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ABSTRACT

Local and regional earthquakes and explosions recorded by the New Mexico
Tech telemetered network were used to examine the travel-time characteristics of
P-waves in the central Rio Grande rift around Socorro, New Mexico. The region
is well known for its high seismicity and the presence of a thin,extensive magma
sill at mid-crustal depths. Unmodified and modified time-term analyses were
used to obtain P-wave velocities and station delays for three major refractors:
the Phanerozoic-Precambrian contact, the Conrad discontinuity in the mid-crust,

Ve o 9. . .
and the Mohorovici¢ discontinuity.

The 265 Pg data from local explosions gave an average velocity of 5.95 #
0.03 km/s (1 s.d.) for the basement. The Pg velocity, however, showed a dis-
tinct dependence on source distance, implying a velocity gradient with depth in

the Precambrian.

Existing as a weak first arrival with a narrow distance window, the P* data
set contained only 72 quality readings. These data yielded a low sub-Conrad
velocity of 6.40 £ 0.16 km/s (1 s.d.). This depressed P* velocity is most likely
caused by elevated temperatures resulting from the emplacement of magma at

the base of the upper crust.

A sub-Moho velocity of 8.14 & 0.05 km/s (1 s.d.) resulted from the analysis
of 402 Pn data. This velocity precludes the presence of ast‘henospheric material
in direct contact with the base of the crust in this section of the rift. The Moho
shows a strong dip to the northwest of 4.6 + 0.5° and seems to explain the low
7.6 km/s velocity reported by Olsen et al. (1979), from a north-trending refrac-

tion profile.

No anisotropy was evident in the upper mantle when the area was con-
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sidered as a whole, but when it was subdivided by a north-south bisector, ana-
lyses yielded a north-south oriented anisotropy .of "0.25 km/s in the eastern
region, and an east-west oriented anisotropy of similar magnitude in the west.
While there are a number of possibilities, the observations could be due to move-

ment on the Hot Springs-Montosa fault during Eocene times.

The Pn velocity showed a distance dependence, decreasing with increasing

epicentral distance. While this effect is is most likely the result of attenuation, a

negative velocity gradient in the upper mantle could also be a factor.
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INTRODUCTION

Purpose and Scope

The Rio Grande rift is one of the major geologic and physiographic struc-
tures of the western United States. As such, and because of its unique geologic
and geophysical character, the rift_, has been the subject of extensive research util-
izing a variety of techniques. Nevertheless, there still exist many ambiguities
and questions about the velocity structure beneath the central rift, the nature of
the major seismic boundaries within the crust, and the existence and position of

an asthenospheric upwarp beneath the crust.

The study area, the region surrounding Socorro, is one of the major transi-
tional zones within the Rio Grande rift. North of Socorro, the rift is a
significant morpho-tectonic feéture, a single line of deep, narrow, axially-aligned
grabens. To the south, the structure is much less physiographically distinct,
resembling the surrounding Basin and Range province. The Socorro region is
the most seismically active part of the rift, and is of particular interest since

near the depth of the Conrad discontinuity exists a mid-crustal magma body.

This research project involved applying the time-term method to refraction
data collected from earthquakes and explosions recorded by the Socorro seismo-

graph network. The general objectives of this study were:

1.  to determine the seismic velocities of the major refracting layers within
the crust. These are the Paleozoic-Precambrian boundary, the Conrad
discontinuity (separating the upper and lower crust), and the

Mohorovici¢ discontinuity (the crust-mantle interface);

2. to establish for each of the refraction layers if velocity varied geograph-

ically or azimuthally, or was influenced by dip;




S—

3.

to estimate the time terms and thereby the depths to the wvarious
refractors beneath the event sites and recording stations, and relate

them to the local geology whenever possible.

Secondary objectives included:

1.

using kriging to quantify the spatial variability of the depth estimates

for each refractor,
modelling the refractor surfaces,

establishing the absence or presence an asthenospheric upwarp at the

base of the crust, and

attempting to bring into accord the results of previous studies in the

region.

General Outline of Method

In this study, the velocity structure and characteristics of the major refrac-

tors in the crust and upper mantle in the central Rio Grande rift were deter-

mined from the analysis of earthquake and explosion seismograms recorded at a

wide range of distances. The arrival times and epicentral distances of various

phases on the seismograms were analyzed using both unmodified and modified

time-term techniques, and models for each of the crustal and upper mantle

refractors proposed. The models for each refractor were compared to one

another and the observed data. The resulting best-fitting models were then com-

pared to models of local and general structure as inferred from other studies in

the Rio Grande rift.




Geological and Geophysical Setting

The study area is located in the central Rio Grande rift near Socorro, New
Mexico. The Rio Grande rift is characterized by a series of north-northeast
trending en echelon grabens extending south from Leadville, Colorado into
northern Mexico (Chapin, 1971) (Figure 1). The rift is composed of three dis-
tinct segments: (1) the northern rift, extending from Leadville to the Colorado-
New Mexico border; (2) the central rift, which begins at the state line and ends
near Socorro; (3) the southern rift, extending south from Socorro into
Chihuahua, Mexico. The central rift is bounded by the Great Plains to the east,
and the Colorado Plateau to the west (Figure 2). Details on the large scale
aspects of the rift may be found in Chapin (1971), Chapin and Seager (1975),
Sanford et al. (1977), Cordell (1978), the volume Rio Grande Rift: Tectonics
and Magmatism edited by Riecker (1979), Baldridge et al. (1984), as well as the

special section on the rift in the Journal of Geophysical Research 91 , B6 (1986).

Figure 3 shows the major physiographic features in the Socorro area in
addition to the current station locations in the seismic network. The geoiogic
record in the area begins at "1.7 bya, the age of the oldest exposed Precambrian
rocks (Condie and Budding, 1979). The structural grain in the Precambrian
generally trends north-northeast and has probably influenced subsequent faulting

and structural development (Chapin et al., 1978).

Thick sedimentary sequences were deposited during the Paleozoic and are
preserved in the Socorro-Lemitar Mountains and the Magdalena Mountains.
During the late Paleozoic, the region experienced tectonic rejuvenation; it

underwent broad deformation during the Laramide. A large highland existed in

the Eocene along the western margin of the rift, with subsequent erosion remov-
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MEXICO

Figure 1:  Shaded relief map of the Rio Grande rift. I, — Leadville, Al =
Alamosa, SJ = San Juan volcanic field, T = Taos, J = Jemez vol-
canic field, A = Albuquerque, S = Socorro, SA = San Augustine
rift, DM = Datil-Mogollon volcanic field, LC = Las Cruces, EP =
El Paso (after Chapin, 1979).
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Figure 2: Physiographic provinces within the state of New Mexico (after Sinno

et al., 1986). Box indicates area of Figure 3.
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ing much of the Mesozoic section (Cather, 1983). As a result, Tertiary rocks
" have been deposited directly on late Paleozoic and Precambrian rocks through

much of the region.

During Oligocene and Miocene times, that region was covered with cale-
alkaline ash flow sheets from the Datil-Mogollon volcanic field, located to the
southwest of the stﬁdy area (Chapin and Seager, 1975). The Socorro cauldron
developed about 33 mya as the northeast extension of this volcanic field (Osburn

and Chapin, 1983).. ,

Rifting began in the Socorro area about 33 mya (Chapin, 1983), and was
contemporaneous with the later stages of cauldron development. Extension pro-
ceeded in a generally uﬁiform manner until the mid-Miocene, when a tectonic lull
resulted in the filling of large basins with bolson-type sediments. This sedimen-
tation was interrupted by the rhyolitic dome eruptions along the north moat of
the Socorro cauldron about 7 to 12 mya (Chapin et al., 1978). Following this,
the Socorro-Lemitar and Magdalena mountain blocks were uplifted and rotated

(Chamberlin, 1983). At present, tectonic activity continues and has been accom-
| panied by the intrusion and eruption of flood basalts during the last 4 my (Kel-

ley and Kudo, 1978).

The area of interest in this study lies within the central RGR. Here, the rift
changes in character from a single line of axially interconnected basins north of
Socorro becoming a series of parallel basins with :intergrabeﬁ horst bloecks to the
south. A transitional zone, the region nevertheless possesses a distinct geologi-
cal and geophysical character including a large mid-crustal magma body (San-
ford et al., 1977; Rinehart et al., 1979), high heat flow (Reiter and Smith, 1977),
an area of positive surface uplift (Reilinger et al., 1980; Larsen et al., 1986), a

high seismicity level (Sanford et al., 1979), the intersection of two major volcanic
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lineaments (Chapin et al., 1978), and extensive north-south trending Quaternary

| 'fa.ulting (Machette and McGimsey, 1982; Sanford et al., 1972).

Seismic monitoring in this area began in 1962, and is presently being under-
taken using the Socorro seismograph network (Figure 4). This region is the
most seismically active portion of the RGR (Sanford and Holmes, 1962; Sanford
et al., 1983) with a historical record including major earthquakes and discontinu-
ous microearthquake activity (Sanford et al., 1979). Many of these microearth-
quakes occur in swarms, and several hundred shocks are located each year. Pre-
vious studies (Shuleski, 1976; Johnston, 1978; Ward, 1980; Sanford and Schlue,
1980; Carpenter and Sanford, 1985) have interpreted some of the swarm activity
to be related to the intrusion of small amounts of magma into the crust. Such

intrusion would contribute to elevated temperatures in the upper crust (Reiter

and Smith, 1977).
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PREVIOUS CRUSTAL STUDIES

Figure 5 is a compilation of crustal models developed from previous crustal
studies in the state of New Mexico. A majority of these models were obtained
from seismic refraction profiles whose locations are shown in Figure 6. The
number on the line refers to the crustal model of the same number in the previ-

ous figure.

- The 550 km long GASBUGGY profile (Line 1, Figure 6) provided the first
published refraction information about the crustal structure of the Rio Grande
rift (Toppozada and Sanford, 1976). The initial unreversed profile yielded an
inter-rift basement velocity of 5.8 km/s, a 6.5 km/s velocity for the /mid-crust,

~and a sub-Moho velocity of 8.12 km/s. Toppozada (1974) estimated 2° north-
~ward .dip on the Moho along the profile. Adjusting for this dip yielded an upper
_mantle velocity of 7.9 km/s (Model 1, Figure 5). An average crustal thickness of
39.9 km was reported along the profile length, with no less than a 30 km thick
crust being allowed in the vicinity of Albuquerque. This line, however, included
a large area west of the topographic expression of the rift. Thus, the results

may well be affected by non-rift structures, specifically the Colorado Plateau.

The earlier refraction lines of Dee (1973) are also not pure rift paths (Lines
6, Figure 8), and traverse at least one other geologic province before entering
the rift. Model 6 of Figure 5 shows the inferred crustal model. The 6.2 km/s
crustal velocity agrees with the 6.15 km/s extra—r;lft velocity for the upper crust
of Toppozada and Sanford (1976). For surface sources, like the mine blasts used
in Dee’s study, critical refractions from the mid-crust never appear as first
arrivals. Since this study only used first arrival data from surface sources, no

mid-crustal layer was seen. The unreversed 8.1 km/s velocity is notably higher
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Refraction Lines
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Figure 6: Index map showing position of lines for previous refraction work in

New Mexico. The lines are numbered according to Figure 5.
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than the final value of Toppozada and Sanford (1976). However, Dee’s value
" nﬁay be affected by dip, non-rift structures, or a non-uniform Moho velocity

| beneath the rift.

In the southgrn rift, previous refraction surveys present a far from con-
sistent picture, with crustal models showing considerable variation in both layer
thicknesses and velpcities. The mantle velocity is of particular interest since it is
directly related to the nature of the thermal regime and the rock composition at
the base of the crﬁst. A depressed mantle velocity is indicative of extremely
elevated temperatures below the Moho, and/or asthenospheric rocks in direct
contact with the crust. Sinno et al. (1986) (Model 9, Figure 5; Lines 9, Figure 6)
report a depressed mantle velocity of 7.7 km/s, while Cook et al. (1979) (Model
2, Figure 5; Line 2, Figure 6) report a normal 8.0 km/s velocity for the same
general area. For the unreversed axial (N-S Line 9, Figure 6) and pipeline road
(southernmost E-W Line 9, Figure 6) lines of Sinno et al. (1986), a velocity of

7.95 km/s provided the best fit line through the Pn data. The differences

between this value and the 7.7 km/s velocity of the reversed E-W line (north E-
W Line 9, Figure 6) are interpreted to be the result of crustal thinning, although
no dip on the Moho was observed on the reversed E-W line. This seems to
require a very complicated crust-mantle interface. Yet even if the upi)er mantle
velocities of Sinno et al. (1986) and Cook et al. (1979) could be reconciled, the
the velocities and depths of the major crustal boundaries of the two models
would still be in basic disagreement. There does not appear to be a clear 'picture

of the velocity structure of the southern rift at this time.

Similarly, models of the central rift show great variability. The most not-
able difference centers on the 0.5 km/s range in Pn velocities. Olsen et al. (1979)
(Model 3, Figure 5) reported a very low Pn velocity of 7.6 km/s for a north run-

ning profile in the central rift (Line 3, Figure 6). It should be noted that much
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of this unreversed line was actually outside the physiographic boundaries of the

O rif (compare Figures 2 and 6). The 7.6 km/s velocity differs distinctly from the

8.0 km/s result of Murdock and Jaksha (1981) from time-term analysis in the
north-central rift, and the 8.1 km/s velocity reported by Phinney (1964) at
Albuquerque from the analysis of spectral amplitudes. If the differences between
the models are dip related, the Moho must dip 3-4° to the north, a value con-

sistent with the time-term results (Murdock and Jaksha, 1981).

Finally, comparing the rift models with those of surrounding provinces,
there appears to be basic crustal differences between the Great Plains province
(Model 7, Figure 5; Line 7, Figure 6), the Colorado Plateau (Model 10, Figure 5;
Line 10, Figure 6), and the Rio Grande rift. The exact nature of these
diﬁ'erences is impossible to quantify without a much more constrained
velocity/depth structure in each of the provinces, especially with respect to the
sub-Moho velocity. Well constrained models will greatly assist in understanding

the nature of the rifting process in this region.
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THEORY

Typically, given a known source location and origin time, the arrival times
of a particular phase recorded by a seismic network are plotted versus horizontal
distance travelled. The apparent velocity across the network can then be deter-
mined by fitting a least squares line to the data. The equation of this line is of

the form

Ai
t,=d + A (1)
where
t; is the travel time from the source to the ith station,
d is the intercept time,
4A; is the epicentral distance between the source and the ith site, and

V is the apparent velocity.

Given a sufficient source distance, the waves arriving at the network will
arrive from a narrow range of distances and azimuths. As a result, the apparent
velocity computed from these data can be associated with a mean distance and
azimuth. By recording -data from sources having a wide spatial distribution,
apparent velocities can be catalogued for sources located at specific distances
and azimuths. Unfortunately, in addition to other complications, variations in
crustal thickness, lateral velocity variations, and dip on thé refracting interface
introduce large errors in the velocities calculated. The analysis technique used in
this study is a modified version of this method, but can handle these problems
with great facility. Furthermore, the time-term method can be modified to
model changes in the refractor velocity caused by a number of different geologic

- situations.
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Unmodified Time-Term Method

The time-term method, proposed by Scheidegger and Willmore (1957) and
developed extensively by Willmore and Bancroft (1960) and Berry and West
(1966a and b), simultaneously estimates the refractor velocity, time terms for
each source and receiver site, and errors in the estimated parameters. This
method is particularly well-suited to this study because it allows analysis of
fairly complex geologic structures with little dependence on the areal distribution
of sources and receivers, although good azimuthal coverage should be utilized

whenever possible.

The fundamental principle behind the time-term approach is that travel
time may be expressed in terms of the epicentral distance, and two delay times
associated with the source and receiver. Thus, t;j, the theoretical travel time

between a source i and receiver j, may be written as

;i =a; +a; + %, (2)
where

a; is the time term associated with source i,

a; is the time term associated with receiver j,

A,; is the distance between the ith and jth sites, and

V is the velocity below the refracting interface.

This equation will be referred to as the unmodified time-term equation.

A time term may be thought of as the difference between the time it takes a
‘cri\tically refracted wave to pass through the layers above the refracting interface
and the time for the head wave to travel the offset distance (the horizontal dis-
tance between the point of critical refraction and the source or receiver) at the

'sub-interface velocity. For the simplest case of a planar horizontal constant
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velocity layer overlying a half-space of higher velocity,

cos(8,)
a; = H;——, (3)
J J Vc
where
H; is the depth of the interface below site j,
©, is the angle of critical refraction, and

V. is the velocity of the layer overlying the half-space.

Given a number of observed travel times, a system of linear equations can
be developed. This system of travel time equations is solved, by weighted least
squares, for the parameters V, q;, and a;, where i=1,2,... k and k is the number
of events, and j=k+1,k+2,....k+] where | is the number of stations. These equa-

tions are most easily solved when expressed in matrix notation of the form
oo Jles] = [+

CA == JY’ (4)

or

where
- C is the coefficient matrix,
A is the vector of parameters to be estimated, and

X is the vector of observations (i.e. travel times).

Assuming the case of more data than parameters, the solution to this equation is
A =(cTeyteTx, (5)
where

CT is the transpose of the coefficient matrix C, and

(€T )™ is the inverse of the matrix CT C.

Characterization of the time-term method and its limitations have been dis-
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cussed extensively in the literature by Willmore and Bancroft (1960), Berry and
West (19662 and b), Smith et al. (1966), O'Brien (1968), Reiter (1970), Bamford
(1971, 1973), McCollom and Crosson (1975), Whitcombe and Maguire (1979),
and Whitcombe and Rogers( 1981). The aforementioned model is valid (Berry
and West, 1966) provided:

1. the velocity within the cone of critically refracted ray paths under the

shot or station varies only with depth;

2. the veloéity of the base refractor beneath the array is essentially con-

stant;
3. the slope of the refracting surface is small (less than 10 degrees);
4. the curvature of the refracting surface is small.

In short, the method assumes that the station and event delays are constant and
independent  of  distance or azimuth (McCollom and  Crosson,
1975). Knowledge of the rift;, structure gained from this as well as previous
studies done within the central rift (e.g. Toppozada and Sanford, 1976; Olsen et
al., 1979) indicate that the assumptions are not violated, or at worst, not

sufficiently violated to invalidate the approach or its conclusions.

Willmore and Bancroft (1960) list four guidelines to follow in designing an

time-term experiment:
1. sources and receivers should form extended patterns;

2. the region of interest should be surrounded by either sources or

receivers;
3. receivers should record data from many sources;
4. at least one site should be both a source and receiver.

In the case of this study, these guidelines must be considered for each



refractor studied. For the Phanerozoic - Precambrian contact, all the design eri-
teria are met. Furthermore, the overall azimuthal distribution of the data is
very good (Figure 7).
The study of the mid-crustal Conrad discontinuity satisfies the first three of
the design precepts, including a reasonable azimuthal distribution (Figure 8).
The fourth is violated since no seismograph occupied a source site. For this case,
an arbitrary constant may be added to the source time terms and subtracted
from the receiver time terms without changing the observed travel times. As
such, the P* solution is formally indeterminate, i.e. only relative time terms may
be calculated. The easiest solution to this problem is to fix the time term for
one station making all other time terms relative to that station’s value. Outside
information gained from previous studies is used in setting the time term of the

reference station.

As with the P* data set, no point was occupied by both a source and
receiver in the Pn (sub-Moho) data set. As explained above, this presents no
major difficulties in doing the analysis. However, the data for this refractor are
skewed with respect to azimuth, containing fewer arrivals from the east, the 180
- 360 degrees station to receiver direction interval in Figure 9. Given the gen-
erally aseismic nature of the Great Plains, this is not surprising. It is a factor
though, that may have bearing on the interpretation of the results of the time-

term analysis.

Modified Time-Term Method

The time-term equation may be modified to consider more complicated geo-
logic situations (Raitt et al., 1969; Morris et al., 1969; McCollom and Crosson,
1975; Zervas and Crosson, 1986). Assume the velocity of the base refractor is

\perturbed by a small amount dV. Doing a Taylor series expansion to the travel
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Azimuthal Distribution (Pg)

Number of Data

0 S0 180 270 360
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Figure 7:  Azimuthal distribution of Pg data. The distribution is well bal-
anced and not skewed toward any one direction.
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Azimuthal Distribution (Px)
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Figure 8:  Azimuthal distribution of P* data. The distribution is reasonably
. good, especially considering the sparsity of data.
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Azimuthal Distribution (Pn)
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Figure 9:  Azimuthal distribution of Pn data. The distribution is skewed,
with the majority of events located west of the study area.
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time about the velocity V=V, and keeping only first-order terms, then

A.. da; da. A..
”-+[ LA R ;;]dV' V=Y,. (8)

hisatat av T av

Defining F; as the offset distance between site j and the point at which the criti-
cally refracted ray enters or leaves the refractor, the travel time equation may be

written

F; +F; — A

D)
&

0

i

A
t;j=a,~+aj+V +

)

dv. (7)

Generally, this equation is simplified and solved assuming that the offset dis-
tances F; and F; are equal and known. This is possible since for deep crust and
upper mantle refractions, the variations in the offset distances are small in com-
parison to the source-receiver distances. However, the assumption that F . and
F; are equal is not appropriate for mid and upper crustal refractors unless the
sources are at or near the earth’s surface. This problem, specifically with the P*
analysis, was resolved by computing an average offset distance from knowledge
of the average source depth (7 kilometers) and the approximate depth of the

refractor of interest (19.6 kilometers).

The choice of the functional form of dV depends on the specific earth model
under consideration. For each of the models in this study, dV was approximated
by a linear function with unknown parameters. This allows equation (7) to be
treated as a linear equation and solved using normal least squares techniques.

