 v, u0 27.32 7.84 sC
107.0718 0,00 28.10- . 6,73. WT 62 .

~——81076-~ 43B25,063—...-34,0103
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DATE  ORIGIN TIME LATITUPE  LUNGITUDE DEPIH  P=ARRIVAL SZS«P STATION RATIO

106,9997 11,30 43,77 6.49 WT 23

* 81076 122841,70 34,0473

—X 81076 —422841,70- —. 34.0473. 106.9997 . 11,30 44,46 . 7,13 SC._ .. _,18___
R % 81176  31519,20 34,1457  106.9016 7.00 23,56 8,06 sC .54
R ~F-81176-—-31519,20-—. 34,1457 106.9016 7,00 20,97 .. 8,14 . WT .o .
R * 81176  31519,20 34,1457  106,9016 7.00 23,32 7.97 NG
R 81176 —31519,20 — 34,1457 __106,9016 7,00 . 25,06 _7.84 _ _ HC .
* §1276 5908,36 34,0383 107,0144 8.40 10,08 6,36 °  WT .20
581276 — 5908 ,.36- 34,0383 ..10T7.0144 ___ B,40 . . 10,66 _J 08 ... __SC___ $19
% 81276  45605.52 34,0392 307.0147 7.70 7,16 6,45 WT .20
k91276 45605 .52 34,0392 _107.0147 7,70 . _ 1.65_._  6.85 NG W5B__
* 81276  45605,57 34,0392 107.0147 7.70 7,75 7.09 5C W13
~%81276—-230712,90- 34,0423 — . 107,0139 . 7.20. . 14,46 6.34. W 21
* 81276 230712,90 34,0421 107.0139 7.20 15.00 6.35 NG
H 2476 13113,96— 34,0349 107,0295.__..4.50 _ 15,65___  §.40 sC_ 06
* 82576 223223,53 34,0390 107.0136 0,00 25,84 7.20 sc .28
* §2576-.223223,53— 34,0390 107.0836. . 0,00, 25,76 _ 6,90 NG._____,41
R % 82776  14440.12 34,0396  107.,0174 6,00 42,10 6.88 sC .13
R x 89976 14440,42 34,0396 307.0174 _._ 6,00 —42,09___ . 6,50 NG 38 _
—_B2776 _ 81528.49 __ 34,0091  107.0647 V.00 30,14 7.30 5C
82776  R1528,49 34,0091 107.0647 0.u0 30,50 6,80 NG 13
~—90276 125137.40. . 34,1436  1U6.8552 10,50 . 43,70 7.29 oM -
% 90276 125137.40 34,1436 (06,8552 10,50 43.99 7.34 HC
K .503T6. 64629.73.___33.9717. 107.0037 6.20 .. 31.85 . 6,90 . . SC _  ,35..
* 90376  64629,73 33,9717 107.0037 6,20 34,80 7462 GH
— 90376 ..152927,10 __ 34,0842 . 107,0210.._ . 0,00 .. 29,41... _7.9% . . SC .
100576  1926086,47 34,0320 106.9610 0.00 10,84 7.55 ¢ e13
R —#%100776..232109,56_ . 34,0328._.107.0366 . 9,80 _ __ 11,57 . __6.72 . . _1C_ . ..19_
R %100776 232109.56 34,0128 107.0367 9,80 11,78 7.03 sC .09
R _%300776_.232109,56. __.34,0128.  107.0367 Y80 . 11,.81.. . 6,55 . KT .. _._. __
12177 616,33 33,9950 17,0607 0,00 18,55 7.60 sC
—& 12177 164228.18_ 33,9913 _107.0080___ 11,10 ._31.20 ____ 6,59  _wT.___ ST
* 12177 164228,18 33,9913 107.0680 11,10 31,44 7,25 cc .35
—A 12277 42405,17 34,0151 __107.0540 _ 7,50 _ _ 6,99_ 7,58 _ _ SC.___ .13
% 12277 42405,17 34,0151  107,0540 7,50 8,01 7.18 cc .34
— 20977 __ 13616.79 34,0293 107.0257 . __0.00 18,43 6,65 NG___
20977 13616.79 34,0293 107.0257 0,00 18,26 7.00 sC
~—20927__110713.59 34,0038 107,0082 . 0,00___ 16462 _ 7.50. ___CC_______ -
20977 110713,59 34,0038 107.0082 0.00 16,06 7.80  -SC
21077 . __73328,10 34,1379 . 106.9314_ 0,00 29,55 7,80 _ CC. . _,05_
21177 115445,23 34,2753 106,8043 0,00 52,07 7.49 CK
R 21677 144449.69 . 34,0127 107.04B1 _ __6,70.__ 51,42 .__ 7.48 _ _ SC - . .14
R % 21677 144449,69 34,0127  307.048% 6,70 51,42 6.80  1C .29
R % 21677 144449 69 34,0127 1070481 6,70 52,52 . _ 6,99 . CC.___ 18 _

—- 22577 .. 708,38 34,0144 107.0482 v, 00 11,18 1.00 cc
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DATE ~ORIGIN TINE LATITUDE “LUNGITUPE = DEPTH P=ARRIVAL SZS8-P STATION RATIO &

T 34,0144

22577 708,38 107.0482  0.v0 T 10,50 6.55 W ;
———22577 .. . 708,38 . 34,0144  107.0482 U, 00 10.07 7.40 5C
* 30877 45506,17 34,0035  1U7,0588 7.50 7,92 7,45 s¢C .07
*—-30877...45506,17. 34,0035 . 1u7,0588 7.50 . 8.54 6,74 WT .54
x 30977 115016,01 34,0030  107.0620 7.50 17,71 7.46  5C
#-—30977 ~115016,01 - ...34,0030 - . 107.0620  7.50 18,40 . 6,59 Wi . ,11
30977 114902,53 34,0084  107.0607  0.00 4,27 7,75 sC
——30977--.114902,53 ...~ 34,0084 - - 107,0607 — . 0,00 _. 4,93 . 6,70 ... wr. .
30977 112544.52 34,0036  107.0603 0.00 46,94 7.30 CH
T30977-112544,52 34,0036 —107.0603 - —.0.00 - - 46,29 . .7.66 ._ SC.. . _
30977 112524,52 34,0036  107,0603 0,00 46,95 6.69 WT
——31097—132733,31- 33,9877 - . 107,069%  _D,00 — . 36,18 L6 7% .. W ... .89.
31677 132733,31 33,9877  107.0699 0,00 35,43 7.75 sC
—40577-—193431.43—34,0116. ...107.0356_.. 0,00 33.10 _.__ 7,34 . . SC .. LOB.
40577 193431,13 34,0116  107.0356 0,00 . 34,15 7.87 cC .18
—A1277-32503,26._34,0591.__107.0357 _. . 0,00 _ 5,06 _ 6,99 -cr ..
41377 123952,13 34,0350  f07.0218 0,00 54,05 7.00 sC
———41377--123952,13_ 34,0350 _107.0218..._ __ 0,00 — 54,50 __ 6,50 ____ CC. . _____
41377 201531,.79 34,1987 106.8503 0,00 34,17 6.62 ce
—41377—201531,79 34,1987 _106.8503__ __D,00 ___ 34,17 635 CC
42677  20820,67 34,0569  107.0308 0,00 22,30 7.10 wT
X 82677-—165508,00— 34,0369 - 107.0554 . 7,20 3,97 7,32 WT o _
42677 165608,23 34,0437 107.0544 - 0,00 9,97 7.20 WT
— 42677 165608,23— 34,0437 107, 0544. 0,00 . 10,33 6,75 __ _CC.. . __ . . _
~-- 42777 121556,32 34,0107  1U7,0592  u,u0  SH,08 7.50 5C
42777 121556,32 34,0107 107.0592 0.00 58.76 6.60 WT
R 42877  105910.81 34,0489 107.0508 $.40 12,49 7.87 sC
% 42877 105910,81 - 34,0469  107.0505 5,40 13,01 6,74 ce .99
~——42877 . 105910,74 - 34,0469 . 107.0538 0.00 12,49 7.7 sC
42877 105910,74 34,0469 167.0538 0,00 12,74 6.85 WT
~—42877--110331,25 . 34,0445 - 107,0509 V.00  .33.15 . 6,75 W
. 42877 110331.25% 34,0445  107.0509 U.00 32,19 7,35 5C
50677 -104318,52 —— 34,1766 . 106,9256 .. 0,00 _  19.73 . - TW00 L CC o
51277  61914,45 34,0747 17,0313 0,00 16,37 6,38 WT
TTS1RTT = 61914,45 - 34,0747 107.031% 0,00 18,43 7.59 e M
60177  64045,08 34,0043 17,0575 0,00 456.66 7.64 sC
~——60177-—.64045,08. 34.0043—-107,0575 - 0,00 . 47,37 _ 6,80 . T _ _ .77. _
% 60277  65024,36 34,0118 107.0635 8,00 26,09 7.58 5C
£ 60277 —650248,36___ 34,0118..-107.0635. . g,u0.. . 26,87 . _6,64._ KT _ .50 ___
60277 173008,27 34,0027  107,0612 0,00 10,66 6,45 HT
—60377—34901,5%-— __34,0097.._ 107.0602 U000 3,30 . _ 7,66 S8C _ . ____
60377  34901.59 34,0097  107,0602 0,00 4.00 6,60 WT
*—50377—-193829,82 34,2280 —. 1U6.8883 .. 0,00 -.33,21 7,50 __.pM .