The three cases that have been considered are:
;

1. refractors with azimuthal anisotropy;

2. a velocity gradient with depth;

3. a dipping refractor or equivalently, a lateral gradient in the average

crustal velocity across the array.
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Cousidering the first case, that of an azimuthally anisotropic refractor, the

- velocity perturbation dV from Backus (1965) can be expressed as
dv = A sin(2%;;) + B cos(2®;;) + C sin(4®;;) + D cos (42,;), (8)

where ®,; is the azimuth (clockwise from north) of the travel path from site i to
site j. This specific formula was developed for an upper mantle refractor with
weak anisotropy, but is valid for the velocity perturbation caused by any nearly
isotropic refractor. In general, wéak anisotropy implies a total velocity variation
of less than ten percent. Substituting equation (8) into equation (7), the

expanded travel time equation becomes

A.

i, (2P =y

ij
V., V2
+ C sin(4®;;) + D cos(4®;;)).

ti']. = a‘. + a]. +

(4 sin(2®;;) + B cos(2%,;)  (9)

The magnitude and direction of the maxima of the velocity perturbation can be
computed from the four parameters of the dV term. The time-term method

based on equation (9) will be referred to as anisotropy analysis.

The second model under discussion is a velocity gradient, where rays ori-
ginating from distant sources will penetrate deeper than those from nearer
sources and will emerge at the network with larger apparent velocities. Follow-
ing Smith et al. (1966), the apparent velocity can be expressed as a linear func-

. . (
tion of distance,

From inspection, the velocity perturbation dV is WlA,-j. The time-term equa-

tion for the second model is

A, 2F — Ay
t,'j = qa; + o + % + V2 H/IAij- (11)

o 0



The time-term method based on equation (11) will be referred to as distance
| analysis.

The third and final model considers a dipping refractor. The effect of dip
will be absorbed in the station time terms, which will increase in the direction of
crustal thickening above the refractor. Following Zervas and Crosson (1986), the
dip effect can be modelled as a perturbation in the apparent velocity by assum-
ing:

1.  a horizontal refractor;

2. that the average crustal velocity is the same for all stations;

3. that the velocity below the interface varies with azimuth.

For simplicity, all the station time terms are assumed equal and arbitrarily
assigned a zero value. As a result, non-linear variations in crustal thickness or
crustal velocities above the refractor will become part of the residuals of the
travel time equation. Accordingly, this procedure generally causes an increase in
the sum of the squares of th(e weighted residuals. V,, the apparent velocity
computed, will be the veIocity‘of a critically refracted wave travelling along the
refractor at an azimuthally dependent apparent dip. Zervas and Crosson (1986)
derived a linear velocity perturbation for small dip angles (less than 10 degrees)

- of

dV = =V, acot(O,) [cos (W)cos(®;;) + sin(P)sin (CP,-J-)} (12)
- where

« is the true dip angle,

O, is the critical angle, and

¥ is the azimuth of the true dip direction.

s Combining with equation (7), the travel time equation is



by =0 + - = ——LV,aco1(8,) (13)

Y [

X [COS(‘I’)COS(‘PU) + sin(¥)sin (& )}

When ¥ = <I>,-]-, dV is a maximum and the magnitude of the true dip will have a

value of

|4V |
V.

]

tan (6, ). (14)

The time-term method based on equation (13) will be referred to as dip analysis.
The preceding analysis assumes that there are no lateral velocity gradients in the
overlying velocity structure, since such gradients would produce the same effect

as a dipping interface.



Error Analysis

Estimates of the goodness of fit of the model (the standard deviation of the
solution) and the standard errors of the individual time terms were developed by
Berry and West (1966). However, no uncertainty estimates were provided for
the refractor velocity, nor were the parameters and the attendant uncertainties

of more complex models even considered.

Independently, Murdock and Steppe (1980, and 1974, unpublished data) as
well as McCollom and Crosson (1975) applied multiple linear regression tech-
niques to the time-term .method to obtain uncertainty estimates. As previously

discussed, the normal equations may be written in matrix notation as
CA =X, (4)

where the symbols are as previously defined. Assuming s2, the variance of the
solution equals ¢°, the true variance, and a conceptually correct initial model,
standard errors may be computed for each of the parameters. Following Draper
and Smith (1966), the product (CTC)7!0? is called the variance-covariance
matrix. The main diagonal of this matrix gives the estimated variances of the
parameter estimates. The square roots of these variances are the estimated stan-
dard errors, while the oﬁ"—d‘iagonal terms are the estimated covariances. The sum

of squares of the residuals, minimized by the linear regression, is
S=XxTx -4TcTx, (15)
and s2, also called the mean square about regression (Draper and Smith, 1966),

is

= (16)

where
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N is the number of data (i.e. observations);
P is the number of parameters being estimated.

Therefore, s2 is the sum of squares of the residuals divided by the number of

degrees of freedom of the residuals.
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CRITICALLY REFRACTED ARRIVALS

The data for this study consist of the travel times, epicentral distances, and
azimuths for a series of critically refracted arrivals collected from earthquakes
and explosions recorded by the temporary and permanent stations of the Socorro
seismic network (Figure 10; Tables 1, 2). Three specific phases are of interest:
Pg, P*, and Pn. Pg is the head wave refracted from the Phanerozoic-
Precambrian boundary. P* is the critically refracted wave which travels along
the Conrad discontinuity, which separates the upper and lower crust. Pn is the
head wave generated at the Mohorovicic¢ discontinuity, the crust-mantie inter-
face. Each of these phases is only observed as a first arrival over a specific range
of distances. Figures 11, 12, and 13 show reduced travel time plots for all three
arrivals for several focal depths using the rift model of Toppozada and Sanford
(1976). The depths chosen were for surface explosions (0 km), the average focal
depth for earthquakes in the central Rio Grande rift (7 km), and the base of the
seismogenic zone in the central Rio Grande rift (12 km) as delineated by King

(1986).

Pg Phase

Pg is an impulsive, well-defined phase on the Socorro network records (Fig-
ure 14) and is the first arrival in the distance range from a few kilometers to
over one hundred kilometers. The Pg data set has the least uncertainty of the
§ three used, because the arrival time is the easiest to pick. Moreover, this set is
‘Composed entirely of explosions whose precise locations and origin times are
known so errors in the source time terms and the apparent Pg velocity are
gnificantly reduced. Explosion data were particularly important for the Pg

ata set since several shot points were close to, and inside the array. Location
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Figure 10: All of the stations of the Socorro seismograph networks used in this
study. Permanent stations designated by three-letter names; tem-
porary stations by two-letter names.
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Table 1
Station Names

New Mezico Tech Seismic Network
ALQ (USGS) Albuquerque
BAR Barren Site
BG Bowling Green
BMT : Bear Mountain
CAR Carthage
CcC Corkscrew Canyon
CcM Chupadera Mountains
CcuU Chupadera Mine
DM Duchess Mine
FM Fluorite Mine
GM Grarﬁte Mountain
IC Indian Cave
LAD Ladron Mountain
LAZ Ladron Mountain

" LEM Lemitar

LJY LaJoya
LPM Los-Pinos Mountains
MAG Magdalena, |
MLM Mesa Lucero
NG Nogal Canyon
RM Rattlesnake Mound
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Table 1 (continued)

SB South Baldy

SC South Canyon

SL San Lorenzo Canyon
SMC San Marcial

SNM Socorro

TA Arroyo del Tajo
WM Windmills

WTX

Wood’s Tunnel
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Table 2
Station Locations
New Mexzico Tech Seismic Network
Station Latitude (*N) | Longitude (°W) | Elevation (km)
7 ALQ (USGS) 34.9416 106.4583 1.853
BAR 34.1420 106.6280 2.120
BG 34.2068 . 106.8205 1.516
BMT 34.2750 107.2602 1.972
CAR 33.9525 ‘ 106.7345 1.662
cC 34.1442 106.9812 1.649
CM 33.9501 106.9579 1.640
CU 34.1573 106.7785 1.585
DM 34.1075 106.8079 1.536
FM 34.0829 106.8047 1.570
GM 34.1454 107.2345 1.945
IC 33.9870 106.9967 1.730
LAD 34.4583 107.0375 1.768
LAZ 34.4020 107.1393 1.853
LEM 34.1655 106.9742 1.698
LJY \ 34.3365 106.8958 1.532
LPM 34.3128 106.6338 1.707
MAG 34.1625 107.2320 1.926
MLM ' 34.8143 107.1450 2.088
NG | 33.9648 106.9933 1.730
RM 34.0812 107.0069 1.719
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Table 2 (continued)
SB 33.9752 107.1807 3.230
SC 34.0100 107.0894 2.073
SL 34.2234 106.9910 1.615
SMC 33.7787 107.0193 1.560
SNM 34.0702 106.9435 1.511
TA 31.0408 | 106.7751 1.558
WM 734.0120 106.9929 1.673
WTIX 34.0722 T 106.9459 1.555
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errors for these near events will affect the station time terms, although a major-
| ity of th'e”error would be absorbed in the source time term. For events far out-
side the array, epicentral‘ errors are less important since they will have only a
small effect on the computed' intra-station distances. Thus, for P* and Pn, epi-

central errors are not a significant factor.

P* Phase

The second principal arrival, P*, is generally weak, indistinct, and emer-
gent, and the most uncertain of the three phases studied (Figure 15). Worse yet,
the distance window in which P* appears as a first arrival is extremely narrow
due to the crustal velocity structure of the Rio Grande rift and the adjacent pro-
vinces. Varying the depth of source through the seismogenic zone and employing
a reasonable rift model (Model 1, Figure 5), the maximum window width is on
the order of 60 km for a focal depth of 12 km, but less than 30 km for a focal
depth of 7 km (Figures 12 and 13). For surface events, the situation is even
worse, since P* will never appear as a first arrival (Figure 11). Outside the rift
boundaries, the distance window never exceeds 30 km. Because location and
depth of focus severely limit the first arrival window for this phase, the number

of events for which P* clearly appears on the seismic records is small.

The second problem with the P* phase centers around the fact that the
arrival is generally very weak. As a result, it can only be clearly picked from
recordings of fairly strong events. While the central New Mexico is a seismically
active area, sufficiently strong earthquakes at the right distance are relatively

rare.

Pn Phase

Pn, the critically refracted phase below the M discontinuity, is the final
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arrival to be considered. The Pn phase is usually low in amplitude but generally
| has a §harp, impulsive onset (Figure 16). However, for distant events, the initial
cycle is often low frequency in character (Figure 17), possibly the result of
unusually high wave attenuation in the Rio Grande rift (Jordan et al., 1965).
Pn has the largest distance window of the three phases emerging as a first
arrival approximately 180 km away from a source and existing to at least 600
km distance. The large distances often result in large uncertainties in the hypo-
centers and origin times of the earthquakes and explosions producing the Pn
phase. Because of this and the fact that there is no estimate of the P wave velo-
city between sources and the Socorro network, the source time terms are not
~accurate. Nevertheless, this does not affect the relative accuracy of either the
station time terms or the estimation of the refractor velocity (McCollom and

Crosson, 1975).
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DATA

Seismic monitoring in the Socorro area first began in the early 1960’s on a
- very limited scale. Beginning in 1975, a series of portable seismic stations cen-
‘ téred around Socorro was maintained semi-continuously. The locations of these
_ stations, designated by 2 letter station names (Figure 10), were changed periodi-
“cally to adjust the area of coverage. In early 1982, the United States Geological
Survey (USGS) and New Mexico Tech (NMT) began a cooperative program of

monitoring seismic activity in the central rift. Since mid-June 1982, signals from

six to twelve permanent stations, designated by three letter station names
- (except for station SB), have been telemetered into the NMT campus (Figure 10).
- As a result, the data for this study are composed of two essentially mutually
exclusive parts, the data from the small, portable net prior to June 1982, and
the data from the larger, more widely dispersed permanent net from June 1982
‘to the present. This does not present any problems for this study, but it does
explain the lack of data continuity and the time variations in station locations
(Appendices 1,2,3). The P* data set is the only one of the three data sets which
does not contain any'data prior to 1982. Hypocentral locations of near-regional
events were not well-constrained prior to this time and it is extremely difficult to
distinguish between P* arrivals and poor quality Pn arrivals based on their
waveform characteristics alone. Therefore, to avoid contamination of the P*
data set with Pn arrivals, only well located events, those recorded since 1982,

were used.

All data were acquired with vertical component, 1 second natural period
seismometers. At temporary stations, MEQ-800 analog recorders operating with
a drum speed of 2 mm/sec recorded the data. Corrections for clock drift were

computed and applied, which reduced timing errors in these data to
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pproximately 10 to 20 milliseconds. At permanent stations, data were recorded
t the New Mexico Tech seismic observatory by Geotech Helicorders operating at
a drum speed of 1 mm/sec. Because the observatory clock is reset daily,
flerences between WWYV standard time and observatory time were generally on
I‘_tt,vhié‘order of 10 to 20 milliseconds. Thus, no time corrections needed to be
,aﬁplied.

| For each of the three data sets, Pg, P*, and Pn, only the readings from first
arrivals were used. Arrival times and reading uncertainties were determined for
ea;ch event for as many stations as possible. In the least squares calculations,
‘ eﬁch observation was weighted by the inverse of the uncertainty for that pick
(Wolberg, 1967; Zervas and Crosson, 1986). Uncertainties ranged from 0.03 to
6.30 seconds. For each ray path, a distance and azimuth was calculated using
a;i elliptical earth model, with the azimuth of each path measured clockwise

from north from the source to each station.

Time distance plots were then constructed for each data set. A best fit line
was passed through the data using least squares. The arrival times for those
data lying greater than two standard deviations outside this line were rechecked
and some were removed. This yielded a Pg data set of 265 arrivals from 43

events (Table 3) recorded at 27 stations (Figure 18), a P* data set of 72 arrivals

from 24 events (Table 4) recorded at 11 stations (Figure 19), and a Pn data set

“of 402 arrivals from 79 events (Table 5) recorded at 23 stations (Figure 20).
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Table 3

List of Events

Pg Phase
Date Time Latitude Longitude
07/23/75 16:51:51.26 34.0422° N 106.9640° W
08/12/75 16:59:59.80 33.3788° N 106.3650° W
04/20/76 18:56:12.81 34.0422° N 106.9640° W
04/‘.21/76 19:16:43.96 34.0422° N 106.9640° W
04/2'2/76 19:45:27.82 34.0422° N 106.9640° W
10/06/76 14:00:00.50 33.6790° N 106.5210° W
02/14/77 23:31:43.80 35.1110° N 107.3930° W
02/22/77 18:47:54.25 34.0422° N 106.9640° W
0’2/‘23/77 18:48:58.70 34.0422° N 106.9640° W
05/10/77 23:48:25.06 34.0422° N 106.9640° W
05/11/77 20:43:26.29 34.0422° N 106.9640° W
05/14/77 19:50:28.55 34.0422° N 106.9640° W
05/19/77 22:49:51.48 34.0422° N 106.9640° W
06/02/77 19:59:58.73 34.9600° N 106.5740° W
07/27/77 22:29:15.65 35.1110° N 107.3930°W
08/25/77 19:57:24.15 35.1110° N 107.3930°'W
12/06/77 19:47:57.74 34.0422° N 106.9640° W
12/07/77 23:23:23.83 34.0422° N 106.9640 ° W
06/08/81 16:44:59.48 34.9600° N 106.5800° W
09/16/81 12:35:39.07 33.6210° N 106.4770° W
10/07/81 16:59:59.87 33.3810° N 106.3670°W
09/21/8‘2 22:42:14.23 34.0422° N 106.9640° W
10/04/82 20:51:40.93 34.0422° N 106.9640° W
10/18/82 18:06:40.33 33.7390° N 107.0100° W
11/16/82 00:14:22.23 33.7300° N 107.0100°'W
11/18/8'2 00:05:22.93 33.7390° N 107.0100°' W
01/09/83 23:46:45.13 33.7360° N 107.0100°' W
01/26/83 23:41:27.07 33.7300° N 107.0100°W
02/06/83 23:48:24.63 33.7390° N 107.0100°W
07/21/83 18:51:20.33 34.0422° N 106.9640° W
10/26/83 18:06:00.06 33.6212° N 106.4747 °W
11/28/84 19:05:00.03 33.6122° N 106.4848°' W
06/27/85 18:20:00.03 33.6212° N 106.4747°'W
06/28/85 21:11:51.20 33.9550° N 106.9628°'W
07/03/85 17:19:29.85 33.9550° N 106.9628 °' W
07/09/85 18:02:48.58 33.9550° N 106.9628°' W
07/17/85 17:36:48.38 33.9550° N 106.9628 °'W
07/25/85 20:17:28.27 33.9550° N 106.9628 ° W
07/29/85 19:58:27.63 33.9550° N 106.9628 °' W
08/09/85 16:59:09.50 34.9565° N 106.5778 ° W
09/21/85 18:40:00.00 34.9565° N 106.5778° W
01/16/86 18:00:00.00 34.9600° N 106.5803° W
03/26/86 23:48:16.53 34.0422° N 106.9640° W
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Figure 18: Stations of the Socorro seismograph networks which recorded Pg
data.
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Table 4

List of Events

P* Phase
Date Time Latitude Longitude
| 10/19/82 23:13:31.83 35.4330° N 106.1110°'W
, 01/17/83 18:58:54.63 34.6380° N 105.5850°'W
11/27/84 19:06:02.82 33.6138° N 105.3622°'W
1‘2/08/84 00:37:36.94 34.9053° N 105.2793°'W
01/22/85 00:03:37.47 34.1642° N 108.7797 °' W
06/27/85 01:47:12.12 ©32.9180°N 108.2593 °'W
07/16/85 06:18:05.88 35.1158° N 106.4600 ° W
07/17/85 06:23:20.02 35.1627° N 106.5385°W
08/14/85 01:03:20.33 34.6583° N 105.5917°'W
09/01/85 01:35:44.80 34.6583° N 105.5917°'W
12/13/85 10:20:28.46 33.7577°N 108.8978° W
01/15/86 21:01:40.59 34.5068 ° N 105.4592° W
08/02/86 00:31:09.25 34.6743° N 105.5397 °'W
11/26/86 22:56:44.30 34.6583° N 105.5917 °'W
 03/12/87 07:50:25.63 34.5897° N 105.8485 ° W
03/27/87 04:36:49.49 34.8205° N 105.5930°'W
03/28/87 17:16:14.94 35.3655° N 106.6212°'W
04/25/87 08:17:47.09 35.2013° N 105.8148 °' W
04/29/87 13:36:31.14 32.6377° N 105.9367 °'W
07/04/87 13:57:53.29 33.7282° N 108.8015° W
08/02/87 21:29:32.98 33.5062° N 105.4580° W
08/12/87 02:02:18.75 33.5417° N 105.3897 °'W
09/13/87 14:27:30.50 35.6528 ° N 108.2717°'W
03/09/88 20:11:40.11 35.8293° N 106.8107 °'W
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Table 5

List of Events

Pn Phase
Date Time Latitude Longitude
12/10/67 19:30:00.10 36.6780° N 107.2080° W
12/03/75 10:12:22.80 32.8300° N 108.6630°W
01/29/76 08:04:28.46 32.9190° N 108.7100° W
01/30/76 08:45:01.55 34.5070° N 109.8910°'W
02/04/76 00:04:58.10 34.6550° N 112.5000°'W
02/28/76 20:53:58.50 35.9100° N 111.7880° W
06/24/76 15:27:32.00 35.6180° N 103.2780° W
07/12/76 19:25:54.10 32.8010° N 108.0708° W
08/04/76 22:31:35.44 33.0630° N 109.3350° W
08/16/76 18:39:42.66 33.0902° N 109.3592° W
08/16/76 19:33:09.24 32.8010° N 108.0708° W
08/16/76 21:03:16.66 32.6522° N 108.3688 ° W
08/23/76 21:54:30.36 33.0002° N 109.3592°W
02/14/77 21:10:50.14 32.8010° N 108.0708°' W
02/14/77 22:29:28.36 33.0002° N 109.3592°W
02/14/77 22:50:28.31 32.6522° N 108.3688° W
04/11/77 20:14:42.25 32.6522° N 108.3688° W
04/25/77 21:57:08.51 33.0902° N 109.3592° W
05/02/77 20:14:49.93 32.6522° N 108.3688° W
05/02/77 20:31:35.67 32.8010° N 108.0708° W
06/08/77 13:09:07.40 31.0240° N 109.2270°'W
07/20/77 07:40:49.49 35.6270° N 109.0000° W
06/16/78 11:46:53.20 33.0200° N 100.7200° W
03/05/79 13:00:02.70 36.3770° N 106.1740° W
05/03/81 22:54:09.37 32.2703° N 108.9387°W
05/04/81 10:55:32.17 32.2703° N 108.9387 °'W
05/07/81 01:38:20.57 32.2703° N 108.9387 °'W
.05/11/81 23:28:12.87 32.2703° N 108.9387°W
10/21/82 22:31:53.82 33.0630° N 109.3350°'W
10/23/82 20:14:37.06 36.5400° N 110.3860° W
11/03/82 17:54:11.57 35.1750° N 108.7220° W
11/28/82 02:36:53.19 33.5780° N 100.8710°' W
01/27/83 20:48:48.49 32.8010° N 108.0708 °' W
02/17/83 20:50:26.21 36.7410° N 108.0830° W
04/26/83 22:34:17.63 35.6242° N 109.0852°W
06/30/83 02:12:18.53 35.9740° N 104.6760° W
09/15/83 23:25:35.24 35.0625° N 104.3442°'W
09/29/83 07:44:10.45 35.0002° N 104.4552°W
04/27/84 10:05:54.41 32.7457° N 109.3475°W
01/29/85 05:37:59.96 35.4572° N 111.7052° W
06/05/85 10:36:00.00 32.5425° N 106.9407 °' W
07/23/85 00:44:49.17 36.6187°N 108.4667 *'W
08/01/85 01:44:16.57 36.6400° N 110.2750° W
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Table 5 (continued)

~09/06/85
09/30/85
12/15/85
03/27/86
04/03/86
04/17/86
05/14/86
05/22/86
05/24/86
06/12/86
08/27/86
08/27/86
08/27/86
09/08/86
12/23/86
12/27/86
02/01/87
03/19/87
04/01/87
04/21/87
04/21/87
04/29/87
06/01/87
07/04/87
09/10/87
09/13/87
10/02/87
10/02/87
10/02/87
01/31/88
02/14/88
03/18/88
03/26/88
03/26/88
03/26/88
06/11/88

05:22:46.10
20:21:29.31
07:14:52.43
22:36:35.54
20:32:10.11
21:04:29.40
15:03:03.60
16:42:44.81
00:14:31.76
03:52:16.37
17:27:48.41
18:06:58.46
18:34:45.01
19:40:05.74
03:20:36.10
21:56:04.51

19:26:55.18

12:20:49.49
20:02:15.63
17:19:21.91
21:56:08.31
13:36:31.14
21:27:31.50
13:57:53.29
14:16:23.27
14:27:30.50
07:15:12.46
10:02:50.46
20:50:19.41
009:24:36.18
07:39:52.61
23:56:39.33
18:08:10.71
18:27:33.69
21:05:48.18
08:58:35.50

32.5425° N
32.8010° N
35.4282° N
36.4623° N
32.5925° N
32.5425° N
37.3447° N
35.7467 ° N
32.9868 ° N
33.0828 ° N
32.6522° N
35.1183° N
33.0902° N
35.7717° N
30.9415° N
33.0902° N
35.6638 ° N
35.0448 ° N
33.1408 ° N
32.6522° N
33.0902° N
32.6377° N
32.3940° N
33.7282° N
32.3770° N
35.6528 ° N
37.1732° N
37.1732° N
37.1732° N
29.8947 ° N
36.1660° N
36.4508 ° N
32.6522° N
32.8010° N
36.5667° N
30.7890° N

106.9407 °'W
108.0708 °'W
104.6263°W
110.1250°'W
108.0565 °'W
106.9407 °'W
110.2662°W
108.9645° W
109.5155°W
109.4802°W
108.3688° W
105.1773°W
109.3592°'W
108.8332°W
109.1538°W
109.3592° W
108.9638°'W
109.8357°'W
109.5612°W
108.3688 ° W
109.3592°W
105.9367 ° W
106.8682° W
108.8015°W
109.0467 ° W
108.2717°W
107.8692°W
107.8692°W
107.8692°'W
105.1845°W
111.0183°W
108.6888 ° W
108.3688 ° W
108.0708 °' W
108.4322°'W
109.4160°W
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data.
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ANALYSES PERFORMED

Four separate time-term analyses were performed on each data set.
Unmodified analysis was done using equation (2), as well as three modified ana-
lyses:

1. anisotropy analysis based on equation (9);

2. dip analysis based on eq\iation (13); and

3. distance analysis based on equation (11).