* 60377 204502,97 34,2284 106,8973 11,00 6,23 7.28 DM




" DATE T URIGIN TIME LATITUDE ~LUNGITUDE DEPTH P-ARRIVAL SZS=P STATION RATIO
R_-*~6037l4—204502 97— 34, 2284_k~4us 8973__m11 004‘_..6.34.____6.68___;AHT,”“"..63%__
R * 60377 204502,97 34,2284 106,8973 11,00 8,90 7,67 CM

—60277-—-230119,24-— 33,9809 107.0094 _ _0,00._.. 21,45 .__ _6.,75_ _ WT .. _

60377 230119,24 33,9809  107,0094 0,00 23,29 6,70 DM

—60777-—122528,61— 34,0119 . 107,0534 - 0,00 ... 30427 . T 45— . SC
60877  33223,37 34,1967  106.9304 . 0,00 26,58 7.59 DA
0877  33223,37 34,1967 106,9304 v.00 28.57 7.52 GH
—60877. . 33223,37 34,1967 106.9304 0.00 26,58 7.50 L
60877  53029,67 34,0251 107,0524 0.00 31.93 7427 5C
61077 40444,34 34.0141  .107.0620 0.00 46.73 7.70 sC .05
61077  40444,94 34,0141 107,0620 0,00 47.38 6.60 wT .88
—31177__235234,88 __ 34,1179 . .1¢7,0364 5 u.00 36,21 . 6,95 cc -
% 71477  23402,03 34,1590  106,8R14 5.30 3.62 8,19 BG .24
—%71477....23402,03 ____34,1590 . 106,8814 . 5,30 3,81 7,70 cc $23 .
% 71577 122625,73 34,0064  107,061% 8,50 27.62 7.55 s¢C W04
—%-71577.122625,73..—.34,0064 _ .1UT,061) ... 8,50_ __ 28,96 27403 . L CC .. ,40
71977  61654,87 34,1535 106,8721 0,00 56,64 7.18 ce A
— 4917 .. 61654,87 - 34,1535 106.8721 ... 0,00 56,33 .B,05_... .BG . _ _ _ ____
72177 31227,43 34,0412  1U7,0448 0,00 29,44 7.48 s¢
—72377—.120730.54...__33,9656 .. 106.9443 _ _0.00  _.33,29 . __7.66. .. SC_ e ..
72777 120730,54 33.9656  1U6.9443 0,00 36,21 8,07 GH
—-F2237155315,12 34,0056 __107.0868 ___0.00.. . _17.14 _ _._7.52.___ __SC___..________
72777 155315.12 34,0056  107,0568 0.00 18,35 6,92 cc
— 22777 171729,49 34,1514 106.9072.._. 0, 00.. 30,89 ___ J,19  __ _CCo . ______
727.7 171729.49 34,1571 106,5072 0,00 34,69 7.46 GM
—J12917 120722,12 34,1457 __ _106.9045____ U,00.___ 24,74 8.6 BG —
72977 120722,72 34,1457 106.9045 0.90 27,01 7.51 sC
— 72971 120722,72 34,1457 . 106,9045___ 0.00____ 27,99 7.08 GM___
% 81777  22020,68 34,2882  107.0497 7480 24,83 6.97 GM
% 81777 22020,68 34,2882 107.0497_ 7,80 25,68 B.10 oM _
& 81777 60319,97 34,1671 1U6.HT2 6.0 21.50 7,90 BG .27
% 81777 60319,97 34,1671 106.8721 L. 06 25.74 6.90 GH
81777 153722,00 34,2628 106,9233 5,70 27,45 7.52 GH _
81777 153722,00 34,2628 {06.9233 5,70 24,13 7.50 bG W43
— 81917 92822,91 34,0105  107,0613 v,00 24,80, . 6,95 5C L.
* 82477 112235.90 34,0123 107,0512 7,80 37,82 7.65 sC .15
#..82477-..112235,90..... 34,0123 . 1U7.0512 1,80 37,94 6,92 NG o
% 82477 112235,90 34,0123 1070512 7.80 38,93 5,55 cc .24
R #-82677_.103254,00. _ . 34,0093 17,0599 $,50 ..59,88 ___7,50. .__SC.___ 06 .
R % 82677 103258,00 34,0093  107,0599 8.50 0,19 6.80 NG 023
R % .82677--103258,00-_. 34,0093 _ 107,0599.  §,50 0.58 . B463.. - WT- .
R % 82677 1903258,00 34,0093  107,059% ¥.50 1,04 6.67 ce »55
%-.83077—183728,97——34,0391 - 107,0013  ..2.4C _ 30,73 _.__. B.46 NG —e35
% 83077 183728,97 107,0013 2,40 33.30 T.72 BG

34,0391




T e b A b A e s,

1-8

Y]