Unmodified Analysis

The results of the unmodified -analysis consist of an average refractor velo-
city and time terms for each source and station, as well as standard errors for
each of these parameters. Equation (2) assumes a simple velocity structure and

so requires no further analysis.

Modified Analyses

In order to investigate the effects of anisotropy, dip or a lateral velocity gra-
dient, and a vertical velocity gradient, an offset distance must be assumed for
each major refractor. Using the velocity/depth model of Toppozada and San-
ford (1976) (Model 1, Figure 5), and replacing the upper 2 km of upper crustal
material with Phanerozoic rocks (compressional velocity = 3.4 km/s), offset dis-
tances of 1.5 km for Pg, 30 km for P*, and 40 km for Pn, were obtained. Vary-
ing the offset distance within reasonable bounds does not significantly affect the

analyses (Zervas and Crosson, 1986).

Anisotropy Analysis

The results of the anisotropy analysis are in the form of time terms, a velo-



city, and the four coefficients of the sine and cosine terms of equation (9). The

magnitude of the cos(2®) dependence is:

ld[ l $ 412'B2 1/21 17
2
with a phase angle ({2) of:

where
A is the coefficient of the sin(2®) term;
B is the coefficient of the cos(29) term.

In the same way, the cos(4®) dependence is:

|4V Lo=(c*+DH'"%, (19)
with a phase angle (£2) of: '
: o
tan~! | =
an”™ |
QM’ 4 ’ (20)

where
C is the coefficient of the sin(2®) term;

D is the coefficient of the cos(2®) term.

Dip Analysis

The results of the dip analysis are computed in a similar manner to those of
the anisotropy analysis., except A is now the coefficient of the sin (®) term, and
B is the coefficient of the cos(®) term of equation (13). That is,

A==V, acot(O,)sin (), (21)

and

=V, acot (8, )cos (¥), (22)

where
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alpha is the true dip angle,

©, is the critical angle, and

W is the azimuth of the true dip direction.
The magnitude of the cos(P) dependence is:

|4V o=(4%+B%)'/%, (23)
with a phase angle ({2) of:

Qp=tan~!

%—} (24)

{1 is the direction of maximum apparent velocity, i.e. the up-dip direction. It is
standard practice to list the down-dip direction. Hence, the dip direction is
equal to {1 plus 180°. As previously discussed in the Theory section, equation
(14), when the shot-station azimuth and the phase (the up-dip direction) are the

same, dV is a maximum and
|dV |=V, acot(8,). (25)
Assuming a O, a true dip angle can be computed using equation (14):

_ v |
vV

]

o

tan (6, ). (14)

The critical angle for each of the three refractors was computed using Snell’s

Law. Thus,

O, =sin"!

Vi }
(26)

1+1
where

V; is the velocity of the layer above the refractor of interest, and

V41 Is the average dip velocity of the refractor of interest.



Distance Analysis
The results of the distance analysis yield a velocity and a distance

coefficient W, for the linear change in velocity with distance. To compute the

velocity change for a given refractor,
dV=WwW45;, (27)

for any Aij within the distance range of the data, e.g. A,-]- for Pg would range
from a few kilometers out to “150 km. Generally, W, is positive which is indi-
cative of an increase in velocity with depth below the refracting interface

(Appendix 4).

Validity of Modified Analyses

It is important to ascertain whether or not the modified time-term analyses
used are valid, i.e. provide a better explanation of the data. Following Hearn
(1974) and Zervas and Crosson (1986), the F test was used to determine whether
a modified eqﬁation provided a better fit to the data than the unmodified equa-

tion. The F ratio is defined as:

SSWR,—SSWR,,)/(DF,—DF
pol ] m)/( ) | 28)
SSWR,, /DF,,

where

SSWR is the sum of the squared weighted residuals, and

DF are the number of degrees of freedom.
The subscripts u and m refer to the unmodified and modified time-term equa-
tions, respectively. If the F ratio is larger than the value given by the F proba-
bility distribution at the 5 percent level for DF, —DF,, and DF,, degrees of free-
dom, there is a 95 percent probability that the modified time-term equation has
significantly improved the fit. The F test was applied to the results from equa-

tions (9) and (11) for all three data sets.
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TIME-TERM ANALYSES OF VELOCITY, ANISOTROPY, AND DIP

Pg
The Pg data set (Figure 21) consists of 265 high-quality readings from 43
local explosions (Table 3 and Map 1) recorded at 27 stations (Figure 18).

Unmodified and modified analyses were performed on the complete Pg data set.

Unmodified Analysis

The unmodified analysis gave an average velocity of 5.95 4 0.03 km/s (1
s.d.) for the Precambrian basement. This value falls within the range of veloci-
ties observed for the central rift, but is 0.10 to 0.15 km/s higher than typical
values for the Socorro area (Table 6). Also, examining Figure 22, the fit of the
data to the unmodified model decreases with increasing distance. Both of these

points will be addressed in the section on distance analysis.

Modified Analyses

Anisotropy. Table 7 tabulates the computational results of the anisotropy
analysis. There is no change in the refractor velocity from the unmodified
analysis, and the velocity variations with respect to azimuth are very small and
of the order of their uncertainties (Figure 23). Thus, these variations have little
meaning. Moreover, this model sﬁows no significant improvement in fitting the
data (Table 8). Hence, no anisotropy in the basement velocity is indicated in

this part of the rift. Ward (1980) also found no evidence for an azimuthal velo-

city distribution in the Socorro area.

Dip. The results of the dip analysis are presented in Table 7. Figure 24

shows the generally small velocity perturbations resulting from time term
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Map 1: Geographical distribution of the sources for the Pg data set. Each

point represents several sources recorded by the Socorro seismic net-
works from the given locales: (1) Jackpile Mine, (2) Kirtland Air
Force Base, (3) TERA, on the New Mexico Tech campus, (4) Red
Canyon Mine, (5) San Marcial Mine, and (6), (7), and (8) White
Sands Missile Range.
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Table 6

Upper Crustal Velocities

State of New Mexico

Study Region Velocity  Depth Range

(km/s) (km)

Toppozada & Sanford (1976) RGR 5.8 0-19
[Sanford et al. (1973) Socorro 5.8 0-18
Ward (1974) | Socorro 5.9 0-14
Rinehart & Sanford (1974) , Socorro 5.8 0-10
6.0 10 - 19

Olsen et al. (1979) Central RGR 8.0 3-22
Phinney (1964) Albuquerque 6.1 0-20
Ankeny et al. (1986) N Central RGR 5.9 3-23
Olsen et al. (1986) N Central RGR | 5.9 Basement

Cook et al. (1974) Southern RGR 5.7 0-7
6.2 7-27

Sinno et al. (1986) Southern RGR 5.9 0-9
6.1 9-19

Dee (1973) Southwest NM 6.2 2-36
Jaksha (1982) Southwest NM 6.0 3-24
Jaksha & Evans (1984) Col. Plateau 6.1 3-31
Stewart & Pakiser (1964) Great Plains 6.1 4-19
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Table 7

Time Term Results

Pg Refractor
Model Velocity (km/s) Data  Parameters SSWR
Unmodified 5.95+0.03 269 41 7229
Anisotropy 5.9540.03 269 45 7040

Sin2¢ Factor

-0.0166840.01991

Cos2¢ Factor

0.026634+0.02247

Sind4¢ Factor

-0.0166540.02041

Cos4¢ Factor

0.00498+0.01485

Dip 5.9140.04 269 16 13505

Sin¢ Factor

0.01500+£0.02450

Cos¢ Factor
0.1192040.03297

Distance 5.7140.07 269 49 6817

Distance Factor (1/s)

0.0017240.00047
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Table 8

' | Analysis of Variance Table for Modified Time Term Equations

Pg Refractor
Model SSWR DF DFy—DFy, F
Unmodified 7229 228
Azimuth Dependence 7040 224 4 1.5
Distance Dependence 6817 - 227 1 13.7
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is in which a sloping Precambrian basement is assumed. The magnitude
~cos(P) dependence is 0.120 + 0.033 km/s, with a phase angle of 7.2 +
| Assuming a critical angle of 36.3°, a dip angle of 0.9 + 0.2° to the
is indicated, but considering the the extreme complexity of the>(/refractor

e, it is considered of little significance (see section of Pg Time Terms).

istance. Table 7 displays the results of the distance analysis. This
ed ‘analysis assuming a linear increase in velocity with distance provided
st model of the Pg data (Table 8). Figure 25 indicates the generally excel-
t of the data to the distance model. This distinct dependence of the Pg
v on source distaﬁce implies a velocity gradient with depth in the Precam-
1basement. The relationship between the horizontal and vertical gradients is

ed in Appendix 4. Figure 26 shows the determined velocity increase with

oth laboratory (e.g. Birch, 1960) and field measurements (e.g. Giese, 1963)
strate that P wave velocity increases rapidly with increasing overburden
re, especially in the upper part of the upper crust, as cracks and voids are
- While the effect of increasing temperature with depth is to decrease velo-
he velocity increase due to pressure is the more significant effect down to
d 20 km (Smithson et al., 1981). The results of the present study are well
f"this bound because the deepest Pg waves bottomed just below 10 km.
~a increase in velocity with depth seems to exist in the Rio Grande rift
‘I‘It. The 1986 PASSCAL experiment in the Basin and Range shows a
velocity increase in the upper crust with a velocity of 5.5 km/s at 2 km
‘increasing to a velocity of just over 6.0 km/s at 10 km. From this study
Rio Grande rift, the corresponding values are a 5.7 km/s velocity at the

‘the Precambrian increasing to a just under 6.0 km/s at a depth of 10 km.
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Assuming an average upper crustal velocity of approximately 6.0 km/s (Rinehart
‘and Sanford, 1981), the velocity gradient in the upper crust must decrease

dramatically below this depth.

The average velocity of the upper 10 km of the crust is 5.86 km/s. The
agrees well with the 5.85 + 0.02 km/s value Ward (1980) obtained from an
inversion of microearthquake data in the Socorro area which had an average

focal depth of "8 km.
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P*
The P* data set is smaller and more uncertain than either the Pg or Pn
data sets. Only 72 readings (Figure 27) were obtained from 24 regional earth-

quakes (Map 2) recorded at 11 stations (Figure 19). Unmodified and modified

analyses were run on the complete P* data set.

Unmodified

The unmodified time-term analysis yielded an average velocity of 6.40 +
0.16 km/s for the mid-crustal refractor. Figure 28 shows that the fit of the P*
data to the unmodified model is not nearly as good as was the fit of the Pg data
(Figure 21). Nevertheless, this value falls within the range of mid-crustal veloci-
ties observed in the rift (Table 9), and agrees exactly with the velocity of Olsen
et al. (1979) in the central rift. In accord with previous studies in the rift, the
P* velocity is low with respect to the adjacent Great Plains and Colorado Pla-
teau geologic provinces, which exhibit mid-crustal velocities of 6.7 km/s or
higher (Stewart and Pakiser, 1962; Jackson et al., 1963; Roller, 1965; Jackson
and Pakiser, 1965; Warren, 1969; Jaksha and Evans, 1984). The low velocity
values are most likely to be the result of elevated temperatures at mid-crustal
evels caused by lithospheric thinning and magmatic intrusion. Given the pres-
nce of a laterally extensive magma body at the depth of the Conrad beneath
i the Socorro area (Sanford, 1977; Rinehart et al., 1979), and temperature esti-
nates on the order of‘ 700° C at this level (Baldridge et al., 1984), a low P* velo- 4

ity should be expected.

I It should be noted that because of the sparsity and less-than-optimum qual-

% of the data, the following modified time-term results are not considered as
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Map 2: Geographical distribution of the sources for the P* data set. Events

must be within a narrow band of distances for P* to be recorded as

a first arrival at the networks.
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Table 9
Lower Crustal Velocities
State of New Mezico
Study Region Velocity  Depth Range
(km/s) (km)
Toppozada & Sanford (1976) RGR 6.5 19 - 40
Olsen et al. (1979) | Central RGR 6.4 22 - 34
Phinney (1964) 'Al‘buquerque 8.7 20 - 40
Cook et al. (1974) Southefn RGR 6.2 7-27
7.4 27-35
Sinno et al. (1986) Southern RGR 6.6 19 - 30
Dee (1973) Southwest NM 6.2 2-36
Jaksha (1982) Southwest NM 6.5 24 - 307
7.4 307 - 337
Jaksha & Evans (1984) Col. Plateau 7.0 31 - 48
Stewart & Pakiser (1964) Great Plains 6.7 19 - 31
7.4 31-51
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meaningful as the results for the other two refractors.

Anisotropy. The results of the anisotropy analysis are listed in Table 10.
This model shows a small decrease in the average refractor velocity and a fairly
large cos2¢ dependence of 0.274 + 0.113 km/s with a phase angle of 4.8 +
16.1°. Figure 29 shows the velocity perturbations with respect to azimuth
assuming anisotropy. Although a north-south anisotropy is consistent with rift
geometry, this model does not provide any statistically significant improvement

in fit to the data (Table 11).

Dip. Table 10 displays the computational results of the dip analysis. Of
particular interest is the fairly large cos(®) dependence of 0.291 = 0.133 km/s
and phase angle of 301.3 + 22.0°. Figure 30 shows the the velocity perturba-
tions with respect to azimuth for the dip model. Assuming a critical angle of
67.8°, this corresponds to a dip of 6.5 4 3.0° to the southeast. The result is
not well constrained and it appears to be inconsistent with previous work in the
area. The microearthquake reflection studies in the area (Sanford et al., 1973;
Rinehart and Sanford, 1981) and the COCORP reflection profiles (Brown et al.,
1980) both show a north-dipping refractor. COCORP lines 2 and 2a (Figure 31)
indicate that the Conrad may suddenly deepen to the northeast. Dip to the
northeast is "7° on line 2a, increasing substantially at the northeastern end.

This may indicate that the mid-crustal boundary is a complicated surface.

Distance. Solving for an increase in velocity with distance, the unmodified
time-term method gives an unreasonably high velocity with a huge uncertainty
(Table 10). Figure 32 displays the unrealistically large velocity perturbations for
this model. Although this study was unable to quantify a velocity gradient

below the Conrad, such an increase is not unreasonable. For instance, the 1986
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Table 10

Time Term Results

P* Refractor

Model

Velocity (km/s)

Data

Parameters

SSWR

Unmodified .

6.404+0.16

-1
(8]

33

959

Anisotropy

6.2940.15

-1
o

37

761

Sin2¢ Factor

0.0463240.15475

Cos2¢ Factor

0.2698340.11152

Sind¢ Factor
0.0280340.09332

Cos4¢ Factor
0.0509140.05660

Dip

6.32+0.15

-1
o

1493

Sin¢ Factor

-0.2487840.14402

Cos¢ Factor
0.1512140.09758

Distance

9.97+3.10

-1
o

34

882

Distance Factor (1/s)

~-0.023594:0.01955
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Table 11

‘| Analysis of Variance Table for Modified Time Term Equations

P* Refractor
Model SSWR DF DFy—DF), F
Unmodified 959 39
Azimuth Dependence 761 35 4 2.3
Distance Dependence 882 38 1 3.3
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Figure 31: Locations of the COCORP lines with respect to the stations used in
the time- term analyses of the P* data set.
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PASSCAL study in the Basin and Range shows a velocity gradient in the lower
cfust with the velocity increasing from 6.3 km/s at a depth of 18 km to 7.0
km/s at 30 km.

In summary, the results of the P* analysis indicate a depressed velocity for
at least the upper part of the lower crust. This reduced velocity is likely the
result of high temperatures. The southeast dip on the refractor inferred by this
study and the northeast dip determined by other studies indicate a non-planar
refracting surface. The probable complexity of this surface is discussed in the

section on P* time terms.
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Pn

A data set of 402 high-quality Pn readings (Figure 33) was assembled from
79 regional earthquakes and explosions in and around New Mexico (Map 3)
recorded at 23 stations (Figure 20). The data were restricted to well-recorded
events with epicentral distances less than 600 km. The low seismicity of the
Great Plains province resulted iﬁ the recording of few events from east of the
network, and led to the somewhat skewed distribution of sources with respect to

azimuth shown in Figure 9.

Unmodified

The unmodified time-term analysis yielded an average refractor velocity of
8.14 + 0.05 km/s, and provided a good fit to the data (Figure 34). This is a
very important result because some previous studies have reported low Pn veloci-
ties in the Rio Grande rift (Table 12). These low velocities, specifically a 7.6
km/s velocity in the central rift (Olsen et al., 1979) and a 7.7 km/s velocity in
the southern rift (Sinno et al., 1986), have been interpreted to indicate that the
asthenosphere is in direct contact with the base of the crust (Baldridge et al.,
1984). While the low value in the southern rift cannot be addressed by this
study, the low Pn velocity reported in thé central rift by Olsen et al. (1979)
relates directly to the Socorro area. The low value appears to be mostly a dip
phenomenon since the Moho surface dips 4.6° to the northwest in this area (see

later section).

Two other studies done in the central rift (Phinney, 1964; Murdock Vand
Jaksha, 1981), both report normal lithosphere mantle velocities (8.0 - 8.2 km/s).
The 8.14 4 0.05 km/s velocity of this study could indicate normal lithosphere
rocks or possibly mantle material with a greater than usual mafic fraction at

greater than usual temperatures. A high mafic content might result from the loss
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Southwestern U.S.

Pn Events
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3: Geographical distribution of the sources for the Pn data set. Only

evegts occurring within 600 km of the networks were used in this
study.



‘sisfjeue WJs)-ouIl) payipourun

(w¥) ®2uUDYSA(Q
QNK Ov_m cw_m ) om_v - oo_w~ DN_M cv_N Dm_ﬁ om.
o T
P
[}
|t
©
w
(@}
°
e °
o ° ° ° o
° ¢
o ° ° ° s ©9% o 3]
[ee] o o ©
! ° o [s] w " o < Q.
o0 © ° ° o ° Q%oowﬁwow%oo "
° Ie) [+ %0 O l_mv}
e Ee, ¢ %& # 3%
) o o [od (o3 ° %@ Om\
o o % Lo o w% ooo@%&% o
[+] W o O% ° % OW o
0° ° 9 o8 oS 6,3 8
°® o ° P S & o -2
© o0 © *o 4
Lo} [e3 O O
° I of O£ 0 ° oooo
° ® o
°
. o o B
° Q
°
° —
mmwOmeL@%%)D @EJH_ C& -

U® WOlJ BUINSHI-BIBP UJ 1O 9IULRISIP SUSIIA S[ENDIS] oWl [pARL], g aan3iy



-88-

Table 12
Upper Mantle Velocities
State of New Mezico
Study Region Velocity = Moho Depth
. (km/s) (km)
Toppozada & Sanford (1976) RGR 7.9 40
Olsen et al. (1979) Central RGR 7.6 34
Phinney (1964) .Adbuquerque 8.1 40
Murdock & Jaksha N Central RGR 8.0 37
Cook et al. (1974) Southern RGR 8.0 35
Sinno et al. (1986) Southern RGR 7.7 30
Dee (1973) Southwest NM 8.1 36
Jaksha (1982) Southwest NM 8.0 33
| Jaksha & Evans (1984) Col. Plateau 8.0 48
Stewart & Pakiser (1964) Great Plains 82 50




-89 -

of some of the lighter fractions of normal lithosphere rocks by intrusion into the
iov-erlying crust. This is consistent with the belief that the mid-crustal magma
body at Socorro is likely to contain basalt (Sanford and Einarsson, 1982). How-
ever, a compositional change of sub-Moho mantle from iron-rich to magnesium-
rich rock, would only have a small effect on the Pn velocity (B. Kudo, personal
communication). Hence, the Pn velocity of 8.14 km/s observed in this study
precludes the presence of an asthenospheric upwarp in direct contact with the

base of the crust in the Socorro area.

Modified

Anisotropy. Table 13 lists the results of the anisotropy analysis per-
formed on the Pn data set. Only a slight change in the refractor velociﬁy from
that of the unmodified analysis was noted, and the velocity variations with
respect to azimuth were of the order of their uncertainties (Figure 35). The
results do not fit the data any better than the unmodified analysis (Table 14).
Considered as a whole, the upper mantle appears to have no anisotropy associ-
ated with it. Examination of the results from different areal subsets, though,
indicates that the upper mantle may be fairly complex with respect to aniso-

tropy and horizontal velocity structure (see later section).

Dip. The results of the dip analysis are listed in Table 13. While the velo-
city of 8.13 + 0.05 km/s changes only marginally from the unmodified model,
there is a a significant cos($) dependence of 0.517 + 0.052 km/s at a phase of
129.5 4+ 5.5° (Figure 36). Assuming a critical angle of 51.9°, this corresponds

to a dip on the refractor of 4.6 + 0.5° to the northwest.

Several studies, using both refraction and time-term techniques, have indi-

cated a north dip on the Moho in the central rift (Figure 37). Jaksha and Evans
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Table 13
Time Term Results

Pn Refractor

Model Velocity (km/s) Data Parameters SSWR
Unmodified 8.14+0.05 402 76 11444
Anisotropy 8.16+0.05 402 80 11339

Sin2¢ Factor.

-0.005744+0.04316

Cos2¢ Factor

~0.04733+0.04237

Sin4¢ Factor

-0.00758+0.02232

Cos4¢ Factor
-0.024244-0.02018

Dip 8.1340.05 402 | 56 | 13435

Sin¢ Factor

0.3990640.05701

Cos¢ Factor
—0.3284840.04386

Distance | 8.38+0.13 402 | 77 | 11301

Distance Factor (1/s)

-0.00042+£0.00020
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Table 14

Analysis of Variance Table for Modified Time Term Equations

Pn Refractor

Model SSWR DF DFy—DF ), F
Unmodified 11444 326
Azimuth Dependence 11339 322 4 0.7
Distance Dependence 11301 325 1 4.1
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34.1
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AMLM 2 0
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33.9
+ ASHC +
33.7 + + + 0+ + + + + + +
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0 5 10 15 20kn
Figure 37: True dip estimate of this study along with apparent dip estimates

of previous studies: a. [Jaksha and Evans, 1984], b. [Murdock and
Jaksha, 1981], c. [Toppozada, 1974].
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_ '(1984) found an apparent north-northwest dip of about 5° on the Moho near
station MLM. In earlier work, Toppozada (1974) found an apparent northward
dip of 2° on the Moho from Socorro to Albuquerque, with possible values rang-
ing from 1 to 3°. Examination of the time terms from their study in north cen-
tral New Mexico led Murdock and Jaksha (1981) to propose 3 to 4° of apparent
northward dip on the Moho. All these values concur with our results, and seem
to explain the anomalously low Pn value (7.6 km/s) reported by Olsen et al.
(1979). This unreversed refraction profile (Line 3, Figure 6) was shot northward,
i.e. in a down-dip direction. Thus, the reported velocity would be low depending
on the degree of dip. Assuming an apparent north dip of 3 to 4° yields a true
Pn velocity of "8 km/s, a normal lithosphere mantle velocity. Hence, because
the fit of this model to the data is extremely good and the model agrees well
with existing data, it is believed that the northwest dip of 4.6 £+ 0.5° accurately

represents the dip on the Moho surface.

It should be noted that such a steep dip must have a limited lateral extent
since it requires an increase of "8 km in depth per 100 km in distance perpendic-
ular to strike. Given that the M discontinuity is near 40 km depth beneath the
eastern Colorado Plateau (Roller, 1965), the observed dip in the Socorro area

must flatten out rather rapidly to the northwest.

Distance. The results of looking at a velocity dependence on distance are
listed in Table 13. The resulting model shows a linear decrease in velocity with
distance that is statistically significant at the 95 percent confidence level (Table
14; Figure 38). While no other study in the rift has investigated such a model,
there is an interesting parallel in the work of Murdock and Jaksha (1981). From
time-term analysis of their full data set, with epicentral distances from 200 to

1000km, the resulting Pn velocity was 8.02 + 0.08 km/s. However, when the
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upper limit on epicentral distance was reduced to 600 km, the average Pn velo-
city increased to 8.12 + 0.09 km/s. This velocity difference between these two
data sets indicates a distance dependence in the data. The distance function
from this study corresponds to a Pn velocity of 8.29 km/s at a distance of 200
km grading to a velocipy of 8.12 at 600 km. However, this observation cannot be
the direct result of a decrease in velocity with depth, since critically refracted
rays would not be propagated deeper with increasing distance in such a struc-

ture.

A velocity decrease with distance could be related to the quality of the first
arrivals. The Pn phase becomes weaker and more emergent with increasing dis-
tance so the initial onset may be lost as it travels across the array of stations in
the Socorro area. As a result, distant events would appear to have slightly lpwer
average velocities than clos;e events. However, since only high quality arrivals

were used, this seems an unlikely explanation.

Attenuation, however, may be an important factor since the progressive loss

of high frequencies gradually changes the velocity of propagation. Anstey (1977)
states:

A spike pulse starts with the normal velocity appropriate to an

infinite bandwidth, but gradually slows to a low-frequency velocity

as the high frequency components are removed and the pulse

broadens.
Figure 39 attempts to illustrate this point. Thus, since attenuation can cause a

decrease in velocity with distance, it might explain the observed velocity varia-

tions, at least in part.

Another possible explanation centers on the fact that the quality of Pn
arrivals used in this study is generally consistent over the entire data set. To

maintain this consistency, the more distant events used in this study were gen-
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erally of higher magnitude than were the nearer events (Figure 40). Since source
>spéctra. depend on event magnitude (Figure 41), the source spectra, i.e. the fre-
quency content of the source wavelets, are distance dependent. Since head waves
are most sensitive to the velocity structure of the order of a wavelength beneath
the refractor boundary (Hill, 1971), the P-waves will sample the upper mantle
differently because of different dominant wavelengths. In this way then, a
decrease in velocity with depth might become evident. Archambeau et al. (1969)
defined the fine structure of the upper mantle for the tectonic provinces of the
United States. Their mantle models showed velocity structures that decreased
with depth directly below the Moho. Therefore, one would expect that waves
with longer’dominant wavelengths would have slower average velocities than
those with shorter dominant wavelengths. Since larger earthquakes have longer
dominant wavelengths, this is consistent with the observations. Hence, a
decreasing velocity with distance can be explained for this specific data set and

may indicate a decrease in velocity with depth below the crust-mantle boundary.

All the possibilities presented are speculative and difficult to quantify.
Furthermore, since they are not mutually exclusive, the observed velocity

decrease with distance may be the result of a combination of causes. Neverthe-

less, they do provide working hypotheses that may be advanced in later work.
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Figure 41:  Theoretical spectral amplitude of ground displacement as a function

of frequency for earthquakes ranging in magnitude (M) from 0 to 6.
Corner frequencies are shown by arrows. Label for ordinate has
been shortened (from Lee and Stewart, 1981).



Pn Areal Subsets

This section presents the results of the unmodified and modified analyses
performed on a series of areal subsets of the Pn data set (Figure 42). These sub-
sets divide ’the study area into regions north and south of latitude 34.13, and
east and west of longitude 106.95. The demarcation was done so that each sub-
set had approximately the same'éreal extent yet also contained a sufficient
number of stations for reasonable analyses to be done. While the placement of
the boundaries was somewhat arbitrary, minor changes in the positions of the

dividing lines had no significant effect on the results.

Pn East contains 163 data recorded at 9 stations (Figure 43), Pn West con-
tains 250 data recorded at 16 stations (Figure 44), Pn North contains 227 data
recorded at 12 stations (Figure 45), and Pn South contains 218 data recorded at
13 stations (Figure 46). The four subsets are discussed as a group because their
importance centers on their interrelatedness with one another and their relation

to the complete Pn data set.

Unmodified

Tables 15, 16, 17, 18 present the results of the time-term analysis for each
subset. Each of the unmodified analyses is within one standard deviation of the
8.14 4 0.05 km /s velocity frém the complete Pn data set. Figures 47, 48, 49, 50
show the fit of the data to each model. These analvses give no new information

about the upper mantle in the Socorro area.
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Figure 42: Division of the Pn data set into areal subsets. Pn East (E) is the
~ area east of longitude 106.95, Pn West (W) is the area west of this
longitude. Pn North (N) is the area north of latitude 34.13, Pn

South (8) is the area south of this latitude.
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Table 15

Time Term Results

Pn East
Model Velocity (km/s) Data  Parameters SSWR
Unmodified 8.114+0.08 163 46 2864
Anisotropy 7.9640.13 163 50 2633

Sin2¢ Factor -

-0.000884-0.07250

Cos2¢ Factor

0.2385740.12223

Sin4¢ Factor

0.0417540.04852

Cos4¢ Factor

0.0605640.03880

Dip 8.1040.08 163 40 3675

| Sin¢ Factor

0.5793640.15173

Cos¢ Factor
-0.441174£0.08949

Distance 8.0940.24 163 47 2864

Distance Factor (1/s)

. 0.0000340.00039
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Table 16

Time Term Results

Pn West
Model Velocity (km/s) Data  Parameters SSWR
Unmodified 8.06:&d07 250 57 6948
Anisotropy 8.2340.18 250 61 6614

Sin2¢ Factor-
-0.17617+0.08515

Cos2¢ Factor

~-0.17827+0.13876

Sind¢ Factor
0.0097340.03577

Cos4¢ Factor

-0.05699+0.03389

Dip 8.0140.07 250 58 6867

Sin¢ Factor

0.6250440.13949

Cos¢ Factor
-0.2272340.05941

Distance 8.30+0.17 250 58 6867

Distance Factor (1/s)

-0.00040+0.00026




-110~

Table 17

Time Term Results

Pn North
Model Velocity (km/s) Data Parameters SSWR
Unmodified’ 8.1940.07 227 59 5678
Anisotropy 8.25-+0.07 227 63 5363

Sin2¢ Factor

0.1356740.06274

Cos2¢ Factor

~0.1218140.05453

Sind¢ Factor

0.01803+0.02945

Cos4¢ Factor
-0.013944£0.02943

L
td
3

Dip 8.181+0.07 50 6879

Sin¢ Factor

0.264814+0.07268

Cos¢ Factor
-0.43346+40.06979

Distance 8.5840.21

(8]
()
|

60 5536

Distance Factor (1/s)

-0.0006540.00032
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Table 18
Time Term Results

Pn South

Model

Velocity (km/s) Data  Parameters

SSWR

Unmodified

8.151+0.10 218 51

9317

Anisotropy

8.0240.10 218 95

5013

Sin2¢ Factor -

0.2692240.10809

Cos2¢ Factor
-0.0598540.09405

Sind¢ Factor

~0.0023540.06301

Cos4¢ Factor
~0.0288040.03588

Dip

8.1110.11 218 40

6279

Sin¢ Factor

0.48256+0.10759

Cos¢ Factor
-0.2838540.12095

Distance

8.66+0.26 218 52

5144

Distance Factor (1/s)

-0.00119+0.00051
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Modified

Anisotropy. The anisotropy analyses of the areal subsets present some of the
most interesting and confusing results from this study. The analysis of the com-
plete Pn data set indicated that there was no anisotropy in the upper mantle.
However, the subsequent subset analyses not only indicate anisotropy, but aniso-
tropy of a fairly large magnitude. The results that follow are all significant at

or close to a 95 percent confidence level (Tables 19, 20, 21, 22).

When the area is divided into East and West data subsets, the results define
two anisotropies with comparable magnitudes but differing directions (Figures
51, 52). In fact, the two are almost completely out of phase (Figure 53). North
and South, though, show anisotropies with slightly differing magnitudes, but
nearly identical directions (Figures 54, 55). These directions lie between those of
the East and West subsets. All in all, these anisotropy results present a compli-

cated picturé.

The magnitudes of the cos(2®) dependence of each data subset lie within
one standard deviation of each other and can be considered equal. However, the
phases, i.e. the directions of maximum velocity, are significantly different (Figure
56).

Considering the results of the East and West analyses, it seems logical that
a north-south oriented anisotropy in half the study area would be cancelled out
by an essentially east-west anisotropy in the other half, provided their magni-
tudes were comparable. Thus, no anisotropy should be seen when analysis of the
entire area is done. This is consistent with the results of the total Pn data set.
Unfortunately, the results of the North and South anisotropy analyses are not

as straightforward. These results may indicate an even more complicated upper

mantle structure, or may be the consequence of some sort of averaging of the
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Table 19

| Analysis of Variance Table for Modified Time Term Equations

Pn East
Model SSWR DF DFy—DFy, F
Unmodified 2864 117
Azimuth Dependence 2632 113 4 2.5
Distance Dependence 2864 - 116 1 | 0.0
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Table 20

'| Analysis of Variance Table for Modified Time Term Equations

Pn West
Model SSWR DF DFy—DF), F
Unmodified . 6948 193
Azimuth Dependence 6614 189 4 2.4
Distance Dependence 6867 192 1 2.3
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Table 21

Analysis of Variance Table for Modified Time Term Equations

Pn North
Modeél SSWR DF DFy—DFy, F
Unmodified 5678 168
Azimuth Dependence 5363 164 4 2.4
- Distance Dependence 5536 167 1 4.3
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Table 22
| Analysis of Variance Table for Modified Time Term Equations

Pn South
Modél SSWR DF DFy—DF), F
Unmodified 5317 167
Azimuth Dependence 5013 163 4 2.5
Distance Dependence 5144 . | 166 1 5.6




-121-

"YINOS-1140U ST UOIPBJUILIO B ], *940Y SULIA) (P )09
oY) JOAO JUERUIWIOP SI 909fjd w3} ($g)s0? oYy, -o[puew Joddn
ordorjosiue A[3y3i|s & Bulnsse sisA[BUr ULIdJ-OUII} POYIPOUL © WOIJ
Buiynsad vyRp ISBF UJ JOJ (INUIZB SnsIdA suoljequniiad £400pp  iTQ 2an3r g

HmmmmeUl yinwizy

0oy 0Sg oo 0se 00e 0S1 001 0s 0
t 1 H 1 1 1 1 i -n_v
o
° ° ]
° R
)
Y
o8 8
o 9 ©
o o
° ° o® oo |
o Fo
© o o ® ° N
° o4 o @ s ° %@oo RD»
A~vo o % [ ow UA
0 8 ° o3 ~
M o3 o
o 3¢ o8
° 6% o S0
o
o © (o4 Of\
0 o
o © o
& ° % ° o
° ., © b=
o
°
o
¢ |l o
°l 5
a

(¥SP3 Ud) yanunzy — Ap i

gos'o




"MNM-TST st uotjequatio ay g, DI9Y sWIRY (pF) s00
oY} J9AO JUBUIWODP SI 499]j9 ULIY) ($pg)s0o oy, Bluewr Jaddn
ordoxosiue £[3ySys e Juiuinsse sisf[ue ULIg}-aull] pafjipowl & wodj
Juynsar eyep oM Ud J0J ynurize snsioa suoneqanytod £1100pA  :go an3i

(seeubep) yynuizy

00% 0S¢ 00g 0se 002 0st 001 0s 0
[ - 1 1 1 i 1 1 1 1
o
[¢2]
o
o
4
g 1
$ e
o o © 5
o0 . ° 48
%° B0
o o@ )
i ° ® o %, % o o
S o® % °s® ° Wo.
| 3 ° %0 opﬂwwo <
o © D © —
° Q
° %o 8 © OW.
o . ¢
o w o o oo
© & o
) ° 8 g
o o N o 2
o R, 0@ °
B oo o g
o° % 8
oo
° o0
o -
V.9
0 . 8

(SeM ud) yinwzy _

AP 5




-aseyd Jo no Apgejdwods jsowije aue said
-oIjosiu® omy 3y, “Apaljpadsal ‘1g pue (g soundy| wodj (s,0) 1590
ud oy} pue (sX) 18| U J0J YINUIZE SNSIA suoleqinidad A3100[8A  :€G aanSiy

(seeubep) yinuwqzy

oﬂv oMn cﬁn 0se 002 051 001 0s 0
1 [ 1 | 1 n_u
o
(@]
o o
o P
[
o
-
je)
4 ©
o)
o (o]
& o & x X x g9 IW
o)
S ° ¥ 8 g ga 8
) % o} o X x O .
x x X om =
x xx WT% Ow.u
X - ¢
X o3
o . S, g
x & xxxxo Xx
o o o] xx& ? Olo
® ﬁm&m.xx -y
2t o 8
o X o
xxx [o]
X - ©
. o
X o|8
188qng 1GIM x
198g9nG 1643 o

Hdmmz Y dwOm ud) LJDEJNI °SA

>

ie;

J
008°C




"MS-FN S! UOIJBIUILIO Y], *9.9Y SWLId} () 500
9} JOAO JUBUIWIOP SI 9O9[Jd wld) (Pg)s0oo ayJ, -opuew toddn
oldorjosiue A[3Y31[s & FUIWNSSE SISA[RUB WIA)-0WII) PIYIPOUW & WIOM]

Suiynsal eyep YON UJ Joj Yinuwize snsida suoljeqaniiod L4100 ipg eunSiy

(seeubep) yjnuazy

co_e om_n oo_n cm_m cc_m om_ﬁ oo_d cm 0 \

)

o

o

o

o}

(@]

q

)

o q .nu

| [ o
i g °Q .08 o ©a
u owv o@ %m%oo <
i ° & 009 .
R % 0 ® g °¢ o3
o o 8 "o% So

Moo © ° M m
< <
& o

< o -0

kS

o

- O

” 03]

Q

(YION Ud) yanwizy - AP i

g1




"MS-IN SI UOIIBJUSLIO A ], 348y SWId} (pF)s02
9} J9AO JuUEBUIWOD SI J9fj0 WJdy (Pg)so? oyl ‘epjuewr Joddn
ordoajosiue A[1y31[s v FulWnsse SISA[RUE ULID)-9WI} Poylpow woJj
Sunjnsad vIBp YINOG UJ J0J Yinwize snsioa suolpeqaniiad £100[pA ¢ N3

(seedubep) yjnwizy

cﬁwr\ OMn cﬁn OMN oJN cmﬂ oﬁﬁ Jm D_
)
o
| 1
o
° @
(@)
I
s )
o o 4 lmU
~ ° 000 8 % 5
Y4 0P 039 °a
o ° 00700 o =
o ©Q —
o ° x
Mw g ° xﬂm,
. ? m%
\ °
Qo m\
Q«o%
o
%Ow Im
(o]
® %
3 "
@
o

(YINOG Ud) Yinuzy

|
>
T

1
gz 1




270

-126-

Pn Areal Subsets

Anisotropy Directions

Figure 56:

180 , o

Phase angles of the cos(2®) dependence from modified time-term
analysis of the Pn areal subsets assuming a slightly anisotropic
upper mantle. E, W, N, S represent Pn East, Pn West, Pn North,
and Pn South data subsets respectively.
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two anisotropy directions. Such averaging would likely depend on the station

distribution as well as the azimuthal distribution of the sources.

Assume a model which has a north-south oriented anisotropy in the eastern
region of the study area and an east-west oriented anisotropy in the western
region. This basically indicates that the sub-Moho materials beneath each sec-
tion have experienced significantly different tectonic histories. In other words,
the upper mantle rocks from twé different tectonic regimes and therefore, two
different locations are now in contact with one another. The most likely cause
for such a juxtaposition is the large strike-slip movement during the Eocene pos-
tulated by Chapin and Cather (1981) (also Chapin, 1983), whereby the Colorado
Plateau was translated approximately 100 km to the north-northeast. Figure 57
shows the approximate—teeatiom inferred location of the Hot Springs- Montosa

fault zone through the study area.

" Another possibility is that is that the shear zone could be quite wide to the
west and east of the Hot Springs-Montosa fault. This would account for the
north-south anisotropy for the East data set. The essentially east-west aniso-
tropy for the West data set could be indicating the regional anisotropy, i.e. the
anisotropy of of the area not affected by the shear zone of the fault. This would
be consistent with the east-west oriented anisotropy for western North America

reported by Bamford et al. (1979).

Finally, the observed anisotropy may be related to the geometry of the
array. When the Pn data set is subdivided, inter-station distances are dramati-
cally reduced perpendicular to the dividing line, e.g. when the area is subdivided

by longitude 106.95, the maximum east-west inter-station distance is reduced by

half, from 58 km to 29 km. In this case, the Pn velocity in the north-south
Le

direction will better determined than the velocity in the east-west direction.
n
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Hot Springs — Montosa fault zone

AMLM

34.5 +
ALAD
i ALAZ
B3+ g
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Figure 57: Inferred position of the Hot Springs-Montosa fault zone through the
study area (after Chapin, 1983).
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Large uncertainties in the velocity along a given azimuth could erroneously indi-
~cate anisotropy where none existed (J. Murdock, personal communication).

Hence, the existence of the observed anisotropy is not certain.

In summax.'y,‘ the anisotropy analyses of the Pn areal subsets present a com-
plicated picture of the upper mantle beneath the Socorro area. The exact nature
of this complexity has not been determined, however it may well be the conse-
quence of large strike-slip faulting in the Eocene. The possibility also exists that
the observed anisotropy is not real but the consequence of reduced inter-station

distances.