"_“_BEYt 'ﬁf@ TIHE LATITUDF 'LuﬁnITUDE"‘65PrH P-ARRIVAL SZS=P STATION RATIO
k—soxvj_ﬁ4azooz 11 -.32,0548. _ 106.7526 __ 3,00 _,-“s.sof_n&ﬁs.19~._ﬁ-cc“_H__ﬁm___k_
x 90177 182002,11 <0548 106.7526 3,00 10,12 . 8,19 Gu '
R #-90177 215848,71. 34,0139 __ 107, oqaa_n_mj 50._..50,50_ 6,96 sC. 12
R % 90177 215848,71 34,0139  107.0456 7.50  50,.8% 6,96 NG .30
R *—90131__345848.ILM_Av34,OI39w__1U7.D456____7.50_n“"51 66 7.02 ce - .
R * 91577 5335,40 34,0371 107.0595 7,70 37.24 . 7,65 sC . ,13
R‘ % 91577 5335 +40— 34,0371 _._107.0595._ __7, 7nm7‘"38.11h___;j.18~;_A'cdﬁ_h;_+25w__;
R * 91577 5335,40 34,0371 107.0595 7.70 40,53 6,90 ° BG
R A-$1877 . 5335,40_ . 34,0371 _ 102,0595. __7.70 . 43,38 _m.kv.ag,_.“Mgl_ﬁme_ﬁ_h_ﬁ
R % 91577  64517,00 34,3401 106.8883 0,50 22,41 6,75 RI _
R HSSII.64507,00 34,3401 106.8883 . 0,50 19,66 .. 8.00.. . BG . ——
R %-91577 . . 64517,00  _34,340%  106.5883 0.50 22,20 7.74 TD
R % 91877  64517,00 34,3401 106 ,BKE3 v,00 23,61 7.95 GH
R 291579 - 114334,47 ... 34,3068 = 106.9246 . 0,40 . 37,506 6,95 CC .o ,69
R * 931577 114334.47 34,3068 106,9746 0.40 41,02 8,15 sC '
R A-91577_.114334,47. . 34,3068.._ 106.9246 0.40 40,00 - 7,85 . TD . _____
R % 91577 114334,47 34,3068 106.9246 0,40 40,23 7,03 GH '
—91€77- —B0408,23- 34,0593 . 105,9885 . 0,00 9,89 . . 7.40.. .. CC o
91677  80408,23 34,0593 106,9885 V.00 10.51 8.:8 sC ‘
*-92077 —12008,81 ..__.34,0352.. . 107.0511 10,10 11.66 . . 7.03... ¢C_____ 229
% 92077  B1923,32 34,1615  {06.8P04 3,50 24,78 8.75 . BG
#-92077—--81923,32.--_34,1615 ~ 106,8804.. . 3,80 28,938 —7.48 . . GM_..
% 92077  £1923,32 34,1615  106.8804 3,80 30,62 8.02 R1
#-92277.--52127,96 —— 34,3340 .. 1056.8907 - 5430 30,84 . . T,30 ... BG . .o
% 92277 52127,9% 34,3340 1U6.8907 5.30 31,80 7.29 cc 69
*-92277---52127,96 - -34,3340 - 106,8907.-.. 5,30 . 33,04 e T430 . L FM 19 .
* 92277  52127,96 34,3340 106,8907 5,30 33,19 7.45 TD .65
£ 92277 —-52127,96_. 34,3340 __ 106.8907 5.30 -..34,64 ____7.25____ GM o
* 92277 191916,.59 34,3329 106.8897 11,30 20,90 6,79 ce .70
191916459 34,3329 1068897 11,30 __ 21,98 T.64. .. _ kM __
* 92277 191916,59 | 34,3329  106.8897  11.30 22.47 7,66 RI
#—92277.—181916,59— 34,3329 ___106.8897__ 11,30 __23.30 _ __7.40. GH _
%101877  81632,86 34,0353 107,0603 7.70 35,65  6.94 ce .24
#101837-——81632,86— 34,0353 107,0603._._.7.70 ___ 38,09 ___ 5.99 ___ bG.
#101877  81632,86 34,0253 107,0603 7.70 40,82 8,24 RI
TSI 190241, 73 34,1394 __106,8857.. _0,00_ _. 43.34. _ _7.06. cco___
~111777 . 25417,59 . 34,3807  1u7.0544 V.00 22,50 7.39 cc
111777 25417,59 34,3807 107,0542 Uaun 22.9%0 7.25 66
U #111877. . 65812,49 _ 34,4121  107.0703 4,90 17,90 6,53 .. BG . . ____
YO®111877  65812,49 34,4121 167.0703 V.90 20,70 8.15 iC
v R111877. | 65812,49. _ 34,4121 . 1¢7.0703 f”ﬁq.go 19,22 6.98 KT o
111877 65812,29 34,4125  107,0806 0. 00 17.55 8.77 cC
——111877 .. 65812,29 .. 34,4125  107.0806 w00 17,94 . 7,79 . BG  _ . .

111877 65812,29 34,4125 107.08086 0,00 19,18 7.94 WT




i P=ARRIVAL SZ&-P STATION RATI1O

111877 65B12.29 . _ 34,4125 . 107.0807 . 0,00  19.18 _ 7.00 . WT

* 111877 124249,40° 34,3902 1G7.0540 3.30 54,43 7.90 BG
# _111877_124249,40_34,2902.._ 107,0540... 3,30 . . 855,81 .. ToB7 o WD
# 111877 124249,40 34,3902 -107,0540 3,30 57.18 8,15 5C j
A_120577__205719,47 34,4084 _ 107.078B3 . . 5,50 23,41 7,13 SL ... 1.1 .
% 120577 205719.47 34,4084 1¢7.0783 5,50 24,70 7+59 ce
* 120577..205719,47 34 _,4084___107,0783 . _ 5,50 . 25.08..._..1,12 .BG
* 120377 205719,47 34,4064 107.,0783 5,50 26,71 8,36 LP
121377 195007.98_____34.4633 __107.0795____ 0,00 _...13.96_____6.59 ____BG____
121477 174833,:.8 34,0949 107.0234 0,00 37.08 8.63 BG '
% 121471 205721.46 14,2846 1CA.8770 12,50 30.46 7,29 Sk .
% 121477 205727.46 34,2846 1U6,8770 12,50 32,01 7.36 LA
121477 2057289.32. . 34,2915 ___106.8924_ __ 0,00....___31.27 8.97 <c
% 121577 171540,41 34,3225 107.0596 11,20 43.24 . 6,76 SL .32
% 121577 171540,431 34,3225 _1G7.0596. 11,20 . 44.4% __ 6.8k _Lc
* 121577 171540,41% 34,3225 107.0596 11.20 45,21 5,986 BG
*_121577 171540 41 34,3225 §07,.0596 _ 11,20 46,917 7,29 BB
. 121577 171540, 41 34,3225 107.0596 11,20 47.16 7.65 LP 5
122077 122118,72 34,0424 1U7.,0556 0,00 22,75 7,92 SL :
—422077 122118,72 34,0121 107.,0556 v,u0 1,71 7.08 ce :
% 122377 13739,40 34,0927 107,0444 8,90 41,41 6,48 cce .18
%_122377_...13739,40 . 34,0927 . 1v7.0444 . 4,90 42,31 . 6.24 SL
* 122377 35144,35 34.3202 tu7.1322 V.00 47.13 6,43 SL
10678 ..151237,02 .- 34,4097 1U7.0465 . U,U0 41.94 . 7,61 ce
10678  151237.02 34,4097 107,04865 u,00 43,03 7.85 Ba
—11178 12247,55 - - 34,0281 . 107,.0682 S0,00 . 50,24 ... 7,07 CC.. a6
11178 103916,18 34,0284 107.0054 U,00 22.87 7.45 SL
1778~ -50501,02 .—— 34,3102 .- 106,7201 - 0,00 . 6.40 ... - 6,95 . of oS
11778 50501,02 34,3102 106.,7201 U, 00 4,26 7,26 BG
e $1738—-50501,02-—— 34,3102 -106,7201 . . 0.00-__. 6,40 6,64 . S
11778 231421,22 . 34,3463 1U6,8731 0,00 25.63 7,20 cC '
——11778—-231421,22 34,3463 06,8731 .. 0,00 - - 24,66 ——.7,01 . Sl
11778 231421,22 34,3463 15,8731 0,00 - 24,73 1,70 BB
11878 122432,84..__ 34,1661__.106.8587 . 0,00 314,85 8.22 R o o
11878 122432,84 34,1661 1U6,8587 0,00 35,20 7.50 SL

e} 878 124942,89 34,1321 106,8656 . 0,00 44,91 3,292 e .;
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Appendix 2