Dip. The results of the dip analyses are presented in Tables 15, 16, 17, 18.
‘Figures 58, 59, 60, 61 plot the velocity perturbations with respect to azimuth.
The magnitudes of the cos(®P) dependence correspond to 6.6 & 1.2° for East, 6.3
+ 1.3° for West, 4.5 + 0.6° for North, and 5.1 + 1.0° for south. The various
dip directions are displayed in Figure 62. Structural complexities and differing
data sets cause some scatter in the dip results, but on the whole, the subset
results confirm the results of the full Pn data set, i.e. a relatively large dip on

the Moho to the northwest.

Distance. Three of the four Pn subsets in\dicated a velocity decrease with
increasing epicentral distance comparable to the results of the full data set,
although only North and South were statistically significant (Tables 19, 20, 21,
22). Figures 63, 64, 65, 66 display the velocity perturbations with distance for
each subset. No additional information about the upper mantle was forthcom-

ing from these analyses beyond that gained from the analysis of the total data

set.
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Pn Areal

Subsets

Dip Directions
0

Figure 62:

18

Phase angles of the cos(®
analysis of the Pn areal sub

0

) dependence from modified time-term
sets assuming a sloping Moho interface.

E, W, N, S represent Pn East, Pn West, Pn North, and Pn South

data subsets respectively.
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ANALYSIS OF TIME TERMS

As discussed previously, a time term may be thought of as the difference
between the time it takes a critically refracted wave to pass through the layers
above the refracting interface and the time for the head wave to travel the offset
distance (the horizontal distance between the point of critical refraction and the
source or receiver) at the sub—inferface velocity. Therefore, a time term is
directly related to the thickness of the layers overlying the refractor. Knowledge
of the overburden and refractor velocities allows conversion of the time term to a

depth. The depth equation (Berry and West, 1966) is

n n Jj=1
H=3d =} {[“;"Edi / Kj+1,i}Kj+1,j }, (29)
J=1

J=1 =1
where
K;; = ____V'QL___ , (30)
\ Vj —V,-Q '
and

a; = the time term for the jth refractor,
V; = the velocity of the jth refractor,
d; = the depth to the jth refractor,

H = the total depth to the refractor of interest.

It is important to remember that the velocity structure above a refractor is
usually fairly complex, especially in a tectonically active region. When a simple
velocity structure is assumed for a tectonically complicated region, depth errors
will occur. Furthermore, unlike near-vertical reflections, head waves do not sam-
ple the crust directly beneath the recording stations. Rather, they refract

upward at the critical angle to the station from points that can be a considerable
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distance away, especially when refracting from deeper layers. The time term for
a.- given station then, is actually an average of the travel times for a cone of
refracted waves travelling through the overlying layers. For Pn, the base of this
cone is on the order of 80 km in diameter. Hence, depth estimates from time
terms not only depend on the velocity structure chosen and the topography of
the refracting surface, but can also depend on the azimuthal distribution of
sources. Consequently, the depth estimates from this study may not always

agree precisely with those made by others within the region.

Given Ia sufficient station density, a general idea of a refractor’s surface may
be obtained. Highly accurate modeling of the subsurface, however, is really not
possible without a dense array of stations and good velocity information. Sta-
tion distribution is also a factor. To enhance signal quality, the majority of the
New Mexico Tech seismic network is placed on competent rock, since alluvial fill
is highly attenuative. Hence, most of the station sites in this study are associ-
ated with structural highs, few with structural lows. The effect of this type of
skewed distribution can be illustrated if one compares a surface developed from
station elevation data (Figures 67, 68) with an outline of the actual surface
topography (Figure 3). Many major features, both highs and lows, are missed,

and extended features are often replaced by isolated structures.

In this study, surfaces were developed for each of the three refractors. As
might be expected, the Pg refractor, i.e. the Precambrian basement beneath the
network, is the best constrained. Excellent data, short offset distances, and good
geologic control permit a much more involved analysis and discussion than is
practical for the deeper layers. The P* refractor surface is the most uncertain
because the standard errors on the P* time terms are often as large as the rela-
tive differences between stations. However, use of the results from other studies

in the region has resulted in a reasonable model of the mid-crustal surface. The
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Generalized Topography

Rio Grande Rift: Socorro Region
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Figure 67: Contour plot of general surface topography from kriging of eleva-
tion data at 52 station sites.
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Rio Grande RLft (Socorro RegLon)]l
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are presented.
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Pn refractor model is obtained by using an average crustal velocity of 6.2 km/s
(Toppozada and Sanford, 1976), overlain by a Phanerozoic section with an aver-
age velocity of 3.4 km/s. Initially, it was hoped a more accurate rendition of the
thickness of the crust could be obtained by "peeling off" each progressively
deeper layer. However, the limited number of stations at which P* was recorded
and the fairly large uncertainties on the depth to the Conrad made this unfeasi-
ble. As a result, only the effect of the Phanerozoic layer was removed.
Nevertheless, the procedure of removing the overburden effects, which are often
very large, and then using an average velocity for the crust seems to provide

good results.
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Pg Time Terms

As mentioned previously, geologic constraint allows greater interpretation of
the Pg time terms than those of the other data sets. However, this interpreta-
tion is complicated since the study area has been folded and faulted, uplifted
and eroded, undergone extensions and compressions, rifting and volecanism.
Furthermore, stratigraphic and structural changes are abrupt and drastic. The
extreme complexity of the area has led to conflicting interpretations and models.
As a result, the following discussion is necessarily "broad stroke", yet it is specific

enough to explain the observed variations in the time terms.

The velocity model obtained from the modified distance analysis provided
the best fit to the Pg data. Therefore, it is appropriate that time-term results
from that analysis be used to define the Precambrian surface. The Pg time
terms along with their standard errors from the distance analysis are listed in
Table 23. Their geographic distribution is shown in Figure 69. Using an over-
burden velocity of 3.40 + 0.10 km/s and a refractor velocity of 5.71 £ 0.07
km/s, depths to basement were computed for each station using equation (29)
(see Table 24; Figure 70). Three stations, LAD, LEM, and LPM, have slightly
negative time terms. Although a negative time term converts to a negative
depth to basement, it actually indicates that the velocity beneath the station is
higher than the average refractor velocity. LAD, LEM, and LPM are all on com-
petent Precambrian blocks (Table 25), which may not be as highly fractured as
basement rock in general in the region. As such, these blocks would be expected
to have higher velocities than the more highly fractured basement rock. A velo-
city of "6.00 km/s would explain the negative values at LAD and LPM, while

only a slightly higher velocity than the average is required for LEM.

Stations WTX and CC are also on the Precambrian. The time-term results
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Table 23
Pg Time Terms
New Mezico Tech Seismic Network
Station Time Term (sec)
BAR 0.28 £ 0.08
BG 0.43 £ 0.09
BMT : 0.22 £ 0.09
CAR 0.35 £ 0.07
CC 0.15 £ 0.07
CcM ‘ 0.24 £+ 0.10
CuU 0.40 £0.13
DM 0.26 + 0.09
FM 0.43 £ 0.09
GM 0.12 £ 0.10
IC 0.32 £ 0.09
LAD -.12 4 0.09
LAZ 0.14 £ 0.09
LEM -.04 £ 0.08
LJY 0.70 £ 0.22
LPM -.16 4+ 0.08
MAG ‘ 0.04 % 0.11
MLM 0.53 £+ 0.15
NG 0.16 £ 0.17
RM 0.41 £ 0.17
SB 0.34 +0.07
SC 0.48 + 0.09
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Table 23 (continued)

SL
SMC
SNM

WTX

0.24 £0.10
0.32 £ 0.07
0.28 + 0.11
0.17 £ 0.13

0.06 £ 0.06
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Figure 89: Geographical distribution of Pg time terms from modified time-term

analysis assuming a small vertical velocity gradient in the Precam-
brian basement.
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Table 24
Depth to Precambrian Basement
New Mexzico Tech Seismic Network
Station Depth (km)
BAR 1.185 4+ 0.272
BG 1.819 4 0.306
BMT | 0.931 % 0.306
CAR 1.481 4 0.238
CcC 0.635 + 0.238
CM 1.015 £ 0.340
CU 1.692 4 0.442
DM 1.100 £ 0.306
FM 1.819 + 0.306
GM 0.508 4 0.340
IC 1.354 4 0.306
LAD -.508 £ 0.306
LAZ 0.592 + 0.306
LEM -.169 4+ 0.272
LJY 2.962 £+ 0.748
LPM -.677 £+ 0.272
MAG 0.169 + 0.374
MLM 2.242 4 0.510
NG 0.677 £ 0.578
RM 1.735 + 0.578
SB 1.439 4 0.238
SC 2.031 4- 0.306
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Table 24 (continued)

SL
SMC
SNM

WTX

1.015 £ 0.340
1.354 + 0.238
1.185 £+ 0.374
0.719 £ 0.442
0.254 £ 0.204
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Figure 70: Computed depths to the Precambrian basement plotted at their
respective station locations. Negative values indicate the station lies
directly upon basement rock which has a slightly higher Pg velomty

than the average.
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Table 25
Near Surface Geology

New Mexico Tech Seismic Network

Station Near Surface Geology

BAR Permian limestone

(San Andres Limestone)

BG Tertiary ash flow tuffs

BMT | Tertiary ash flow tuffs

CAR Permian limestone
CC Precambrian granite
CM Tertiary ash flow tuffs

(Socorro Cauldron moat deposits)

CU Permian sandstones & limestones

(Glorieta & San Andres)

DM Pennsylvanian limestone

(Madera Formation)

FM Precambrian overlying Pennsylvanian

(sliver of Precambrian Tajo pluton)

GM Tertiary monzonite intrusion

IC Tertiary basaltic & rhyolitic lavas

(center of Socorro Cauldron)

LAD Precambrian metasediments & metavolcanics

LAZ Pennsylvanian limestone

LEM Precambrian metasediment;s & metavolcanics
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Table 25 (continued)

LJY Quaternary terrace deposits

LPM Precambrian granite

MAG | Tertiary ash flow tuffs

MIM | Quaternary extrusive basalt
(upper flow of Mesa Lucero)

NG Tertiary intrusive

RM Tertiary red & green playa claystones

SB Tertiary ash flow tuffs

SC Tertiary ash flow tuffs
(Socorro Cauldron)

SL Tertiary fanglomerates, mudstones & sandstones
(Popotosa Formation)

SMC Tertiary volcanics

SNM | Tertiary moat deposits
(S8ocorro Cauldron)

TA Permian interbedded ss., shales, & limestones
(Torres, Caiias, Joyita Members)

WM Tertiary moat deposits

WTX | Precambrian granite
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show that Precambrian basement is 254 m beneath WTX, and 635 m beneath
CC. Both station sites are geologically complex with extensive fracturing and
faulting. As a result, the velocity beneath these stations is probably slower than
the average basement velocity which would result in the computation of a posi-
tive depth to basement. The larger depth value of 635 m at CC most likely
indicates that the refracted ray paths to the station are not all within Precam-
brian rock. Since fairly thick sedimentary sections surround this location, energy
traveling to the station along rays from certain azimuths would be delayed. The
time term at CC is likely a composite average of slightly positive time terms for
‘those ray paths traveling strictly in Precambrian rock, and somewhat more posi-
tive time terms for those ray paths traveling partially through slower sedimen-

tary strata on the way to the station.

Plutonic Precambrian rocks compose the northeastern end of the Magdalena
Mountains west of Socorro. Just north of the Magdalena pluton are stations
GM, on a Tertiary monzonite intrusion, and MAG, on a Tertiary ash-flow tuff.
GM and MAG show depths to basement of “500 m and ~170 m respectively.
Given the large exposed sections of Precambrian rock surrounding these locales,
these depths are considered appropriate. To the north of these stations in the
Bear Mountains lies BMT, showing a much thicker Phanerozoic section, ~930m,
than is observed at GM or MAG. A thick Paleozoic section (Pennsylvanian or
perhaps Permian) underlies the Tertiary volcanics on which the station is
situated (C. T. Smith, personal communication). Realizing this and utilizing the
stratigraphic column of Brown (1972) for the southern Bear Mountains, it is pos-
sible for only the lower section of the Datil volcanic group to be present beneath

BMT.

The next group of stations are all in the eastern part of the study area,

where there is much better stratigraphic control than elsewhere in the region
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(Figure 71). Station FM is emplaced near the Gonzales fluorite prospect on a
‘sliwlrer of the Precambrian Tajo pluton, yet the time term for this station indi-
cates a depth to basement of greater than 1.8 km. This agrees well with the
hypothesis that these Precambrian slivers are allochthonous and rootless, and
overlie a fairly thick section of Paleozoic strata (C. T. Smith, personal communi-
cation). Inasmuch as the Pennsylvanian section in this area is only "640 m
thick, the 1.8 km thickness delineated by the time term suggests a repeated sec-
tion along low anglé faults. An alternate interpretation postulates that the FM
lies in a north-south right lateral shear zone which bends to the northeast or is
joined by a second northeast trending shear zone (R. Chamberlin, personal com-
munication). The large time term would have to be caused by low velocity
material within deeply penetrating fault zones. In addition, work by Carpenter
(1984) indicates that the material below FM has a very low Q value. Low Qis
consistent with a thick sedimentary section although extremely faulted basement

rock is not ruled out.

Stations DM, on Pennsylvanian limestone, and CU, on Permian strata, are
just north of FM. The time terms for both stations show evidence of thickened
sections, but to a lesser degree than seen at FM. DM is on a section that is at
least 470 m thicker than is indicated from its position in the geologic column,
while the section beneath CU is at least 455 m thicker. Given the uncertainty in
the calculated depth, the degree of thickening beneath these stations is not cer-
tain. Nevertheless, assuming FM lies above a greatly thickened section, some

thickening would be expected at nearby stations.

Outside of this confined area of possibly repeated section (Figure 72), nor-
mal thicknesses are observed beneath the remainder of the eastern stations.
BAR, lying on Permian limestone, CAR, located on Cretaceous sandstones and

shales, and BG, situated on Tertiary ash flows, each has a calculated elevation
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Figure 71:  Geologic column used in depth-to-basement comparisons for the
eastern part of the study area (from Sanford, 1968).
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‘above the Precambrian surface representative of its true stratigraphic position.

Eight of the stations in this study, CM, IC, NG, RM, SB, SC, SNM, and
WM, lie within or on the boundaries of a series of overlapping cauldrons west
and southwest of Socorro. Three of these Oligocene cauldrons, named Socorro,
Magdalena, and Sawmill, have been delineated by Osburn and Chapin (1983)
(Figure 73), and there is evidence for the existence of several others (Deal and
Rhodes, 1976; R. Chamberlin, personal communication). The entire cauldron
area is assumed to be underlain by an extensive Tertiary pluton. Accordingly,
the depths to basement computed are not to the top of the Precambrian, but

rather to the top of this pluton.

Situated toward the center of the Socorro caldera, stations IC, NG, and
WM lie in close proximity to one another yet show dramatic differences in depth
to basement. NG and WM are 677 m and 719 m above the basement respec-
tively, while IC is 1354 m above basement rock. NG and WM are on moat
- deposits and are associated with a structural high, while IC, on a thick ash-flow
tuff sequence above an inferred resurgent dome (Chapin et al., 1978), is associ-
ated with a structural low (R. Chamberlin, personal communication). The ~800
m difference in the basement depth is the simple consequence of NG and WM

being on the cauldron rim, while IC is in the caldera itself.

Moving outward from the caldera complex, CM, RM, and SNM (Figure 73)
each lie above a thick sequence of Socorro cauldron moat deposits. At RM, near
the northern boundary of the Socorra caldera, a thick section of the Popotosa
Formation overlies these moat deposits. Accordingly, this station shows the

basement to be deeper beneath the surface that at either CM or SNM.

The last two caldera stations are SC and SB. Located near the entrance of

South Canyon in the Magdalena Mountains, SC shows the thickest section of
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cauldron ash-flow tuff deposits, over 2 km of Tertiary volcanics. However, lying
| néar the center of both the Sawmill and Socorro cauldrons, this station should
have a greater thickness of volcanics beneath it than the other caldera stations.
The time term for SB, the most elevated station (over 3 km above sea level),
indicates "1.4 km of volcanic rocks. The thicknesses beneath SC and SB fall
within the range of total thickness of Tertiary volcanics as defined by Chapin et
al. (1978). Furthermore, the depth of basement beneath South Baldy agrees well

with that predicted from the cross-sections of Bowring (1980).

The final three stations used in the Pg study were LAZ, LJY, and MLM.
LAZ, on the west side of the Ladron Mountains, is situated just west of the
north-south trending Ladron fault. Moving westward from the fault, the Paleo-
zoic thickens to over a kilometer (Chamberlin et al., 1982; Kelley and Woods,
1946). Given the proximity of LAZ to the fault and the depth estimates in the
cross-sections of Kelley and Wood (1946), the “0.6 km depth to the Precambrian
basement is quite realistic. Station LJY is located near the axis of the Albu-
querque Basin, and overlies a very thick Tertiary sedimentary section. The "3
km overburden thickness may be an overestimate since unconsolidated seéimen-
tary material generally has a velocity less than 3.4 km/s. The most northerly
station is MLM, located on top of Mesa Lucero very near Lucero crater. The
thickness of the Phanerozoic, "2.2 km, is very close to the estimated depth to
the Precambrian by Kelley and Wood (1946), whose cross-section passes within a

few hundred meters of the station site (Figure 74).

Although decidedly rough, the depth estimates computed from the time-
term results appear to be in reasonable agreement with the known geology of the
Socorro region. Furthermore, in certain cases, they allow discrimination between
conflicting geologic models, or at the very least, give greater credence to a specific

interpretation.
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Figures 75 and 76 show the basement surface developed from the 26 time

‘term depth estimates. This surface is topographically very rough and compli-

cated, which is consistent with the complex surface geology of the area.
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P* Time Terms

Because the P* time terms are relative, a strictly independent estimate of
the upper crustal thickness cannot be made. However, by utilizing some of the
results of previous studies in the region, absolute time terms may be approxi-

mated for each station and depth estimates made.

From Rinehart and Sanford (1981), the average depth to the mid-crustal
discontinuity beneath Socorro is 19.2 + 0.6 km. The depth estimates from the
Pg time terms allow computation of an average thickness of the Phanerozoic
beneath the array. Using the values for all stations and setting any negative
time terms to zero, the average thickness of the overburden is found to be 1.1
km. Therefore, the average thickness of the upper crust is 18.1 km in the

Socorro area.
Using

4

P*t = [%Jcos(il) + [%]005(2'2), (31)

and assuming a velocity structure of:

V) =3.40 km/s
Vy =5.95 km/s
V3 = 6.40 km/s,

an average theoretical P* time term of 1.39 seconds is obtained. Subtracting the
average relative time term (0.20 s) from each individual P* time term and
adding the theoretical average value yields a series of time terms whose average
value equals the average theoretical value. Thus, some reasonable approxima-
tion of the absolute time term may be realized for each station. A list of these is

given in Table 26 and their geographical distribution is shown in Figure 77.
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Table 26
P* Time Terms

New Megxico Tech Seismic Network
Station Time Term (sec)
BAR 1.25 £0.19
BMT 1.27 4+ 0.42
CAR 1.75 £ 0.12
LAZ 1.24 +£0.12
LEM 1.70 £ 0.21
LPM 1.13 £ 0.23
MAG 1.26 £0.14
MLM 1.55 £ 0.18
SB 1.30 £0.17
SMC 1.52 £ 0.12
WTX 1.35 £ 0.57
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Figure 77: P* time terms from unmodified time-term analysis plotted at their
respective station locations.
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Using the same velocity structure as given above, depth estimates to the
C;)nrad discontinuity were made from the P* time terms (Table 27; Figure 78).
Because of the sparsity and generally less-than-optimum quality of the data, the
P* time terms have larger standard errors associated with them than do the
time terms of the other refractors. As a result, the uncertainties in the com-

puted depths are often on the order of the depth variations between stations

(Table 27).

Comparing the time terms of the various stations though, the time term at
LEM appears abnormally large, especially considering the station is located on
Precambrian basement. Using strict depth conversion, the estimated depth to
the mid-crustal refractor, nearly 30 km, is unreasonable. While the standard
error of the LEM time term is ~12 percent, the calculated depth does not overlap
the average depth of 19.2 4 0.6 km at three standard deviations, and fails to do
so by several kilometers. It appears that the unexpectedly large LEM time terms
merits additional analysis.

Analysis of the Pg arrivals for LEM indicates that this station is on Pre-
cambrian rock of slightly higher than average velocity. Hence, in order to
explain the LEM time term, the head waves from the mid-crustal refractor must
pass through anomalously low velocity upper crustal material on the way to the

station. How slow this velocity would need to be can be computed.

Since LEM is sitting on Precambrian basement, equation (31) can be writ-

v, |27
P*tt = [—Viz}cos(ig) = [VZQ J{ 1— [-Vf} }“. (32)

ten:
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Table 27
Depth to Mid-Crustal Discontinuity
New Mexico Tech Seismic Network

Station - Depth (km)

BAR 16.682 £ 1.131
BMT 17.757 + 2.499
CAR | 93.881 & 0.714
LAZ 18.275 £+ 0.714
LEM 27.962 £ 1.250
LPM 20.258 + 1.369
MAG | 19.852 + 0.833
MLM 18.385 £ 1.071
SB 16.738 + 1.012
SMC , 20.542 £ 0.714
WTX 21.055 + 3.392

.y
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the center of the figure is due to a highly anomalous time term and
does not represent a true depth to the Conrad (see text).
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- This equation can be solved for the velocity of the upper crust yielding

1
V, = (=" : (33)

22 2
*p)2 —_
(P*tt)? + 3J

Assuming an average depth to the Conrad of 18.1 km and using the LEM time

term of 1.70's, V, is 5.49 km/s, an extremely low average value for the upper
crust. Subtracting one standard deviation (0.21 s), the P* time term for LEM
becomes 1.49 s, and yields a V, velocity of 5.66 km/s. Again, this value is low,
however, all of the raypaths into LEM pass through areas of low P wave velocity
(< 5.7 km/s) as deﬁnea by Ward (1980) (Figure 79). In fact, the four arrivals
with the highest quality weightings pass through or very close to the 5.45 km/s
block, the slowest block in the area. Although the values of Ward (1980) are
applicable only to the upper 10 km of the crust, they do indicate an area of

significantly reduced velocity with respect to the areas surrounding it.