Appendix 2 contains a comparison between depths of focus
calculated using both the S7S travel ti@és using model M3 (Reflection
Depths) and the depths of focus calculated by the iterative

location program (Iterative Depths)., For convenience, the date,

origin time of the event and its epicentral location are also given,




DATE - ORIGIN LATITUDE LONGITUDE REFLECTION
TIME DEPTH
60375  40301,00 34,0245  106.9988 B.40
60375 151015.50 . 34,0155 _107.0452 _ 6,70
61675 234320.76 34,0184  1C7.0439 74,40
62675 25644.81 _. 34,0559 .._107.0576 . 10.4u .
70275  10020,49 34,2272  106.8817 12,20
10275 _23422,05. . 34,2272, . 1U6.8B17.. 6,90
70975  21224.49 34,0511 106.9315 10,50
70975 91648.07___ 34,0554 .. 106.9275.._11.40.
72375 145642,06 34,0119  107.0387 - 8,00
12475 42313,95. 34,0505 _ 107,0025 7,00
72475 171014,32 34,0094  107.,0409 8,80
80175 112620,93_ 34,0710 __ _107.0266.. 4,40
80575  41720.31 34,0159  106.9927 190,80
 80575..141921,94 ._. _34,0127 . 107.0625 . __.7.40
80875 105722,23 34,0689  106.9263 5,50
 H{375_ 57949.08 34,2194 _.. 107.0852. . _13.00
§1375  73918.14 34,0703  106,9312 4,10
 g1375...112226.40 _ 34,0017  106.9824 . 10,00
§1375 201825,49 34,0763  107,0367 9.90
81975 81146.46 _ 34,0445 . 106,9703  ..9.20
81975 100007,00 33,9766  1L7.0105  10.80
82075 _.52219.47._.... 34,0741.  106.9225 4,70
82075 152836,20 34,0726  1Y6.,9303 6400
. g2175. 3444B,20 34,0129 . 167,0587 7430
82175 .190405.66 34,0409  106.9714 7.90
102975  72135.16 34,0532 107.,0108 5,20
_102975. ..73437,02 . 34,0249 107,0077 9,30
103075  70938,40 34,0196  107.0443 9,10
110475 163011.38_ . . 34,0315 __107.0845 7.50
110575 143504,61 34,0129  107,0844 6,70
 $10575._ 222826.14.. .. 34,0339  107.0550 9,10
110675  93358,27 34,0199 107.0317 7,90

ITERATIVE

DEPTH
DL,00

e 9200
10,00
8410
9,00
9,00,
6410

_ 8.70
0,00

520 -

0,00

- 0.00._.

11.60
11,70
8.80
9.40
11.00
11,60
1,00
11.60
10,80
12.10
9./
11,79
13,3u
4,00
0,00
0,00
10,60
12,50
7.80
14,10




2-3

SR A

DATE ORIGIN LATITUDE LONGITUDE  REFLECTION ITERATIVE
TIME . DEPTH DEPTH

—440995 . B2735,65 34,0343 __307.0594.__ 9,20 _ 9,20
12276 160510,75 34,0144 107.0542 7.80 12,40

—$2376-—-25332,79 34,0154 _107.0426 7.30 10,10 ..
12976 150640,20 33,9816 106,9838 8.70 6,00

—43075--135623,78 34,0614 106,9971. __7,.80 6,40 .-
20676 92157.40 34,3763 107.0348 ¥,60 0,00

—21776— 61749,51. 34,0203  107,0586 .. 9,50 6e20 _
21776  173405,00 34,0382 107.0260 8,90 10,80

——21876_ _54455,59 . _34,0056___ 107.0694 8.10 11.10 _
21876 232535,.19 34,0261 107.0806 6,60 R,R3

——21876. __ RB36,68._ .34,0103 _ 107.0685 . 11,50 9,60
22076 125145.06 34,0027 107.0568 8,90 10.509

~——32376_125219,80___ 34,2924 _1U6.,8548 .. 4,50 11.50
41376 94540,40 34,0640 107,0239 6,00 10,50

— 41376 134125,16. . 34,0248. _ _107.0739 7.50 10,60
41376  115834,55 33,9760 16,9713 7.30 6a60

—A43376.-231514,92._._ 34,0209 . _107.0354 12,80 4.50 __

431476 131221,10 _ _ 34,0001 107,0435 12,20 S5¢50 __
41576  84552,24 34,0598  107,0736 v, 20 2,90
— 41676 . 93342,74 ... 34,0564. 107.0212 . 7.90 770
41676 140733,01 34,0624 166.9953 7,30 10,20
42076 __25219,50 . 34,0456 167,0705 Ta70 9,19
42176 111619,50 34,3159 106,838 4,70 .10

— 42376 _55859,35 . 34,0364 ___ 107.0732 _ ¥.,20 R.50 __
52576 30816,03 34,0441 107.0841 4,90 4,40

60176 83848,01_ 34,0094 167.0466 10,10 600 __
60376 153113,12 34,0340 107.0093 11,00 7.70
—-B60876__ 52454,37. . 34,0516 10649991 4,70 9.20
71576 105834,53 34,0229 107.0685 10,00 6a40

— 11576 164306,88____ 34,0242 _ 107.0665 . 5,90 10,20
80376 71016.54 34,4272 107.0022 5490 10,60
— 81076 43825,63 ___ 34,0103 __ 107.0718 9,10 7.50
81076 122841,70 34,0473 106,9997 8,80 11.30



2-4

DATE ORIGIN LATITUDE LONGITUDE REFLECTION ITERATIVE
TIME DEPTH DEPTH
81176 _ 3154.9.20 34,3457 106.9016 5.90. 7.00
81276 5908,36 34,0383 107.0144 10,90 8,40
— 81276 _45605,52 34,0392 107.0147__ 1i.40 ____7.70
81276 230712.90 34,0421 107.0139 11,40 7.20
——82476 __13113.96 34,0349 107,0295  ___6.50 ____ 4.50 _
82576 223223.53 34,0390 . 1U7.0136 9,60 8,20 |
—B2776 14440.12 34,0396 _107.0174__ 12,00 _ 6.00
82776  81528,49 34,0091  107.0647 10,60 7,10
—90276__125137.40 __ 34.1436 __106.8552 __7.70. 10,50 _
——90376___64629,73. .._33,9717 _ 107,0037 . 7.50. . §.20
90376 152927.10 34,0842  107,0210 7,10 4,80
100576 192608.47_ 34,0320 __106.9610 . 6.50 . 11.10
100776 232109,56 34,0128  107,0366 9,90 9,80
12477 616,33 _  33,9950_  107.0607 7,00 10,20
12177 164228.18 33,9913 1067.0680 7.70 11,10
12277 . 42405,17. .34,0151. 107.0540 7.80 7,50
20977  13616,79 34,0293 107,0257 12,20 3,40
~-20977...110713,59 34,0038  107.0082.  b5.00 a,90
21077 73328.10 34,1379 106.9314 7,00 7.20
S21177  115445,23 34,2753 106.6043 11,30 12,70
21677 144449.69 34,0127  107.0481 11,20 6,70
- 22577..._ . 708,38. . 34,0144  107.0482 8.50 6,90
30877  45506.17 34,0035  107.0588 9.00 7.50
30977 115016.01 . 34,0030 . 107.0620 9,40 7.50
30977 114902.53 34,0084  107,0607 9,10 7.70
30977 112544,52 . 34,0036  107.0603 8,70 7,40
31077 132733, 3% 33,9877 107.0699 5,30 10,20
40577 ...193431,13 34,0116 107.0356 .90 B 430
41277  32503,26 34,0591 107,0357 10,10 3.50
41377 . 123952,13 __ 34,0350 _ 107.0218  10.060 6,40
42677  20820,67 . 34,0569  107.0308 8,80 f.10
42677 _165608,00. . 34,0369 _ 107.0554 8,50 7,290
42777 34,0107  107,0592 9.10 8,00

121556,32



DATE ORIGIN LATITUDE LONGITUDE REFLECTION ITERATTIVE
R o971 o S DEPTH DEPTH--.
42877 _105910,81 34,0489 107.0505. 9,10 2%, 40
42877 130331,25 34,0445 _107.0509____ 9,70 . S.90
50677 104318.52 34,5766 106.9256  10.80 5,60
—51277 61914.45.. 34,0747 _ 107.0318__ 10,20 . . 0.00
60177  64045,08 34,0043 107,0575 9,10 6,40
—- 602770 65024,36 34,0118 . 107.0635  §.90 8,00
60277 173008,27 34,0027  107.0612 10,20 6.30
—60377 - —-34901,59 34,0097 ..107.0602 .. 9.30 . 7.70
60377 193829,82 34,2280 106.8883 4,30 12,50
—-60377..-204502,97 ___ 34,2284 . .106,8973 __ _8.60 11,00
60377 23011924 33,9509  107.0094 9,20 7,40
—60777122528.61 __34,0119  1C7,0534 .. 9,40 6.80
60877  33223.37 34,1967  106.9304 4.80 11,90
—-60877 —_53029,67. .__34,0251__ 107,0524  u,10 10,80
61077  40444.94 34,0141 107,0620 9,20 R, 00
—71177...235234,88 _ 34,1179  107.0364 . 10.50 6430
71477  23402,03 34,1590  106.8814 7,20 5,30
—-71577-..122625,73 . 34,0064 _107.0611 7.50 .50
71977 61654.87 34,1535  106,8721 9.30 4,30
72177 31227.43 34,0412  107.044% 8,30 0,00
72777 120730.54 33,9656  106.9443 5,00 0,00
—72777-..155315.12 . 34,0056  1U7.0%68 7.90 0,00
72777 171729, 49 34,1571 106.9072 9,60 0,00
—72977...120722.72 34,1457 106.9045 9.10 0,00
81777 22020,68 34,2882  107.0487 5,10 7.80
—B1777_. 60319,97. 34,1671  106.8721 7.30 6,70
81777 153722.,00 . _ 34,2626  106.9233  7.10 5.70
81977  92822,91 34,0105  107.0613 10,30 8,40
82477 112235,90___ 34,0123 _ 107,052 . . 9,60 7,80
82677 103258,00 34,0093  107,0599 9,20 8e50
83027 183728.97_ _ 34,0391 _ 107,0013 6.20 2.40
90177 182002,11 34,0548  106.7526 3,00 3,00