A third possibility is that only a section of the travel paths to the station is
anomalously low in velocity. None of the arrivals into LEM come from the west,
and a majority of raypaths pass very near station LJY , which is located near the
maximum of the surface uplift as delineated by Larsen et al. (1986) and within
the minimum velocity block of Ward (1980). This section of the Socorro region
has the highest level of seismicity in the form of earthquake swarms, with some
events showing shallow focal depths (< 5 km) and anomalous focal mechanisms
(Jarpe, 1984). It is thought that this seismicity may be related to the movement
of magma in the upper crust. As such, the large time term at LEM could be

caused by the passage of the P* head wave through an area of pure melt.

The minimum travel path through an area of pure melt necessary to explain

the LEM time term can be estimated. Assuming an average V, velocity of 5.66

11
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Figure 79: Raypaths into station LEM for the P* data set overlying the block
velocities computed by Ward (1980). Notice all the raypaths pass
through areas of low velocity (<5.7 km/s) with most travelling
through the lowest velocity block in the region (highlighted). Solid
lines indicate high quality arrivals; dashed lines are of lower quality.
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km/s in this area, and an upper crustal velocity of 5.95 km/s, and a sub-Conrad
‘veiocity of 6.4 km/s, the refracted ray travels “40 km from the point of critical
refraction to the surface. Assuming the velocity through a pure melt is approxi-
mately one-half the normal P-wave velocity (A. Sanford, personal communica-

tion), the travel time through the upper layer may be written:

L _ (L—x) T
5.66 - 5.95 (5.95/2) ’

(34)

where
L = path length through the upper crust

x == path length through pure melt.

Rewriting this equation,

5.66

\ =L[&_1}, 35)

or
z =2.0 km.

That is, given the model, the.ray to the station would have to pass through 2
km of total melt to lower the average velocity from 5.95 km/s to 5.66 km/s.
This is considered unlikely, although not impossible. If the average crustal velo-
city in this area were 5.8 km/s though, less than half this value is needed. A
low average velocity could be caused by high crustal temperatures, possibly the

result of magma intrusion.

Assuming that the LEM time term is a reasonable number, the rays to the
station must pass through low velocity crustal material. Whether or not the
region has a low crustal velocity overall, or there are magma intrusions present

in the upper crust, or some combination thereof, cannot be determined. How-

ever, further study of this highly anomalous area seems to be in order.
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‘ Returning to the P* time terms as a group, a surface was developed from
the P* depth estimates (Figures 80, 81). This modelled surface though, is not
considered reliable since it is based on only ten data, several of which have large
uncertainties associated with them. Moreover, this surface is dominated by the
anomalously large value at LEM. Another surface was estimated without the
LEM datum, but obviously also suffers from a lack of data (Figures 82, 83). In
order to achieve a reasonable appfoximation to the refractor topography, other

data must be acquired.

Figure 31 shows the positions of the COCORP reflection lines within the
Socorro area. Using the COCORP sections processed by Cornell University in
June 1988, the best picks to the base of the Phanerozoic and the top of the Con-
rad were made for lines 1a, 2a, and 3. Using these times, the thickness of the
Phanerozoic and the upper crust were estimated.. These values were then added
to increase the size and coverage of the refraction data set. Similarly, the depth
data of Rinehart and Sanford (1981) from the inversion of microearthquake S-
wave reflections was added. ’I:hus, the data set from which the Conrad surface

was to be estimated, was increased from nine to thirty-seven total data.

Figures 84 and 85 show the kriged surface from this larger data set, which
differs noticeably from that obtained using only the time term data. This new
surface dips to the northeast as well as to the southeast. The northern dip was
previously noted (Sanford et al., 1973; Rinehart and Sanford, 1981), but not the
southeast dip. This southeastern slope may explain the nearly total absence of
reflected phases from the mid-crustal magma body at stations BAR and CAR
(A. Sanford and J. Ake, personal communication). In addition, the large upper
crustal thickness at CAR falls very close to a large gravity low (Figure 88).
Since CAR shows no Phanerozoic anomalies, the gravity low must be more dee-

ply seated, and is probably related to a thickening of the upper crust in this
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Figure 86: Gravity map of Socorro county (from Cordell, 1983). Station CAR
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area.

.The question may arise whether the southeast dip so evident in the kriged
surface is not the result of an anomalous value at station CAR. In order to test
this hypothesis, a new surface was kriged removing the CAR datum from the
data set. Figures 87 and 88 show the results. While the direction of the dip
changes to the south and is decreased somewhat, the general trend of the surface
remains the same. Thus, the southeast dip indicated is not the result of an

anomalous point, but appears to be real.

In summary, while of themselves the refraction results are not conclusive,
combined with the results of other geophysical studies, a working model of the
mid-crustal layer has been developed. This model agrees with existing
knowledge by displaying a dip to the northeast in the northern half of the area,

and proposes additional complexity by introducing a southeasterly dip in the

southwest quadrant of the area.
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Pn Time Terms

~ As was the case with the P* time terms, the Pn time terms are relative and
independent depth estimates cannot be made. However, the overlap of five sta-
tions of this study with those from the work done by Murdock and Jaksha

(1981) allows absolute time terms to be approximated (Table 28).

First, the average of the five relative time terms of this study (0.14) was
subtracted from the average of the five absolute time terms (3.77) from the
study of Murdock and Jaksha (1981). Then, this difference was added to all of
the relative time terms, converting them to absolute time terms. The absolute
time terms from this work all fall within one standard deviation of their coun-
terparts in results of Murdock and Jaksha (1981). The absolute time-term

values for all the Pn stations are listed in Table 29 (Figure 89).

These time terms were depth converted using a velocity structure of:
V, =3.40 km/s
Vo =6.20 km/s

«V3 = 8.14 km/S,

the V| velocity being the average crustal velocity of Phanerozoic rocks, the Vo
the average of upper and lower crustal velocities obtained by Toppozada and
Sanford (1976). The estimated crustal thicknesses are listed in Table 30 and
their distribution shown in Figure 90. Adjacent stations show similar depths to
the Moho and these values are consistent and credible. Furthermore, the overall
variation in the depths is quite smooth and define a northwest dipping Moho.
Thus, the estimates of crustal thickness are all in good agreement with one
another and seem appropriate for the area. The estimates of crustal thickness

from this study have an advantage over many others in that the effects of the

highly variable Phanerozoic are well quantified by the Pg time terms, and
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Table 28

Pn Time Term Conversion

Relative to Absolute

Relative Absolute Absolute
Station Time Term Time Term Time Term
(This Study) | (Murdock & Jaksha) | (This Study)
ALQ 0.2440.09 3.7540.23 3.87+0.09
LAD 0.0440.14 3.98-+0.23 3.67+0.14
LPM ~0.064+0.07 3.4240.24 3.5740.07
MLM 0.514+£0.08 3.9440.22 4.1440.08
WTX 0.00:t0.0G_ 3.77+0.29 3.634+0.06
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Table 29
Pn Time Terms
Station Time Term (sec)
ALQ (USGS) 3.87 £+ 0.09
BAR 3.58 + 0.06
BMT 3.91 £ 0.08
CAR 3.45 + 0.06
CcC 3.59 4 0.07
CM 3.47 £ 0.07
DM 3.50 + 0.07
GM 3.70 £ 0.07
IC 3.64 4 0.11
LAD 3.67 £ 0.14
| LAZ 3.82 4+ 0.06
LEM 3.67 + 0.07
LJY 4.15 £+ 0.14
LPM 3.57 4 0.07
MAG 3.71 £ 0.07
MLM 4.14 + 0.08
NG 3.62 + 0.09
SB 3.87 £+ 0.07
SC 3.67 + 0.07
SMC 3.60 + 0.06
SNM 3.88 £ 0.18
TA 3.39 £+ 0.15
WTX 3.63 £ 0.06
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Figure 89: Pn time terms from unmodified time-term analysis plotted at their
respective station locations.
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Table 30
Depth to M Discontinuity

Station Depth (km)
ALQ 37.030 4 0.558
BAR 32.482 4+ 0.372
BMT : 36.020 4 0.496
CAR | 30.795 + 0.372
CcC 33.401 4 0.434
CM 31.683 + 0.434
DM . 31.844 4 0.434
GM 34.643 + 0.434
IC 32.803 4 0.682
LAD 35.876 4 0.868
LAZ 35.665 4+ 0.372
LEM 35.369 4 0.434
LJY 35.278 3 0.868
LPM 35.172 £ 0.434
MAG 35.246 £ 0.434
MLM 36.258 4 0.496
NG 33.625 + 0.558
SB 34.877 4 0.434
SC 32.078 £ 0.434
SMC 32.421 4+ 0.372
SNM 35.353 £1.116
TA 31.171 + 0.930

34.354 £+ 0.372
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therefore can be compensated for. Two stations though, TA and ALQ, did not
have Pg time terms and so were assigned values of 0.20 and 0.00 respectively.
TA is situated on approximately 900 meters of Permian and Pennsylvanian
strata, and was aSsigned a time term appropriate to this thickness. ALQ, lying
on Precambrian basement rock, has no intervening Phanerozoic, so a zero time
term was assigned. The resulting depth estimates for these stations appear quite

appropriate.

The crustal thicknesses estimated in this work are comparable to previously
reported values for the central Rio Grande rift. The estimates at LAD, LAZ,
and LPM are virtually identical to those from the COCORP profiles Amade by
Brown et al. (1980). Also, estimates at three other station locations, ALQ,
MLM, and WTX, are in good agreement with one another, although there are
slight discrepancies between studies (Figures 91, 92, 93). These discrepancies are
the result of differing assumptions concerning the average crustal velocity
beneath each station, unaccommodated Phanerozoic effects, and the likely
influence of non-rift structures in some of the studies. Nevertheless, the relative

differences between these studies are minor.

The final comparison is with the generalized model of the Rio Grande rift
proposed by Olsen et al. (1979). Their model proposed an average crustal thick-
ness of 33.7 km, which may be appropriate to the area east and south of
Socorro, but is several kilometers thinner than indicated at points to the north.

Accordingly, its application as a general rift model does not seem appropriate.

As is evident from the modelled surface (Figures 94, 95), the crust-mantle
boundary in this area seems fairly simple. The refracting layer shows a con-
sistent dip to the northwest with little other complexity. Crustal effects appear

to be small. First, if crustal effects were large, a much more disturbed model
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would result. Second, because of the large cone of refracted waves, small lateral
éhémges in velocities and thicknesses will be averaged out. Third, where this
averaging is a minimum, near the surface, complexities in the Phanerozoic are
accommodated by using the Pg time terms. Furthermore, these time terms also
adjust for slight differences in the upper refractor velocity immediately beneath
the station. Fourth, because of the velocity gradient in the upper crust, the
velocity difference across the Conrad should not be very large. As a result, even
though the mid-crustal refractor shows some complicated topography, the rela-
tive travel time differences between waves passing through different thicknesses
of upper crust will be small. In fact, a change of 5 km in the topography of the
mid-crustal refractor will affect the total travel time by about one percent.
Hence, the topography on the P* refractor should have little effect on the Pn
time terms. Lastly, comparing the configuration of the P* and Pn refractors
(Figures 85 and 95), there is no evidence of any similarity in configuration which

would be evident if the mid-crustal refractor position were influencing the Pn

time terms in any significant way.
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CRUSTAL CROSS SECTIONS

Now that each of the three major refracting interfaces has been examined in
detail, cross sections through the study area can be constructed (Figures 96, 97,
98, 99). These cross sections show the interrelations among the layers along

several azimuths.

Comparing the various proﬁl.es, several observations can be made. First,
the Conrad and Mohorovici¢ discontinuities are generally not parallel in this
area. Second, the Moho is essentially planar and clearly dips to the northwest.
Third, the Conrad is non-planar, showing dip in several directions, noticeably to
the northeast and the southeast. The southeast dip is particularly interesting
since the Mohorovici¢ discontinuity is shallowing in this direction. This results
in thinning of the lower crust from ~17 km thick near LAZ to the northwest
down to "7 km thick at CAR in the southeast. Thinning of the lower crust is
also evident at SMC where the lower crust is only 12 km thick. This thinning
trend is consistent with observations in the southern Rio Grande rift where the
upper crust is a fairly constant 20 km thick while the lower crustal thickness is
less than 10 km (Sinno et al., 1986). It appears that crustal thinning in the rift
takes place at the expense of the lower crust with the thickness of the upper

crust remaining essentially uniform and constant.

From the surface contour plots and the cross sections, it appears that the
complexity of the three refractors decreases with increasing depth. This is due in
part to the fact that the cone of refracted waves arriving at a given station
increases in size with increasing depth. The offset distances, i.e. the radii of the

cones of refracted arrivals, are 1.5 km for Pg, 30 km for P*, and 40 km for Pn.

Therefore, greater and greater averaging of the surface occurs with each progres-
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Figure 97: Derived crustal model along E-W profile through the study area.
Profile was constructed by extrapolating between the crustal models
at each of the stations shown above. The westward component of
the dip on the Moho is clearly evident.
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Figure 98: Derived crustal model along NW-SE profile through the study area.
Profile was constructed by extrapolating between the crustal models

at each of the stations shown above. The profile is along the direc-
tion of maximum dip on the Moho.
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sively deeper layer, i.e. the high frequency changes in the topography of the
“deeper layers cannot be delineated by this method. A second possibility relates
to the t;cﬁonism in the region. When there is doming, the outer layers undergo
much gféater deformation than do the internal layers. Perhaps then, the
apparent decrease in complexity with depth is evidence for the supposition that

each of the three refractors has experienced differing degrees of deformation.

All in all, the cross sections indicate highly variable crustal structure with
dramatic changes in thickness over short lateral distances. Considering the

degree of tectonic disruption that this part of the rift has undergone, these

changes are not surprising.
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SUMMARY AND CONCLUSIONS

Time-term analysis provides a powerful technique for investigating the
structure of the earth’s crust and upper mantle. In this study, both unmodified
and modified analyses were used to determine the velocity and general topogra-
phy of the Phanerozoic-Precambrian boundary, the Conrad discontinuity, and
the Mohorovici¢ discontinuity, as well as delineate the presence of anisotropy,
dip, and/or a lateral or vertical {/elocity gradient. Furthermore, except for the

dip modelling, the statistical significance of each model was determined.

Phanerozoic-Precambrian Boundary

Tl‘he best-fitting model to the Pg data indicates that the velocity increases
with depth from 5.7 km/s at the top of the Precambrian basement to just under
6.0 km/s at a depth of 10 km. Based on previous work, the velocity gradient
should ‘vdiminish dramatically below this depth. This increase in velocity results

from the closing of cracks and voids by the increase in pressure with depth.

The Phanerozoic section overlying the Precambrian basement varies in
thickness from O to 3 km, and shows evidence of thickening in the eastern part
of the study area. Because of the large-scale tectonic forces that have been active
in the region, the topography on the Precambrian basement is highly variable
and extremely complicated. This variability and complexity are mirrored in the
time terms and related depth estimates, which are consistent with known local

and regional geology.

Mid-Crustal Discontinuity

The P-wave velocity below the mid-crustal discontinuity is 6.40 £ 0.16

km/s. This velocity is low with respect to P* velocities reported in the sur-

rounding geologic provinces. Elevated temperatures due to lithospheric thinning
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and magmatic intrusion are the most likely cause of this low velocity value.

Combining the data from this study with data obtained from the COCORP
profiles and other sources, a fairly complex mid-crustal refractor surface was
modelled. The model delineates a surface which dips both to the southeast as
well as the northeast. The northeast dip is consistent with previous work. The
southeast dip has not been observed before but could explain the absence of
reflected phases from the mid-crustal magma body at stations in the eastern part

of the study area.

An extremely large time term at station LEM is consistent with the low
velocity values reported in the immediate area of the station. These low veloci-
ties and the large time term are possibly due to the presence of magma in the

upper crust near the station.

‘ Crust-Mantle Boundary

The upper mantle in the Socorro area has a Pn velocity of 8.14 + 0.05
km/s. Since this velocity is typical of normal lithospheric mantle rocks, an
asthenospheric upwarp in direct contact with the base of the crust is precluded

in this area.

The Pn velocity decreases with increasing epicentral distance. This distance

dependence could be the result of a number of factors including:
1. attenuation of the initial phase,
2. dispersion,
3. changes in source spectra, and/or
4. a negative velocity gradient in the upper mantle.

The specific cause or causes of the observed phenomenon cannot be ascertained

from this study.
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Analysis of the areal subsets of the Pn data set indicate a complex velocity
St’fucture with respect to anisotropy. Differing anisotropy directions in the
eastern and western parts of the study area are indicative of mantle rocks that
have different tectonic ‘histc‘)ries. Large-scale strike—slip motion in the Focene

could have brought dissimilar mantle rocks in contact with one another.

The crust-mantle boundary in the central rift has an average northwest dip
of "4.6°. This value agrees with previous apparent dip estimates, and seems to
explain the anomalously low Pn velocity (7.6 km/s) of Olsen et al. (1979) since
their unreversed refraction profile was shot northward, i.e. in a down-dip direc-

tion.

The model of the Moho surface in this area is fairly simple, showing a con-
sistent dip to the northwest and little other complexity. The model is uncompli-
cated because crustal effects are small and any high frequency changes in the

refracting surface could not be delineated by the time-term method.

Crustal Cross Sections

Two observations were elicited from the crustal cross sections through the
study area. First, crustal thinning in the rift takes place at the expense of the
lower crust with the thickness of the upper crust remaining uniform and con-
stant. Second, refractor complexity decreases with increasing depth, possibly the

result of doming and/or increased averaging of the surface with increasing depth.

Overall, the crustal structure of the central rift is highly variable and evi-

dences the degree of tectonic disruption in the region.

Further Work

Many questions have been raised by this investigation. Further work

should focus on:
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defining the P wave velocity variation with depth for the entire upper

crust,

acquisition of more P* data to better quantify the velocity structure at

the mid-crust,

delineating the cause of the observed decrease in the Pn velocity with

distance, and

definitively determining the presence and character of upper mantle

anisotropy in the central Rio Grande rift.
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APPENDIX IV: Velocity Gradient with Depth
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APPENDIX IV

The general équation for Z,, the maximum depth of penetration of a ray
emerging at a distance X 1» is (Officer, 1958),

X

1
1 c
= — h—_1
7z, { cosh™(

e (1)

1
c
where

¢ is the inverse slope to the T-X plot along the plot from 0 to Xy, and

¢, is the slope at the distance X,.
Using the relationship sech™(z) = cosh_l(i), the general equation becomes
T

X, —
1 -1/ C -
Zl = —;{SCCh 1(—6—1—)(1‘:& (2)

Given a linear increase in velocity with distance (ie. V =V, + W, X), a
specific equation can now be written:

Xy

Vo + W, X
Zl=ifsech'1 0 !
o

——— |dx 3
Vo + WX, )

The general solution to this integral is of the form:

[sech={(Z)dz = zsech™{(Z) + asin™{(L)  for sech™1(Z) > 0. (4)
a a a a

Specifically then, the solution to the equation of interest is:

7, = L4 (v w o x) seent | ot | 5)
1= (Vot+ Wi X) sech —m (
Vot W, X

(Vo+W,X,)sin™!

|

Vot W, X,

evaluated from O to X;. Thus, given a distance X, and values for ¥V and W,
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the maximum depth of penetration of a ray can be computed.
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PROGRAM ATIMTER
DIMENSION B(899),W(899),A(899,97),X(97),DX(97),
1WB(899),C(97,97),E(899)
DIMENSION COL(97)
CHARACTER *5 STA,COLUMN(97),U(97),SRC
CHARACTER *10 ELIST,FILIN,FILOUT
CALL NOTRAP
WRITE(6,1000)
FORMAT(' TYPE IN NAME OF DATA FILE: 'S)
READ(5,1001)FILIN
FORMAT(A10)
WRITE(6,1002)
FORMAT(' TYPE IN NAME OF EVENT LIST: '$)
READ(5,1001)ELIST
WRITE(6,1003)
FORMAT(' TYPE IN NAME OF OUTPUT FILE: 'S$)
READ(5,1001)FILOUT
OPEN(FILE=FILOUT,UNIT=3)
REWIND 3
OPEN(FILE=ELIST,UNIT=1)
REWIND 1 :
I=1
READ(1, '(A5)',END=10)COLUMN(I)
MM=I
I=T+1
GOTO 20
CLOSE(1)
DO 9900 I=1,MM
' U(I)=COLUMN(I)
CONTINUE
I=1
II=MM
L=I+1
DO 9906 J=L,II
IF (U(J).EQ.U(I)) GO TO 9907
CONTINUE
I=I+1
IF (I.EQ.II) GO TO 9908
GO TO 9904
II=II-1
DO 9901 K=J,II
U(K)=U(K+1)
CONTINUE
I=J
GO TO 9905
M=II
DO 2 K=1,899
B(K)=0.
W(K)=0. ,
WB(K)=0.
E(K)=0.
DO 2 L=1,97
A(K,L)=0.
CONTINUE
DO 3 I=1,97
X(I)=0.
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DX(I)=0.
DO 3 J=1,97
’ o C(I/J)=O.
3 CONTINUE
I=1
OPEN(FILE=FILIN,UNIT=1)
REWIND 1
DO 100 J=1,MM
IF (COLUMN(J) (1:1).EQ.'Z')THEN

: READ(1,500)EVTIME |
500 FORMAT(13X,F5.2) :
60 | . READ(l,501,END=100)STA,TIME,NUMBER,DIST,AZIM
501 FORMAT(SX,A5,3X,F6.2,5X,Il,SX,F7.2,5X,F7.2)
c WRITE(G,SOl)STA,TIME,NUMBER,DIST,AZIM
IF(STA.EQ. 'XYZ')THEN
GOTO 100
ENDIF

SRC=COLUMN (J)
JJ=J |
DO 9913 K=1,M ,
IF (SRC.EQ.U(K)) THEN |
JJ=K
GO TO 9914
ENDIF
9913 CONTINUE
9914 DO 40 L=1,M
IF (STA.EQ.U(L))THEN
LL=L -
GOTO 50 ;
ENDIF |
40 CONTINUE g
GOTO 60 g
50 B(I)=TIME-EVTIME ;
GOTO (110,120,130,140,150) NUMBER+1
110 W(I)=1./.03
_ GOTO 160
120 W(I)=1./.06
GOTO 160
130 W(I)=1./.15 ;
GOTO 160 ‘
140 W(I)=1./.3 i
GOTO 160 5
150 W(I)=1l./.5 . !
160 A(I,JJ)=1.0 |
A(I,LL)=1.0
A(I,M+1)=DIST |
I=I+1
GOTO 60 f
ENDIF
100  CONTINUE
CLOSE(1)
N=I-1
M=M+1 f
WRITE(3,*)N,M ;
IF (M.GE.N)THEN J
WRITE(3,201)M,N




201

199

198

196

187

200

210

220

230

240

241
250

504

FORMAT(' UNDERDETERMINED MATRIX M,N = ',I3,3%,13)
CLOSE(3)

STOP

ENDIF |

DO 199 I=1,M

COL(I)=0.

DO 198 I=1,M

DO 198 J=1,N
COL(I)=A(J,I)+COL(I)

DO 197 I=1,M

IF (COL(I).EQ.O0.)THEN
WRITE(3,196)U(I)

FORMAT(' NO ARRIVALS FOR ' ,AS5)
CLOSE(3) _

STOP

ENDIF

CONTINUE

DO 200 I=1,N

WB(I)=W(I)*B(I)

DO 200 J=1,M
A(I,JYy=W(IY*A(I,J)

CONTINUE

DO 210 J=1,M

DO 210 I=1,N
X(J)=A(I,J)*WB(I)+X(J)
CONTINUE

DO 220 I=1,M

DO 220 J=1,M

DO 220 K=1,N
C(I,J)=A(K,I)*A(K,J)+C(I,J)
CONTINUE

CALL INVR(C,M,X,1,DETERM,97,97)
DO 230 I=1,N

E(I)=B(I)

DO 230 J=1,M
E(I)=E(I)-A(I,J)*X(J)/W(I)
CONTINUE

ERR=0.

DO 240 I=1,N
ERR=ERR+(E(I)*W(I))**2
WRITE(3,*)ERR

ERR=ERR/(N-M)

sds=sqrt(err)

write(3,241)sds

format(/' std. dev. soln.= ',el2.6/)
DO 250 I=1,M
DX(I)=SQRT(ERR*C(I,I))
X(M)=1./X(M)
DX(M)=X(M)**2*DX (M)

U(M)="'VEL'

WRITE(3,504) (U(K),X(K),DX(K),K=1,M)
FORMAT(AS,5X,F10.2,5X,F10.2)
CLOSE(3)

STOP

END

SUBROUTINE INVR(A,N,B,M,DETERM,ISIZE,JSIZE)
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C INVR — UW MATRIX INVERSION AND SYSTEM OF EQUATION SOLVER
c INVR SOLVES THE MATRIX EQUATION AX=B AND RETURNS THE INVERSE
c OF A IN THE STORAGE LOCATIONS OF A
c SEE UW COMPUTER CENTER WRITEUP W00042 FOR DETAILS OF USAGE,
o AVAITABLE AT THE CCMPUTER CENTER LIBRARY
DIMENSION IPIVQT(200), A(ISIZE,JSIZE), B(ISIZE,M), INDEX(290,2),
$ PIVQT(200)
EQUIVALENCE (IRCW,JRCW), (ICOLUM,JCOLUM), (AMAX,T,SWaP)
o

100 DETERM = 1.0
DO 110 J=1.N
110 IPIVGT(J) = O
LO 300 I=1,N

c
c SZARCH FCR PIVOT ELZMENT
c
AMAX = 0.C
CO 180 J~1,N
I7 (IPIVCT{J)-1) 120,150,120
120 CO 150 X=1,N
IT (IPIVOT(X)—-1l) 130,130,340
130 IF (A3S(AMAX)=-A3S(A(J,X))) 140,130,150
140 IRCW = J

ICOLLM = X .
AMAX = A(J,X)
130 _CONTINUE
160  CONTINUT
IPIVOT(ICOLUM) = IPIVOT(ICOLUM)+1

C :
C INTEZRCHANGE ROWS TO PUT PIVOT ELEMENT ON DIAGONAL
C

IT (IRCW-ICOLUM) 170,210,170
170 DETERM = -DETZRM
CO 180 L=1,N
SWAP = A(IROW,L)
A(IRCW,L) = A(ICOLLM,L)
180 A(ICOLUM,L) = SWap
IT (M) 210,210,190
130 CO 200 L=1,M
SWAP = B(IROW,L)
B(IRCW,L) = B(ICOLLM,L)
200 B(ICOLUM,L) = SWAP
210 INDEX(I,1) = IRCW
INDEX(I,2) = ICOLUM
PIVOT(I) = A(ICOLUM, ICOLUM)
DETERM = DETERM«DIVCT(I)

Pipeita iy

DIVIDE PIVCT RCW BY PIVOT ELITMENT

0N

A(ICOLUM,ICCLUM) = 1.0
CQ 220 L=1,N

220 A(ICOLUM,L) = A(ICOLUM,L)/PIVOT(I)
IF (M) 258,250,230

230 CC 240 L=1,M

240 B(ICOLUM,L) = B(ICOLUM,L)/PIVQOT(I)
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. C REDUCE NON-PIVOT ROWS

250 DO 300 L1=1,N
, IF (L1-ICOLUM) 260,300,260
260 T = A(L1,ICOLUM)
A(L1,ICOLUM) = 0.0
DO 270 L=1,N

270 A(L1,L) = A(L1,L)-A(ICOLUM,L)*T
IF (M) 300,300,280

280 . DO 290 L=1,M

290 B(L1l,L) = B(L1,L)-B(ICOLUM,L)*T

300 CONTINUE

INTERCHANGE COLUMNS

oXeKP]

DO 330 I=1,N
L = N+1-I
IF (INDEX(L,1)-INDEX(L,2)) 310,330,310
310 JROW = INDEX(L,1)
JCOLUM = INDEX(L,2)
DO 320 K=1,N
SWAP = A(K,JROW)
A(K,JROW) = A(K,JCOLUM)
A(K,JCOLUM) = SWAP
320 CONTINUE
330 CONTINUE
340 RETURN
END
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PROGRAM ATIMAZI
DIMENSION B(899),W(899),A(899,97),X(97),DX(97),
1WB(899),C(97,97),E(899)
DIMENSION COL(97)
CHARACTER *5 STA,COLUMN(387),u(97),src
CHARACTER *10 ELIST,FILIN,FILOUT
CALL NOTRAP
WRITE(6,1000)
FORMAT(' TYPE IN NAME OF DATA FILE: '$)
READ(5,1001)FILIN
FORMAT(A10)
WRITE(6,1002)
FORMAT(' TYPE IN NAME OF EVENT LIST: '$)
READ(5,1001)ELIST
WRITE(6,1003)
FORMAT(' TYPE IN NAME OF OQUTPUT FILE: '$)
READ(5,1001)FILOUT
OPEN(FILE=FILOUT,UNIT=3)
REWIND 3
OPEN(FILE=ELIST,UNIT=1)
REWIND 1
WRITE(6,1004)
FORMAT(' TYPE IN OFFSET DISTANCE: 'S)
READ(5, *)F
write(3,666)F
format(' Offset Distance: ', f5.2)
I=1
READ(1,'(A5)',END=10)COLUMN(I)
MM=I
I=I+1
GOTO 20
CLOSE(1)
DO 9900 I=1,MM
U(I)=COLUMN(I)
CONTINUE
I=1
IT=MM
I=I+1
DO 9906 J=L,II
IF (U(J).EQ.U(I)) GO TO 9907
CONTINUE
I=1+1
IF (I.EQ.II) GO TO 9908
GO TO 9904
IT=TI-1
DO 9901 K=J,II
U(K)=U(K+1)
CONTINUE
L=J
GO TO 9905
M=II
DO 2 K=1,899
B(K)=0.
W(K)=0.
WB(K)=0.
E(K)=0. -
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DO 2 I=1,97
A(K,L)=0.
CONTINUE
DO 3 I=1,97
X(I)=0.
DX(I)=0.
DO 3 J=1,97
C(I,J)=0.
CONTINUE
I=1
OPEN(FILE=FILIN,UNIT=1)
REWIND 1
DO 100 J=1,MM
IF (COLUMN(J) (1:1).EQ.'Z')THEN
READ(1,500)EVTIME |
FORMAT(13X,F5.2)
READ(1,501,END=100)STA, TIME, NUMBER, DIST, AZIM
FORMAT(5X,A5,3X,F6.2,5X,I1,5X,F7.2,5X,F7.2)
IF(STA.EQ. 'XYZ')THEN
GOTO 100
ENDIF _
SRC=COLUMN(J)
JI=J
DO 9913 K=1,M i
IF (SRC.EQ.U(K)) THEN
JJT=K
GO TO 9914
ENDIF
CONTINUE
DO 40 IL=1,M
IF (STA.EQ.U(L))THEN
II=L -
GOTO 50
ENDIF
CONTINUE
GOTO 60
B(I)=TIME-EVTIME |
GOTO (110,120,130,140,150) NUMBER+1 :
W(I)=1./.03
GOTO 160
W(I)=1./.06
GOTO 160
W(I)=1./.15
GOTO 160
W(I)=1./.3
GOTO 160
W(I)=1./.5
A(I,J3)=1.0
A(I,LL)=1.0
A(I,M+1)=DIST
A(I,M+2)=(2*F-DIST)*SIN(2*AZIM/57.3) |
A(I,M+3)=(2*F-DIST)*COS(2*AZIM/57.3) :
A(I,M+4)=(2*F-DIST)*SIN(4*AZIM/57.3) |
A(I,M+5)=(2*F-DIST)*COS(4*AZIM/57.3)
I=I+1
GOTO 60

i
|
i
|
!




100 ©
101

201

199

198
196

197

200

210

220

230

240

241
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else
goto 101

ENDIF

CONTINUE

CLOSE(1)

M=M+5

N=I-1

WRITE(3,*)N,M

IF (M.GE.N)THEN

WRITE(3,201)M,N

FORMAT( ' UNDERDETERMINED MATRIX M,N= ',1I3,3X,I3)

CLOSE(3)

STOP

ENDIF

DO 199 I=1,M

COL(I)=0.

DO 198 I=1,M

DO 198 J=1,N

COL(I)=A(J,I)+COL(I)

DO 197 I=1,M

IF (COL(I).EQ.0.)THEN

WRITE(3,196)U(I)

FORMAT( 'NO ARRIVALS FOR ',AD)

CLOSE(3)

STOP

ENDIF

CONTINUE

DO 200 I=1,N

WB(I)=W(I)*B(I)

DO 200 J=1,M

A(I,J)=W(I)*A(I,J)

CONTINUE

DO 210 J=1,M

DO 210 I=1,N

X(J)=A(I,JT)*WB(I)+X(J)

CONTINUE

DO 220 I=1,M

DO 220 J=1,M

DO 220 K=1,N

C(I,J)=A(K,I)*A(K,J)+C(I,J)

CONTINUE

CALL INVR(C,M,X,1,DETERM, 97,97)

DO 230 I=1,N

E(I)=B(I)

DO 230 J=1,M

E(I)=E(I)-A(I,J)*X(J)/W(I)

CONTINUE

ERR=0.

DC 240 I=1,N

ERR=ERR+(E(I)*W(I))**2

WRITE(3,*)ERR

ERR=ERR/(N-M)

sds=sqrt(err)

write(3,241)sds

format(/' std. dev. soln.= ',el2.6/)

DO 250 I=1,M
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DX(I)=SQRT(ERR*C(I,I))

U(M—4)="'VEL'

U(M-3)=* A '

U(M-2)=' B '

UM-1)=' C '

U(M)=' D '

WRITE(3,504)(U(K),X(K),DX(K),K=1,M-5)

FORMAT(AS,5X,F10.2,5X,F10.2)

WRITE(3,509) (U(K),X(K),DX(K),K=M—4,6M)

FORMAT(AS,5X,G11.5,5X,G11.5)

DO 300 I=M-4,M-1

DO 300 J=I+1,M

WRITE(3,511)I,J,ERR*C(I,J)

FORMAT(I3,5X,I3,5X,G11.5)

'CONTINUE ‘

X(M-4)=1/X(M~4)

DX(M~4)=X(M—4)**2*DX(M—4)

DO 310 K=M-3,M

DX(K)=~SQRT(X(M~4)**4*DX(K)**2+4* (X(M~4)*X(K) *DX(M—4) ) **2+
14*X(M—4)**3*X(K)*ERR*C(M~4,K))

X(K)=X(M—4)**2*X(K)

WRITE(3,509) (U(K),X(K),DX(K),K=M-4,6M)

CLOSE(3)

STOP

END

SUBROUTINE INVR(A,N,B,M,DETERM,ISIZE,JSIZE)
INVR - UW MATRIX INVERSION AND SYSTEM OF EQUATION SOLVER

INVR SOLVES THE MATRIX EQUATION AX=B AND RETURNS THE INVERSE
OF A IN THE STORAGE LOCATIONS OF A
SEE UW COMPUTER CENTER WRITEUP W00042 FOR DETAILS OF USAGE,
AVAILABLE AT THE COMPUTER CENTER LIBRARY

DIMENSION IPIVOT(200), A(ISIZE,JSIZE), B(ISIZE,M), INDEX(200,2),
$ PIVOT(200)

EQUIVALENCE (IROW,JROW), (ICOLUM,JCOLUM), (AMAX,T,SWAP)

DETERM = 1.0
DO 110 J=1,N
IPIVOT(J) = 0O
DO 300 I=1,N

SEARCH FOR PIVOT ELEMENT

AMAX = 0.0
DO 160 J=1,N
IF (IPIVOT(J)-1) 120,160,120
DO 150 K=1,N
IF (IPIVOT(K)-1) 130,150,340 .
IF (ABS(AMAX)-ABS(A(J,K))) 140,150,150
IROW = J ' o
ICOLUM = K
AMAX = A(J,K)
CONTINUE
CONTINUE
IPIVOT(ICOLUM) = IPIVOT(ICOLUM)+1

INTERCHANGE ROWS TO PUT PIVOT ELEMENT ON DIAGONAL
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IF (IROW-ICOLUM) 170,210,170
DETERM = -DETERM
DO 180 L=1,N

SWAP = A(IROW,L)

A(IROW,L) = A(ICOLUM,L)
A(ICOLUM,L) = SWAP
IF (M) 210,210,190
DO 200 I=1,M

SWAP = B(IROW,L)

B(IROW,L) = B(ICOLUM,L)
B(ICOLUM,L) = SWAP
INDEX(I,1) = IROW
INDEX(I,2) = ICOLUM
PIVOT(I) = A(ICOLUM,ICOLUM)

DETERM = DETERM*PIVOT(I)

DIVIDE PIVOT ROW BY PIVOT ELEMENT

A(ICOLUM,ICOLUM) = 1.0 -
DO 220 L=1,N
A(ICOLUM,L) = A(ICOLUM,L)/PIVOT(I)

IF (M) 250,250,230
DO 240 L=1,M
B(ICOLUM,L) = B(ICOLUM,L)/PIVOT(I)

REDUCE NON-PIVOT ROWS

DO 300 Ll=1,N
IF (L1-ICOLUM) 260,300,260
T = A(L1l,ICOLUM)
A(L1,ICOLUM) = 0.0
DO 270 L=1,N
A(L1,L) = A(L1l,L)-A(ICOLUM,L)*T
IF (M) 300,300,280
DO 290 IL=1,M
B(L1,L) = B(L1l,L)-B(ICOLUM,L)*T
CONTINUE

INTERCHANGE COLUMNS

DO 330 I=1,N
L = N+1-I
IF (INDEX(L,1)-INDEX(L,2)) 310,330,310
JROW = INDEX(L,1)
JCOLUM = INDEX(L,2)
DO 320 K=1,N
SWAP = A(K,JROW)

A(K,JROW) = A(K,JCOLUM)
A(K,JCOLUM) = SWAP
CONTINUE
CONTINUE
RETURN

END
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PROGRAM ATIMDIS
DIMENSION B(899),W(899),A(899,97),X(97),DX(97),
1WB(899),C(97,97),E(899)
DIMENSION COL(97)
CHARACTER *5 STA,COLUMN(97),u(97),src
CHARACTER *10 ELIST,FILIN,FILOUT
CALL NOTRAP
WRITE(6,1000)
FORMAT(' TYPE IN NAME OF DATA FILE: 'S$)
READ(5,1001)FILIN
FORMAT(A10)
WRITE(6,1002)
FORMAT(' TYPE IN NAME OF EVENT LIST: 'S)
READ(5,1001)ELIST
WRITE(6,1003)
FORMAT(' TYPE IN NAME OF QUTPUT FILE: 'S)
READ(5,1001)FILOUT :
OPEN(FILE=FILOUT,UNIT=3)
REWIND 3
QOPEN(FILE=ELIST,UNIT=1)
REWIND 1
WRITE(6,1004)
FORMAT(' TYPE IN OFFSET DISTANCE: '$)
READ(5, *)F
write(3,666)F
format(' Offset Distance: ',£f5.2)
I=1
READ(1, '(A5)',END=10)COLUMN(TI) ,
MM=T |
I=I+1 ‘
GOTO 20
CLOSE(1)
DO 9900 I=1,MM
U(I)=COLUMN(I)
CONTINUE
I=1
IT=MM
I=I+1
DO 9906 J=L,II
IF (U(J).EQ.U(I)) GO TO 9907
CONTINUE
I=I+1 )
IF (I.EQ.ITI) GO TO 9908
GO TO 9904
II=II-1
DO 9901 K=J,1II
U(K)=U(K+1)
CONTINUE
=J
GO TO 9905
M=ITI
DO 2 K=1,899
B(K)=0.
W(K)=0. |
WB(K)=0. !
E(XK)=0. !
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DO 2 L=1,97
A(K,L)=0.
CONTINUE
DO 3 I=1,97
X(I)=0.
DX(I)=0.
DO 3 J=1,97
C(I1I,J)=0.
CONTINUE
I=1
OPEN(FILE=FILIN,UNIT=1)
REWIND 1
DO 100 J=1,MM
IF (COLUMN(J) (l:1).EQ.'Z')THEN
READ(1,500)EVTIME
FORMAT(13X,F5.2)
READ(1,501,END=100)STA, TIME, NUMBER,DIST, AZIM
FORMAT(5X,A5,3X,F6.2,5X,I1,5X,F7.2,5X,F7.2)
IF(STA.EQ. 'XYZ' )THEN
GOTO 100
ENDIF
SRC=COLUMN(J)
JJ=J
DO 9913 K=1,M
IF (SRC.EQ.U(K)) THEN
JJ=K
GO TO 9914
ENDIF
CONTINUE
DO 40 1=1,M
IF (STA.EQ.U(L))THEN
ILI=L
GOTO 50
ENDIF
CONTINUE
GOTO 60
B(I)=TIME-EVTIME
GOTO (110,120,130,140,150) NUMBER+1
W(I)=1./.03
GOTO 160
W(I)=1l./.06
GOTO 160
W(I)=1./.15
GOTO 160
W(I)=1./.3
GOTO 160
W(I)=1./.5
A(I,JJ)=1.0
A(I,LL)=1.0
A(I,M+1)=DIST
A(I,M+2)=(2*F-DIST)*DIST
I=I+1
GOTO 60
else
goto 101
ENDIF
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100 CONTINUE
101 CLOSE(1)
T M=M+2
1 N=I-1
- WRITE(3,*)N,M
1 IF (M.GE.N)THEN
WRITE(3,201)M,N
201 FORMAT( 'UNDERDETERMINED MATRIX M,N = ',13,3X,1I3)
1 CLOSE(3)
E STOP
ENDIF
DO 199 I=1,M
199 COL(I)=0.
DO 198 I=1,M
DO 198 J=1,N
198 COL(I)=A(J,I)+COL(I)
. DO 197 I=1,M
IF (COL(I).EQ.O.)THEN
WRITE(3,196)U(I)
196 FORMAT( 'NO ARRIVALS FOR ',A5)
CLOSE(3)
STOP
ENDIF
197 CONTINUE
DO 200 I=1,N
WB(I)=W(I)*B(I)
DO 200 J=1,M
A(I,J)=W(I)*A(I,J)
200 CONTINUE
DO 210 J=1,M
DO 210 I=1,N
X(J)=A(I,T)Y*WB(I)+X(J)
3 210  CONTINUE
g DO 220 I=1,M
DO 220 J=1,M
DO 220 K=1,N
C(I,J)=A(K,I)*A(K,J)+C(I,J)
220 CONTINUE"
CALL INVR(C,M,X,1,DETERM,S7,97)
DO 230 I=1,N
E(I)=B(I)
DO 230 J=1,M
E(I)=E(I)-A(I,J)*X(J)/W(I)
230 CONTINUE
ERR=0.
. DO 240 I=1,N
. 240  ERR=ERR+(E(I)*W(I))**2
4 WRITE(3,*)ERR
ERR=ERR/ (N-M)
sds=sqrt(err)
write(3,241)sds
241 format(/' std. dev. soln.= ',el2.6/)
DO 250 I=1,M
250 DX{I)=SQORT(ERR*C(I,I))
U(M-1)="'VEL'
U(M)='vi "
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WRITE(3,504) (U(K),X(K),DX(K) ,K=1,M-2)
504 . FORMAT(AS,5X,F10.2,5X,F10.2)
- WRITE(3,507) (U(K),X(K),DX(K),6K=M-1,M)
507 FORMAT(AS,5X,G11.5,5X,G11.5)
WRITE(3,508) ERR*C(M-1,M)
508 FORMAT('COV = ',Gll.5)
X(M-1)=1/X(M-1)
DX(M-1)=X(M-1)**2+DX(M~1)
DX(M)=SQRT (X(M—1)**4*DX(M)**2+4* (X(M~1) *X(M) *DX(M~1) ) **2+
14*X(M-1)**3*X(M)*ERR*C(M~1,M)) —
X(M)=X(M=1)**2%*X(M)
WRITE(3,507) (U(K),X(K),DX(K),K=M-1,M)
CLOSE(3)
STOP
END
SUBRQUTINE INVR(A,N,B,M,DETERM,ISIZE,JSIZE)
INVR - UW MATRIX INVERSION AND SYSTEM OF EQUATION SOLVER
INVR SOLVES THE MATRIX EQUATION AX=B AND RETURNS THE INVERSE
OF A IN THE STORAGE LOCATIONS OF A
SEE UW COMPUTER CENTER WRITEUP W00042 FOR DETAILS OF USAGE,
AVAILABLE AT THE COMPUTER CENTER LIBRARY
DIMENSION IPIVOT(200), A(ISIZE,JSIZE), B(ISIZE,M), INDEX(200,2),
$ PIVOT(200)
EQUIVALENCE (IROW,JROW), (ICOLUM,JCOLUM), (AMAX,T,SWAP)

oo N XRER)