—90177 . 215848B,71 . 34,0139 __107,0456 lu.,00 7,50




DATE ORIGIN LATITUDE LONGITUDE REFLECTION ITERATIVE
TIME DEPTH DEPTH
91577 5335,40 34,0371 107.0595 8,20 7,70
91577 64517,00 34,3401 __106.8883_ 6,20 . 0.50.
91577 114334,47 34,3068  106,9246 9,40 0,40

—-91671 _ 80408,23 __ 34,0593___106.9885 8,70 _ . 0.00 .
92077 12008,81 34,0352 107,0511 7.30 10,10
— 92077 81923,32 _34.1615 . 106.8804 _ _5.00_ .  3.80
92277  52127.96 34,3340  106.8907 7,70 5,30
92277 191916,59_._._34,3329..__106.8897 _7.70 11.30
101877  81632,86 34,0353 107,0603 8410 7.70
111877 190241,73 34,1391 106.8857 . 9.90 5.50
111777 25417.59 34,3807  107,0541 7.00 11,10
—111877 __65812.49_ 34,4121 _107.0703 _12.40  _ 0,90
111877 124249.40 34,3902 107,0540 6.70 3,30
~120577 205719.47 34,4084 _ 107,0783__ __1.10 __ __ 5.50
121477 174833,18 34,0949 107.0234 2,50 3,60

421477 205727.46 34,2845 _ 106,8770. 7.50 12.50
121577  171540,41 34,3225 107.0596 7.50 11,20
122077 122118.72 34,0121 _ 1G7.0556 7.80 6,40
~-122377 . £3739,40 _ 34,0927  107.0444- 10.50 §.90
122377 35144.35 34,3202 107.1322  11.60 0,00
M3067844_~,151237,02,wﬁ,3494097 187.,04685 — 1460 0,01
10678 151237.02 34,4097  107.0465 8,50 0,01
113178 72247,55.. . 34,0281 107.0682 0,90 4450
11178 103919,18 34,0284 107.0054 b90 4,64
11778 __ 50501,02._. 34.3102  1U6.7201 7.10 10,70
11778 231421,.22 34,3463 106.9731 "7.00 8,158
.- 11878 _122432,84 ._. 34,1661  1G6.8587 7.50 4450
11878 124942,99 34,1721 106.8656 5410 4,60



Appendix 3

Appendix 3 contains the basic versions of the computer pro-
grams used in this study. Matrix manipulations and power spectrum
determination (main program not included) used the IMSL subroutine
package maintained by the N. M. Tech Computer Department as a

source. A very brief description of each program will be given

for each program.




REFIN.FOR. This is the basic least squares inversion program used
for this st?dy. It reads in the data (travel times, station locations
epicenter igcations and depths of focus), calculates the real and
theoretical travel times of the SzS reflection, caléulates the
epicentral distances, calculates the A matrix and calls the subroutine
INVER.FOR for the inversion. Simple changes in calculating the

A matrix and theoretical travel times are required for each different

model used. Up to 50 unknowns and 300 data can be used.

i ton i



TYP REFINZ.FOR
8slap

c

80200  ( o

03360 ¢ TSS 18 THE SX$ TRAVEL TIME

a84ee ¢ EPLONG IS THE EPICENTER LONGITUDE

88588 ¢ EPILAT 1S_THE EPICENTER LATITUDE

02698 ¢ DEPTH IS THE DEPTH OF Focys _

88708 (¢ D ISTHM DIST..NCE FROM THE EPICENTER TOSTATION
gegag ¢ Z_IS THEUNKNOWN

88988 ¢ DZ 1S DELTA 2

81eag [ NUM IS THE NUMBER OF REFLECTIONS

ei1igs ¢ LONG IS THE STATION LGHGITUDE

gizas ¢ LAT IS THE SAATION LATITUDE

81388 £C12 IS THE DEPTH TO THE REFLECTOR

81400 2822, 72(3> 15 THE & WAVE UELGCITIES

61580 ¢ 2(2) 13 FOR THE UPPER LAYER

81688 ¢ 2¢3) IS FOR THE LOWER LAYER

81788 ¢ DY_IS DELTAR T

g%ggg ¢ 222 1S THE CALCULATED DEPTH TO THE REFLECTOR
82848 DIMENSTON A(388,58),DEPTH(388), 2¢Sp),

82169 10T<383),xr<59>,vrc56>,TSS(zae>,£PL0HG<389),EPLQT<3BB).
82208 EDZC58),222¢388), COEFF( 585, DT1¢ 368 ), CoRCLE S

82383 3,DIST<399),UQR<sa,sa>,7ao<59>,an<4ea>,mL2<438)
87489 COHMOH/NORKI/HIH,SEC,RHTEP,RGHEP,DF,PQRUL;SS,ROHST,
82508 IRATST

82608 REAL LATC328),L0NG(380)

82790 COMPLEX NANE

82860 INTEGER STAT(39),5T(308),p
- 82980 , TANCAY=SINCA)7COSCA)

83260 11T]=1

03180 9988  CONTINUE

63280 " IF(1I11.E£0.8)5TQP

03258 201)=9.2

83309 2(25=3/35

83460 2(33=3.35

83500 - OPENCUNIT=81, FILE="STAT. DAT* )

83663 B0 2 I=1,58

83703 READCL, 1, ERD=3) STATCI), YTC1),XTCI), CORCT)
838a0 HN=1 )

83909 1§ FORMATCA2, 28, F7.4,1X,F8.4,7%,F4.2)

B48a8 3 CONTINUE
84109 . CLOSECURIT=81)

24299 TYPE 9989

94388 9389 FORNAT( 'BTYPE DATA FILE NAME )

84408 READ(S, 9988 NANE

94398 9983  FORMAT(2A5)

84608 MRITE(S,63)

84788 63 FORMATC'GWRITE P AND SIG')

24200 READCS, )P, SIC

84533 KX=(19.20-701)3)%2.

858a8 OPENCUNIT=81, FILEZHAKE )

85189 HUH={ )
85288 7 REQD(1,4,EHD=1!)HHTH,IDT,IYR,IHR,HIH.SEC,EPLQYCHUN),
85359 YEPLOHGCRUND , DEPTHCNUR ) . PARVL, S&, 5T¢ NUM >

85488 4 FORMATC 312, 1%,212,F5.2,1X,F7.4, IX,F8.4, 1X, F4._ 1, 1%,
@558 1F5.2,1%,F4.2,1X,A2)

es5788 15 FORMATCBDATE  *3CI2,1X3'  TINE IS 'I2':'[2)
85388 STATCNN+2)=48

55988 DO 7 I=1,HN+2

26208 IFCSTCHUM)Y EQ.STATCE)) Jat

85180 7 CONT INUE

86269 STCHUM)I=STATC )

86308 LONGCNUIM=XT¢ 1)

p548¢ LATCHUM)=YTC )

85580 . S5=55-CORCJ)

35620 ¢ '

867gy ¢ CALCULATE REAL TRAUVEL TIne

péses ¢

86925 IFCPARUL-SEC) 14,12, 12

27099

TTP=PRRUL+68.8B-SEC
GO TO 13

TTP=PARUL~SEC
TSSCNUMY=TTP+SS

=
~
o
©
g
Lol P
W A

27300




87588 C
greeg ¢ CALCULATE EPICENTRAL DISTANCE
c
87868 DLTLON=CLONGC HUMD-EPLONGC HUM ) Y£92 . 387
87920 DLTLAT=CLATCNUM)-EPLATCNUR) )%118.9192
08886 DISTCHUM)=DLTLONSDLTLON+DLTLATEDLTLAT
88166 DISTCNUM)=SERTCDISTCHUH) )
88208 C
88308 HUM=NUM+1
88488 5 . GO 10 &7
88568 11t CONTIHUE
88668 HUK=NUM~1
83780 DG 39 IIJ=1,4
88800 D0 27 I=1,NUi
85988  C
09888 CALCULATE THEORETICAL TRAVEL TIHES
85168 €
as2e8  C :
853pa CALL TNCIDCZ(2),Z(3), DEPTHCI), DISTCI X ALICT ), ALRCT),
65403 2%%,7¢ 0
83508 (E5003caL1¢1yy; 62=COsCAL2CT »)
85508 TTH=CXX~DEPTHC1)0/C 220261 )+( 2 £2¢ 1)) £€203)362)
89525 IFCDEPTHCI ). 6T, 18. 3TTH=(18, )/(2¢ 2 Y3C1
89665 24¢2_3ZC1 )-CDEPTHE 1)218.50/¢ 2¢ 315625
83788 CDTCI)=TSSCI~TTH
ggsed 27 CONTINUE
83300 ALLI=ALT(1 0557, 2967, 8L 22=AL2( 1)X57 . 2967
10860 HRITEC3,6822¢%2,2¢3), DEPTH( 15, 018113, AL1T, AL22
10882 68 FORMAT( '8 6(2%,F6.2))
18100 L=2
18200 H=HUH
18368 €
13480
18568 ¢
18608 ¢
18708 ITi=1
18ge8 ¢ CALCULATE THE A MATRIX
18988 €
11883 ¢
11168 €
11280 00 32 I=1,NUd
11388 GI1=COSCALICTY); G2=COSCALRCT Y)Y
11428 ACT, 1)=—CXX-DEPTHC 1))/(2¢2£2¢2)4G1)
11508 ACT, 23=-¢2. %201 1) /(G232 3)%2¢3))
11582 TFCDEPTHC T GT. 18 )ACT, 1)=-C18. )/(Z(2)12¢2)2G1 )
11504 IFCDEPTHCI).GT.18.)ACT, 2)=-( 2, $2C1)~CDEPTHC 10-18 . 3)/(623
11506 22¢3)12(3))
11688 32 CONT INUE
11788 C
11898 C )
iig@e ¢ WEIGHT THE A MATRIX AMD THE KNOWNS
12688 ¢
12180 €
12208 TAOC1)=. 81
12303 TAJ(2)=1 .
12498 TROC 3 3=t |
12528 B0 17 J=1,NUM
12668 OTCJI)=BT( /816G
12709 D0 17 1=1,L
12308 ACJ, 1)=aCJ, 1816
12908 17 CONTINUE
12888 ¢
13100 ¢
13288 C
13300 ¢ CALCULATE BIG R HUMBER FOR THE PREUIOUS RUN
13560 IECITJ.EQ.1) 6O 10 43
13600 RR=0
13708 RROH= MU
13869 0O 51 I=1,NUH
13308 51 RR=0T( ] )EX2+RR
14889 RR=SBRTCRR/RNUM)
141088 HRITE(S,52) RR
14268 52 FORMATC'@THE BIG R NUHBER 1S 'F18.5)
14388 49 CONTINUE




14400 € IHVERT THE A HATRIX WITH DT
14568 €

14608 CALL_INUERTCR, DT, COEFF, H. L. P, TAO, UAR)

14760 00 23 1=1,L i

15888 23 DZCT+1)=2¢ T+1)+COEFFCT )

15168 B2(13=2¢1)

15208 HRITECS,58) TSS(18),0T¢C18),(DZ¢I), I=1,3)

15368 50 FORMATC ' *SC2%,F9.5)) :
1548 19 FORMATC'B'//7' THE 'I2' UNKOWN IS '2F13.5)
15589 00 48 I=1,L

15689 48 2{1+13=02(T+1)

i63e8 45 COLTINUE

16488 HRITE(3,43) )

16568 43 FORMATC'BTHE NEW PARANETERS RRE. . . . .')
16500 HRITEC 3,61 JNANE

16780 1 FORMATC'BTHE FILE NAME IS '285)

16563 WRITEC3, 4430, 7

16388 44 FORMATC'@HUMBER OF DATA IS 'I3' P HUKBER IS 'IX)
17888 YYR=RR/2

17100 D 23 1={,3

172680 20 BRITECZ,19) 1,YYX,2¢1)

17300 WRITECZ, 453, CUARCI, 1), I=1,L)

17460 45 FORMATC'BTHE STD DEVIATIONS ARE'////7/3(2%,F18.5)3)
17500 HRITECS, “8)RR, (TAOCT ), 1=1,3),81G,P

17680 66 FORMATC'“THE BIG R IS 'F6.3/7 THE TADS GRE
17208 23(IX,F4.2)/ SIGHA IS ~ 'F4.27° P IS 7123
17061 00 71 I=1,NUH

17762 71 DTCI)=DTCINESIG

17785 WRITECI, 633COTCIY, I=1, NUH)

17718 69 FORMATC '{THE DELTA TS ARE'48¢18(2X,F6.3)/))
17058 33 CONTINUE

17880 WRITECS, 62)

17980 62 FORMATC'BIF YOU WANT TO STOP TYPE 8')

18329 READCS, £31111

18108 6O 10 9968

18280 END

16309 SUBROUTINE INCID(UL,U2,DEPTH,DIST, ALY, ALZ,D1.02)
18469 TRHCAI=STNCA)/COSCR)

18568 IFCDEPTH.GT.18. )60 10 4

18640 AL1=8.

18708 2 AL2=ASTHCUZESTHCALL D U1 )

15863 X=(D1-DEPTHYXTANCALL M+(2 . 202 YETANCAL2 )

183998 TFCR.GT. DIST YRETURH

15869 A 1=AL1+8. 0885

153188 Givo 2

19158 4 AlL1=9.

19208 1 AL2=2SINCUZXSINCALL I V1)

15258 K=16 XTANCALL )42, x02-COEPTH-18 . ) )ETANCAL2)
19390 IFCK.GT.NISTIRETURN

19350 AL1=AL1+8. 885

19488 GO T0 3

19328 END

i
T o R




INVER.FOR. This subroutine inverts the data and the A matrix using
LRV ah. TUN h a

the eigen vector - value elimination procedure {(Jackson, 1972). M is
the number of data, 1 is the number of unknowns and P is the degrees

of freedom. Also calculated are the variances and resolution matrix

R.




aolan SUBROUTINE INUERTCA,DT,COEFF,M,L.P,TAD, UAR) .
BB200 DIMENSION A(498,50),0¢58,50),R(59,58),0¢468), UP1(58,
88380 1587, HK(408),UP(58,58),E(480,508), UP( 488,56, H( 50,480,
88400 2DTC4683, COEFF(SB,UARR(SA,58),S(68,58 3, TRO(SS)
28508 INTEGER P
88600 REAL LAMINUCSA,58)
88620 B0341 I=1,L
886308 00341 J=1.H
80548 341 4CJ, 1)=a0d, 1XETAOCT)
8B7eR HH=308
f038  © HL=98 ‘
aiges ¢ CALCULATE EIGEN VALUES
pi1es ¢ '
81288 - CALL UMULFMCA,A,M,L.L.30@,368,C,LL, IER)
81208 CALL UCUTFS(C,L,LL,C) ‘
814a8 Catl EIGRSCC,L,1,0,UPL,LL,HK, IER)
B1568 Bo 14 I=1,L
81608 IFCDCL+1~1).LT.8.883 GO TO 354
31708 G0 T0 14
81803 354 géh§%§6§=9'8988
81388 14 3
£108 132 FORHATC '8 EIGEN VALUES'///4(7 (2X,69.2)7077)
52208 C
B2388 C CALCULATE LAMBDA INUERSE
p2488 C RE”%&SSEE EISEETEQLUES

508 ¢ RER , )
ggsgs C ALL QRE REARRANGED SO _THAT THE SMALLEST EIGEN UALUE
82788 € "IS LAST. IF THERE ARE AHY NEGATIVE EIGEH UALUES
82868 C BECAUSE OF ROUNDOFF ERRDR THESE ARE SET TO ZERO.
82988 C
82808 on 133 I=1,L .
a3ten 133 LAMINWCT, 1)=1 . /SORTCOCL+1-1))
gI200 1 CONTIHUE
83220 KRITE(3,556)
I248 594 FORMATC'Q' #rr2)
f3308 RRITE(3,1325, CLAMINUCI, 1), I=1,L)
034¢2 DO 134 J=1,L
63568 DO 134 I=I.L
83669 134 UPCL, D>=UPICI,L +1-4)
83768 2 CONTINUE
84188 135 FORMATC'@'//24(7 (2%,G9.2)/5/7)
84308
84488 ¢ THUERT
gsaga ¢
84388 CALL UMULFFCA,UP,M,L,P,388,LL,E, NN, IER)
84908 CALL UMULFFCE,LAMINY,H,P, P, MM, LL, UP, N, TER)
85058 CALL UMULFFCUP, LAMINV, L, P,P,LL,LL,C.LL, IERS
85188 CALL UMULFPCC,UP,L, P, M, LL, MM, B LL , IER)
85288 4 CONTINUE
35308 CALL UMULFF(H, DT, L M, 1,LL.388, COEFF,LL,IER)
85258 Do 557 I=1,L
85375 557 COEFFCI)=COEFFCIXTAOCT)
85488 ¢ HRITEC3,455), CCOEFF(K), K=1,LL)
gsggg g 453 FORMATC'OTHE CHANGES TO THE UNKNOWNS ARE'///3(2%,F18.5)7)

5
85788 ¢ CALCULATE VARIAMCES
65888 C
85988 CALL UMULFPCH, H, L M, L LL, LL, YARLLL, IER)
86108 06 28 I=1,L
96182 28 URR(T, I Y=SARTCUARCI,I))
n6z2e8 ¢ CALCULATE R HATRIX
86388 C
86400 CALL UMULFPCUP,UP,L,P,L, LI, LL,R,LL, IERD
86569 NRITE(38):((R(I:J):J=1J3 2, 1=1,3 ) .
ggggg . 8 FORMATC'BTHE R MATRIX IS . . .'s//5¢3 (2R,G9.2)/ 7%
B6ges o CALCULATE LITTL f
8?333 2 TLE R HUMBER

; DO 16 I=1,L

87103 RR=9 . |
67288 RCT, 1)=RCT, 1)-1. L]
avieg D0 17 J=t,L : '
87486 17 RR=RR+RCI, Jyt22
87458 16 CONTINUE
37980 £ 16 NRITE(3,18),1,RR

67668 18 FORMAT('@ THE LITTLE R NUMB ‘1z L ’
38366 RETLGN | ERC'I2') 18..." 2X,F7.4)




REFIN.FOR. This main program calculates using REFLP.FOR the areal
location of reflection points either assuming a depth to interface
or a depth 6f focus. The reflection point can then be plotted using
SUBPL.FOR which uses the COMPLT subroutines maintained by the N. M.
Tech Computer Department. SUBPL.FOR alsc plots a map of the local

area including selected stations, SUBPLT.FOR can easily be con-

verted to plot epicenters and the points of interest by simply in putting

(FLAT,FLONG) coordinates.




TYE REFIH.FQOR - .
gisag DIMENSTON DEPTHC428)>,D(408), 2(33).
Biven 10TC408), KT(58),¥T(58),TS55(488),5SLONG(488),5SLAT(468),
8138 202(58).,222(488), DTI(4BB);§OQ(58)
81588 COMMON/HORKLIZMIN,SEC.RATER, RONEP,OF, PARUL , 55, ROHST,
82088 {RATST
g2108 REAL LAT(488),1.0NG(488)
02208 INTEGER STAT(Z2B).ST.P
92989 TAR(AY=SINCAY/COsCA)
83660 Catl INITALCZ2)
83268 € - |
83309 ¢ . ) .
434869 [ IS THE DATA TO BE READ OFF DATA.DAT, OR 1S5 IT TO BE
83589 C COHPUTED? '
BI6068 g -
34288 OPEN(UNIT=81,FILE="STAT.DAT")
B4388 D0 2 I=1,58
34409 REQD(I 1,END=3) STATCL L YTCI 3, AT, CORCI D
84508 2 - NH=1
846060 1 FORMATCH2, 2%, F7 .4, 1%, FB8.4,7%:F4.23
84729 3 CONTINUE
84808 HRITE(S, 12)
84589 i2 FORHATC' TYPE 8 FOR THUERT ONLY's
85888 t! 1 FOR PLOT AHD IRUERT'/#' 2 FOR PLOT OQHLY!
#5180 27 3 FOR TRAUVEL TIMES OHLY...HO PLOT OR IRUERT")
85248 READ(S, )T UK
65258 CALL FACTORC.9)
685368 CLOSECUNTIT=81)
35488 OF ZHCUNIT=81,FILE="REFLT.DAT' >
85308 N0 5HUM=1,3%8
B3608 REQD(i 4, EHD 11OHNTH,IDT, IYR, [HR.RIN, SEC, RATEPR,
83708 IRONERP,DTPTHORUNM Y, PARUL,5S, 5T
35860 o4 FDRﬁRT(312 18, 212,F5. 2. 1%,F7 .4, 1%, F8.4,1¥,F4.1, 1X,
85988 IF5.2,1%X,F4.2,14,02)
3660845 C . !ZITE(3 iG)auHTH IDT,IYR, IHR.HIN
55908 1FS.2, 1%, F4.2,1%,82)
QhRea [ URITECZ, 16 ). MNTH, IDT, IYR, IHR. MIH
05168 18 FORMATC "QODATE  "3CI2. 1K' TIHME 1§ ‘'lIg'*:'12)
BE268 UF?DEPT4(HUN)
ge32a STAT(NH+2 =4
06408 DO ¢ I=1,KHR- 2
265088 IF(ST.EQ.STATCI ) J=1
pgG66eg 7 CORTIHUE
Bs708 ST=STATCJ)
8645888 RONST=XT(J»
peeas RATST=YT( D
g7eeg S8=55-COR( 1>
Brigs CALLREFLPCTSSCHUN Y, SSLONGCHUM Y, SSLATCHUHD, DCNUR)
87289 2.22Z(RUM Y, ANG)
??586 IF(SSLATCNUMY LT.33.84.0R.SSLATCHUMY.GT.34.55) GO TD $98
87688 IFCSSILOHGCHUM Y 6T 186,75 AND . SSLONGCHUNMY . LT . 187 .259)
7798 PHRITECE, 36 )IYRLHNTH, IDT, ST, SSLORGCHUR Y, SSLATCRUM Y, 222CHUR )
847889 2,DF,DEFTHCNUM Y, THRL MIN, PARUL
B79886 9397 COHTINUE
B7922 IFCSSLATCMUMDY LT.33.98 0OR.SSLAT(NUM Y. GT .24 286070978
87984 IFCSSLONGCNUMY GT.196.75 AND.SSLONG(HUKY LT .186.84)>
875486 2TYPE 876, IYR,HNTH, IDT, JHR, WIN, HIN,ST
67988 978 FORMATC'B'2(3CI222R), 24X, R2)
87518 o738 CONTINUE R
$8688 36 FORMATC! 1K 12,28, 1228, 12,14, 02,5F18.3, 24, 12,2%.,12
$48818 2,28, F4. 1)
83168 C 2 HRITECI,8XTSSCHUKY, SSLONGCHURD), SSLATIHUN Y, 2ZZ2ZCHUNR)
88268 8 FORHMAT(' THE REFLECTION TRAVEL TIHE IS',2R.F6.2.2X.,
88388 1*REFLECTINGAT ", 3¢ 2K, F18.43>
394008 JJd=NUHN
89680 3 CONTIRUE
89889 o HUH=RUM=~-1;JJd=J00~-1
239e3 11 CONTINUE
o Bl
St H R

18268 JIdJ=1 G=SSLONGCD)
8 Ehapgeg

4 JK. . AIJKLER.2OCALL SUBPLCSLAT,SLONG,
18560 14 CONTINUE G JIID
18588 CALL RSTR(E)
10789 HUH=JJ.J

19899 IFCIJK.EQ.2) STOP
ST0P




3-10

@TYP REFLP.FOR - '
08100 SUBROUTINE REFLPCTTSS, RFLONG, RFLAT,DIST, 22, ANC)

80268 CORMON/HORK1/MIN, SEC, RATEP, RONEP, DF , PARUL , 35, RONST, RATS
80368 TANCA)=STHCAY/COSCA Y :
80408 DLTLON=RONST-RONEPR

00509 DLYLAT=RATST~RATEP

38608 - BOLAONG=DLTLON%92 . 387

en7e88 DOLAT=DLTLAT:118. 3132

29560 BISSQ=0OLAT X2 +DDLONGEE2

08858 IF(DISSO.LT.B8)TYPE %,MIN,SEC,RATEP, RONEP
88263 IFCDISSR.LT.8) STOP 4

98908 DIST=SART(OISSR)

31668 IF(PARUL-SEC)H LT, 2 12

81108 i1 TTP=PARUL+£8.8-5

81268 C0 T0 13

01368 12  11P=PARUL-SEC

@1488 13 TISS=TTP+SS

31508 BISTSS=TT55%3. 485

81688 C : ,
BI788  C....ovevrnienn... CALCULATION OF REFLECTIOR POIHTS.............
8igad’ ¢

813568 RR=(DISTSS¥X2 DISTxi2374.8

61350 IFCRR.LE.B.)TYPE %, MIN.SEC,RATEP, RONEP
81960 IF(RR.LE.8.)STOP 5

02888 - 22=19.3

821688 DF=(22~-SART(RR) 2.

82288 SN=DIST/DISTSS

82388 RLPHA=ARSINCSH)

B23508 AHG=RLPHRES? .28577351

g2480 RLNTH=TANCRLPHR Y%(2Z-0F )

02588 4B8=0D0DLONG/DDLAT

82688 TH=RBS(AB)

02708 PHI=ATANCTND

87508 RDLAT=COSCPHI YXCDIST-RLNTH)

82388 RDLONG=SINCPHI JX(DIST-RLNTH)

818989 RLAT=RDOLAT/110.9152

83108 RLON=RDLONG~92,. 387

83286 1FCB.8-0LTLAT ), 2,3

83308 1 RELAT=RATST-RLAT

83428 GO TO 18

83568 2 RFLAT=RATST

83668 GO 70 10

83728 3 RFLAT=RATST+RLAT

33808 GO 70 18

83988 18 [£¢B.0-DLTLONY4,5.6

g4dae 4 RFLOKG=RONS T-RLON

84108 GO 10 2

84208 S RFLUHG RoNST

343203 co 10 12

84488 6 RPLOHCRONST+RLON

84589 20 CONTINUE

84560 RETURN
84788 (ERD




@TYP SUBPT. FDR
geian

60208
863496
ee400
0as6ae
886068
60708

201

288
285

o
by
XN
ol

HUH
AL MICPTRCIY, PTYCIND
PTYCI)=(PTY(13+20.8)/6.3492

PTK(I) (PTR(I)452.5)76.3660
CONTIRUE

CALL PLOT(~-3..,0.8,8)

EALL MARKER(2)

CALL PLOTCRTXCLI S, PTYC(L2,3)
no 282 I=2,HUH
CALL PLOTCPTRCIDN,PTYCID. 2D
CONTINUE
€allL PLOT(8.9,8.8,3)
OPENC(UNIT=81,FILE="PLOTZ.DAT')
READ(1,284) HMUNM

SUBROUTINE SLAPLCFLAT,FLONG,K
IHENSION XX(188),Yv(188),%7(188
EAL PTX(58),PTY(58)

TFCKIJ.GT.1) GO TO 285
=12
TP(13=34.50
TV(2)=34.5600
TY(33=33.9157
TY(4)=33.9167
TY(5)=34.5088
TY(6)=34.5008
TY(7)=33.9167
TY(8)=33.31A7
TY(3)=34.88
TY(18)=34. 60
TY(11)=34.25
TY(125=34.25
TR(1)=187.25
TX(2)=186.75
TH(3)=186.75
TX(4)=187.25
TH(5)=187 .25
TK(E)=187.
PTX(7)=187
TX(8)=187
TX(95=187
TX(18)=10
TXi119=18
TXC12)=1

31 I=1,
L ILNF

)
.
)
1
i

FORMATCIZ)
Do 248 =1, MUH
READCL,20625TCI L YTCIILRTCDD
FORMARTC(R4,2F8 .43
CALL TRNFHICXTCID, YTCI)
ATCII=(RTCI)+62.3)7(6.36683
¥TOI)=(YT(1)+28.B)/(6.349)
CaALl PLOTCXTCINLYTCID, 3D
CaLll PLOTCRXRTCIN~. 1, ¥YTC(I)-.1,3
CALL PLOTCXTCIN,YTCIDH 1,2)
CARLL PLOTCRTCIN+. 1, YTC(IX-.1,1
CALL PLOTCXTCII-.1,5T(I)-.1,1
CALL SYMBOL(KTCIN+ . 2,¥7(1)-.8
CONTINUE
CLOSt(UHIT 81>
CONTI

Nasar A

4

Y,YTE188),3T(1B3)

L14,81¢12,0.,3




[ Jal A

86500 IFCFLAT . GT.34.46 OR.FLAY.LT.33.98) GO TO 287
865808 © TIFCFLONG.GT.187.25.0R.FLONG.LT.186.75) GO 70O 207
BE£798 CALL TRNFH1CFLONG,FLAT)

A6338 APLOY=CFLONGYE2 . 5)/(5.3668)3

269040 YPLOT=(FLAT+28.83/0(6.349)

87889 . Cetl PLOTCXPLOT,YPLOT.3)

av1on call HARKER(Z)

§72648 GO 10 269

grc388 287 PRINT 208, FLAT,FLONG,KIJ

874068 288 FORMATC® CAN NOT PLOT'//2(2X F1@.4>/' EVENT HUMBER'
B7560 22%,13)

87668 2089 CONTIRUE

87748 ZETURN

grgsa END

g7308 SUBROUTINE TRNFML(X,Y)

83088 IQH(Q‘*SIH(R)/LOS A

22160 PI=3.14153263

©g280 A=2. 382585

88388 301 FN 6.8851586%A

88468 =6.8831232%4

885688 Rﬁ EXP (RM)~-1088.

8600 FH= EXP (FN)s1808.

88708 382 FLATO=34 076%2 . 1P1/368,

88508 FLORGO=186.943%2 . %P1/369

88908 FLONG=X%2.%xP1/368.

25808 FLAT=Y%2.xP1/368.

83168 ¥=FH¥(FLONGD-FLONGYE COSCFLAT)

85208 384 Y=RME(FLAT-FLATO)+(X¥L2% TANCFLATO))/(2.3FN?
83308 385 RETURN

89408 ENB




Appendix 4.

Appendix 4 contains reproducticons of 11 outstanding MEQ-800
seismograms and one LRSM record. All of the included records
were used to qualitatively determine the predominate frequency

content of the reflected and direct S—-wave phases. Dates, origin

times to the last minute and recording stations are also given.
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