1000 DETERM = 1.0
DO 110 J=1,N
110 IPIVOT(J) = 0
DO 300 I=1,N

C
C SEARCH FOR PIVOT ELEMENT
C
AMAX = 0.0
DO 160 J=1,N
IF (IPIVOT(J)-1) 120,160,120
120 DO 150 K=1,N
IF (IPIVOT(K)-1l) 130,150,340
130 IF (ABS(AMAX)-ABS(A(J,K))) 140,150,150
140 IROW = J
ICOLUM = K
AMAX = A(J,K)
150 CONTINUE

160 CONTINUE ‘
IPIVOT(ICOLUM) = IPIVOT(ICOLUM)+1l

INTERCHANGE ROWS TO PUT PIVOT ELEMENT ON DIAGONAL

aOnNo

IF (IROW-ICOLUM) 170,210,170
170 DETERM = -DETERM
DO 180 L=1,N

SWAP = A(IROW,L)
| A(IROW,L) = A(ICOLUM,L)
f 180 A(ICOLUM,L) = SWAP
] IF (M) 210,210,190
190 DO 200 L=1,M

SWAP = B(IROW,L)
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B(IROW,L) = B(ICOLUM,L)
B(ICOLUM,L) = SWAP
INDEX(I,1) = IROW
INDEX(I,2) = ICOLUM
PIVOT(I) = A(ICOLUM,ICOLUM)
DETERM =. DETERM*PIVOT(I)

(
DIVIDE PIVOT ROW BY PIVOT ELEMENT

A(ICOLUM,ICOLUM) = 1.0

DO 220 L=1,N

A(ICOLUM,L) = A(ICOLUM,L)/PIVOT(I)
IF (M) 250,250,230

DO 240 L=1,M

B(ICOLUM,L) = B(ICOLUM L)/PIVOT(I)

REDUCE NON-PIVOT ROWS

DO 300 ILl1=1,N
IF (L1-ICOLUM) 260,300,260
T = A(L1l,ICOLUM)
A(L1,ICOLUM) = 0.0
DO 270 L=1,N
A(L1,L) = A(L1l,L)-A(ICOLUM,L)*T
IF (M) 300,300,280
DO 290 L=1,M
B(L1l,L) = B(L1l,L)-B(ICOLUM,L)*T
CONTINUE

INTERCHANGE COLUMNS

DO 330 I=1,N
L = N+1-I
IF (INDEX(L,1)-INDEX(L,2)) 310,330,310
JROW = INDEX(L,1)
JCOLUM = INDEX(L,?2)
DO 320 K=1,N
SWAP = A(K,JROW)
A(K,JROW) = A(K,JCOLUM)
A(K,JCOLUM) = SWAP
CONTINUE
CONTINUE
RETURN
END
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PROGRAM TIMTERM
DIMENSION B(899),W(899),A(899,97),X(97),DX(97),
1WB(899),C(97,97),E(899)
DIMENSION COL(97)
CHARACTER, *5 STA,COLUMN(97),U(97),SRC
CHARACTER *10 ELIST,FILIN, FILOUT

CALL NOTRAP
WRITE(6,1000)

FORMAT(' TYPE IN NAME OF DATA FILE: 'S)
READ(5,1001)FILIN

FORMAT(A10)
WRITE(6,1002)

FORMAT(' TYPE IN NAME OF EVENT LIST: 'S)
READ(5,1001)ELIST

WRITE(6,1003)
FORMAT(' TYPE IN NAME OF OUTPUT FILE: '$)
READ(5,1001)FILOUT
OPEN(FILE=FILOUT,UNIT=3) B
REWIND 3

OPEN(FILE=ELIST,UNIT=1)

REWIND 1

I=1

READ(1, ' (AS5)',END=10)COLUMN(I)

MM=T

I=I+1

GOTO 20

CLOSE(1)

DO 9900 I=1,MM
U(I)=COLUMN(I)
CONTINUE
I=1
II=MM
I=I+1
DO 9906 J=L,II
IF (U(J).EQ.U(I)) GO TO 9907
CONTINUE
I=I+1
IF (I.EQ.II) GO TO 9908
GO TO 9904
IT=II-1
DO 9901 K=J,II
U(K)=U(K+1)
CONTINUE
I=J
GO TO 9905
M=II
DO 2 K=1,899
B(K)=0.
W(K)=0.
WB(K)=0.
E(K)=0.
DO 2 L=1,97
A(K,L)=0.
CONTINUE
DO 3 I=1,97
X(I)=0.
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DX(I)=0.
DO 3 J=1,97
C(I,J)=0.
CONTINUE
I=1 .
OPEN(FILE=FILIN,UNIT=1)
REWIND 1
DO 100 J=1,MM
IF (COLUMN(J) (1:1).EQ.'Z')THEN
READ(1,500)EVTIME
FORMAT(13X,F5.2)
READ(1,501,END=100)STA, TIME, NUMBER, DIST, AZIM
FORMAT(5X,AS5,3X,F6.2,5X,I1,5X,F7.2,5X,F7.2)
WRITE(6,501)STA, TIME, NUMBER,DIST,AZIM
IF(STA.EQ. 'XYZ')THEN
GOTO 100
ENDIF
SRC=COLUMN(J)
JJ=J
DO 9913 K=1,M
IF (SRC.EQ.U(K)) THEN
JJI=K
GO TO 9914
'~ ENDIF
CONTINUE
DO 40 L=1,M
IF (STA.EQ.U(L))THEN
LL=L
GOTO 50
ENDIF
CONTINUE
GOTO 60
B(I)=TIME-EVTIME
GOTO (110,120,130,140,150) NUMBER+1
W(I)=1./.03
GOTO 160
W(I)=1./.06
GOTO 160
W(I)=1./.15
GOTO 160
W(I)=1./.3
GOTO 160
W(I)=1./.5
A(I,JJT)=1.0
IF (LL.NE.M)THEN
A(I,LL)=1.0
ENDIF
A(I,M)=DIST
I=I+1
GOTO 60
ENDIF
CONTINUE
CLOSE(1)
N=I-1
WRITE(3, *)N,M
IF (M.GE.N)THEN
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WRITE(3,201)M,N

FORMAT(' UNDERDETERMINED MATRIX M,N = ',I3,3%,13)
CLOSE(3)

STOP

ENDIF

DO 199 I=1,M

COL(I)=0.

DO 198 I=1,M

DO 198 J=1,N

COL(I)=A(J,I)+COL(I)

DO 197 I=1,M

IF (COL(I).EQ.O0.)THEN

WRITE(3,196)U(I)

FORMAT(' NO ARRIVALS FOR ',AS)

CLOSE(3)

STOP

ENDIF

CONTINUE |
DO 200 I=1,N i
WB(I)=W(I)*B(I)

DO 200 J=1,M
A(I,J)=W(I)*A(I,J)

CONTINUE

DO 210 J=1,M

DO 210 I=1,N
X(J)=A(I,JT)*WB(I)+X(J)
CONTINUE

DO 220 I=1,M

DO 220 J=1,M

DO 220 K=1,N
C(I,J)=A(K,I)*A(K, J)+C(I J)
CONTINUE

CALL INVR(C,M,X, l DETERM 97,97)
DO 230 I=1,N

E(I)=B(I)

DO 230 J=1,M
E(I)=E(I)-A(I,J)*X(J)/W(I)
CONTINUE

ERR=0.

DO 240 I=1,N
ERR=ERR+(E(I)*W(I))**2
WRITE(3,*)ERR

ERR=ERR/(N—M)

sds=sqgrt(err)

write(3,241)sds

format(/' std. dev. soln.= ',el2.6/)
DO 250 I=1,M
DX(I)=SQRT(ERR*C(I,I))
X(M)=1./X(M)

DX(M)=X(M) **2*DX (M)
WRITE(3,505)U(M)

FORMAT(A5,' SET TO ZERO')
U(M)="'VEL' :
WRITE(3,504)(U(K),X(K),DX(K),K=1,M)
FORMAT(A5,5X,F10.2,5X,F10.2)
CLOSE(3)
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STOP

END

SUBROUTINE INVR(A,N,B,M, DETERM, ISIZE,JSIZE)

INVR - UW MATRIX INVERSION AND SYSTEM OF EQUATION SOLVER
INVR SOLVES THE MATRIX EQUATION AX=B AND RETURNS THE INVERSE
. OF A IN THE STORAGE LOCATIONS OF A
SEE UW COMPUTER CENTER WRITEUP W00042 FOR DETAILS OF USAGE,
AVAILABLE AT THE COMPUTER CENTER LIBRARY

DIMENSION IPIVOT(200), A(ISIZE,JSIZE), B(ISIZE,M), INDEX(200,2),

$ PIVOT(200)
EQUIVALENCE (IROW,JROW), (ICOLUM,JCOLUM), (AMAX,T,SWAP)

DETERM = 1.0
DO 110 J=1,N
IPIVOT(J) = O
DO 300 I=1,N

SEARCH FOR PIVOT ELEMENT

AMAX = 0.0
DO 160 J=1,N
IF (IPIVOT(J)-1) 120,160,120
DO 150 K=1,N
IF (IPIVOT(K)-1) 130,150,340
IF (ABS(AMAX)-ABS(A(J,K))) 140,150,150
IROW = J
ICOLUM = K
AMAX = A(J,K)
CONTINUE
CONTINUE
IPIVOT(ICOLUM) = IPIVQOT(ICOLUM)+1

INTERCHANGE ROWS TO PUT PIVOT ELEMENT ON DIAGONAL

IF (IROW-ICOLUM) 170,210,170
DETERM = —-DETERM
DO 180 L=1,N

SWAP = A(IROW,L)

A(IROW,L) = A(ICOLUM,L)
A(ICOLUM,L) = SWAP
IF (M) 210,210,190
DO 200 L=1,M

SWAP = B(IROW,L)

B(IROW,L) = B(ICOLUM,L)

B(ICOLUM,L) = SWAP
INDEX(I,1) = IROW
INDEX(I,2) = ICOLUM

PIVOT(I) = A(ICOLUM, ICOLUM)
DETERM = DETERM*PIVOT(I)

DIVIDE PIVOT ROW BY PIVQT ELEMENT

A(ICOLUM,ICOLUM) = 1.0

DO 220 L=1,N

A(ICOLUM,L) = A(ICOLUM,L)/PIVOT(I)
IF (M) 250,250,230
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230 DO 240 L=1,M
240 B(ICOLUM,L) = B(ICOLUM,L)/PIVOT(I)

REDUCE NON-PIVOT ROWS

Q0N

250 DO 300 Ll1=1,N
IF (L1-ICOLUM) 260,300,260
260 T = A(L1, ICOLUM)
A(L1,ICOLUM) = 0.0
DO 270 I=1,N

270 A(L1l,L) = A(L1l,L)-A(ICOLUM,L)*T
IF (M) 300,300,280

280 DO 290 I=1,M

290 B(L1,L) = B(L1l,L)-B(ICOLUM,L)*T

300 CONTINUE

INTERCHANGE COLUMNS

ann

DO 330 I=1,N
L = N+1-I
IF (INDEX(L,1)-INDEX(L,2)) 316,330,310
310 JROW = INDEX(L,1)
JCOLUM = INDEX(L,2)
DO 320 K=1,N
SWAP = A(K,JROW)
A(K,JROW) = A(K,JCOLUM)
A(K,JCOLUM) = SWAP
320 CONTINUE
330 CONTINUE
340 RETURN
END
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PROGRAM TIMAZI

DIMENSTON B(899),W(899),A(899,97),X(97),DX(97),
1wWB(899),C(97,97),E(899)

DIMENSION COL(97)

CHARACTER *5 STA,COLUMN(97),u(97),src
CHARACTER *10 ELIST,FILIN;FILOUT

c CALL NOTRAP
WRITE(6,1000)

1000 FORMAT(' TYPE IN NAME OF DATA FILE: '$)
READ(5,1001)FILIN

1001 FORMAT(A10)

WRITE(6,1002)

1002 FORMAT(' TYPE IN NAME OF EVENT LIST: 'S
READ(5,1001)ELIST
WRITE(6,1003)

1003 FORMAT(' TYPE IN NAME OF QUTPUT FILE: '$)
READ(5,1001)FILOUT
OPEN(FILE=FILOUT,UNIT=3)

REWIND 3
OPEN(FILE=ELIST,UNIT=1)
REWIND 1

WRITE(6,1004)

1004 FORMAT(' TYPE IN OFFSET DISTANCE: '$)
READ(5, *)F
write(3,666)F

666 format(' Offset Distance: ',f£5.2)
I=1

20 READ(1,'(A5)',END=10)COLUMN(I)

MM=I ‘
I=I+1
GOTO 20
10 CLOSE(1)
DO 9900 I=1,MM
U(I)=COLUMN(I)
9900 CONTINUE
I=1
IT=MM
9904 L=I+1
9905 DO 9906 J=L,II
IF (U(J).EQ.U(I)) GO TO 9907
9906 CONTINUE
I=I+1
IF (I.EQ.II) GO TO 9908
GO TO 9904
9907 IT=II-1
DO 9901 K=J,1IT
U(K)=U(K+1)
9901 CONTINUE
IL=J
GO TO 9905

9908 M=II
DO 2 K=1,899
B(K)=0.

W(K)=0.
WB(K)=0.
E(K)=0.
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DO 2 L=1,97
A(K,L)=0.
2 . CONTINUE
: DO 3 I=1,97
X(I)=0.
DX(I)=0.
DO 3 J=1,97
C(I,J)=0.
3 CONTINUE
I=1
OPEN(FILE=FILIN,UNIT=1)
REWIND 1
DO 100 J=1,MM
IF (COLUMN(J) (1:1).EQ.'Z')THEN
READ(1,500)EVTIME
500 FORMAT(13X,F5.2)
60 READ(1,501,END=100)STA, TIME, NUMBER, DIST, AZIM
501 FORMAT(5X,A5,3X,F6.2,5X,I1,5X,F7.2,5X,F7.2)
IF(STA.EQ. 'XYZ')THEN
GOTO 100
ENDIF .
SRC=COLUMN (J)
JJ=J
DO 9913 K=1,M
IF (SRC.EQ.U(K)) THEN

JJI=K
GO TO 9914
ENDIF
9913 CONTINUE
9914 DO 40 L=1,M
IF (STA.EQ.U(L))THEN
LI-L
GOTO 50
ENDIF
40 CONTINUE
GOTO 60
i 50 B(I)=TIME-EVTIME
. GOTO (110,120,130,140,150) NUMBER+1
110 W(I)=1./.03
GOTO 160
120 W(I)=1./.06
GOTO 160
130 W(I)=1./.15
GOTO 160
140 W(I)=1./.3
GOTO 160
150 W(I)=1./.5
160 A(I,JT)=1.0
IF (LL.NE.M)THEN
A(I,LL)=1.0
ENDIF

A(I,M)=DIST
A(I,M+1)=(2*F-DIST)*SIN(2*AZIM/57.3)
5 A(I,M+2)=(2*F~DIST)*COS(2*AZIM/57.3)
: A(I,M+3)=(2*F-DIST)*SIN(4*AZIM/57.3)
: A(I,M+4)=(2*F-DIST)*COS(4*AZIM/57.3)
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I=I+1
GOTO 60
, ENDIF
100 CONTINUE
CLOSE(1)
M=M+4
N=I-1
WRITE(3,*)N,M
IF (M.GE.N)THEN
WRITE(3,201)M,N
201 FORMAT(' UNDERDETERMINED MATRIX M,N = ',I3,3X,I3)
CLOSE(3)
STOP
ENDIF
DO 199 I=1,M
199 + COL(I)=0.
DO 198 I=1,M
DO 198 J=1,N
198 COL(I)=A(J,I)+COL(I)
DO 197 I=1,M
IF (COL(I).EQ.0.)THEN
WRITE(3,196)U(I) .
196 FORMAT(' NO ARRIVALS FOR ',6AS5)
CLOSE(3)
STOP
ENDIF
197 CONTINUE
DO 200 I=1,N
WB(I)=W(I)*B(I)
DO 200 J=1,M
A(I,J)=W(I)*A(I,J)
200 CONTINUE
DO 210 J=1,M
DO 210 I=1,N
X(J)=A(I,J)*WB(I)+X(J)
210 CONTINUE
DO 220 I=1,M
DO 220 J=1,M
DO 220 K=1,N
C(I,JT)=A(K,I)*A(K,J)+C(I,T)
220 CONTINUE
CALL INVR(C,M,X,1,DETERM,97,87)
DO 230 I=1,N
E(I)=B(I)
DO 230 J=1,M
E(I)=E(I)-A(I,J)*X(J)/W(I)
230 CONTINUE
ERR=0.
DO 240 I=1,N
240  ERR=ERR+(E(I)*W(I))**2
WRITE(3, *)ERR
ERR=ERR/(N-M)
sds=sqrt(err)
write(3,241)sds
241 format(/' std. dev. soln.= ',el2.6/)
DO 250 I=1,M




-V:25-

| 250 DX(I)=SQRT(ERR*C(I,I))
§ - WRITE(3,505)U(M-4)
] 505 FORMAT(AS,' SET TO ZERO')
: U(M=-4)="'VEL'
4 U(M-3)=' A "'
1 U(M-2)=' B '
U(M-1)=' C
U(M)=' D
WRITE(3,504)(U(K),X(K),DX(X),K=1,M-5)
504  FORMAT(AS5,5X,F10.2,5X,F10.2) !
WRITE(3,509) (U(K),X(K),DX(K),K=M-4,M)
1 509  FORMAT(AS,S5X,Gl1.5,5X,G11.5)
i DO 300 I=M-4,M-1
. DO 300 J=I+1,M
! WRITE(3,511)I,J,ERR*C(I,J)
3 511  FORMAT(I3,5X,I3,5X,G11.5)
| 300 CONTINUE
| X(M—-4)=1/X(M-4)
: DX(M—4)=X(M—4)**2*DX(M-4)
DO 310 K=M-3,M
DX(K)=SQRT({X(M-4)**4*DX(K)**2+4~ (X(M-4) *X(K) *DX(M—4) ) **2+
] 14*X(M—4)**3*X(K)*ERR*C(M-4,K))
p 310 X(K)=X(M—~4)**2*X(K)
WRITE(3,509) (U(K),X(K),DX(K),K=M—-4,M)
CLOSE(3) ‘
STOP
END |
SUBROUTINE INVR(A,N,B,M,DETERM,ISIZE,JSIZE) §
INVR — UW MATRIX INVERSION AND SYSTEM OF EQUATION SOLVER
INVR SOLVES THE MATRIX EQUATION AX=B AND RETURNS THE INVERSE
OF A IN THE STORAGE LOCATIONS OF A
SEE UW COMPUTER CENTER WRITEUP W00042 FOR DETAILS OF USAGE,
AVAILABLE AT THE COMPUTER CENTER LIBRARY ;
DIMENSION IPIVOT(200), A(ISIZE,JSIZE), B(ISIZE,M), INDEX(200,2),
$ PIVOT(200)
EQUIVALENCE (IROW,JROW), (ICOLUM,JCOLUM), (AMAX,T,SWAP)

OO0

100 DETERM = 1.0
t . DO 110 J=1,N
1 110 IPIVOT(J) = 0
1 DO 300 I=1,N

o
C SEARCH FOR PIVOT ELEMENT

i - C

1 AMAX = 0.0

i DO 160 J=1,N

1 IF (IPIVOT(J)-1) 120,160,120

. 120 DO 150 K=1,N

i IF (IPIVOT(K)-1) 130,150,340

| 130 IF (ABS(AMAX)-ABS(A(J,K))) 140,150,150

. 140 IROW = J

i ICOLUM = K

. AMAX = A(J,K)

| 150 CONTINUE

160 CONTINUE '
IPIVOT(ICOLUM) = IPIVOT(ICOLUM)+1
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INTERCHANGE ROWS TO PUT PIVOT ELEMENT ON DIAGONAL

IF (IROW-ICOLUM) 170,210,170
DETERM = —DETERM
DO 180 I~1,N
SWAP = A(IROW,L)
A(IROW,L) = A(ICOLUM,L)
A(ICOLUM,L) = SWAP
IF (M) 210,210,190
DO 200 L=1,M
SWAP = B(IROW,L)
B(IROW,L) = B(ICOLUM,L)
B(ICOLUM,L) = SWAP
INDEX(I,1) = IROW
INDEX(I,2) = ICOLUM
PIVOT(I) = A(ICOLUM,ICOLUM)
DETERM = DETERM*PIVOT(I)

DIVIDE PIVOT ROW BY PIVOT ELEMENT

A(ICOLUM,ICOLUM) = 1.0

DO 220 L=1,N

A(ICOLUM,L) = A(ICOLUM,L)/PIVOT(I)
IF (M) 250,250,230

DO 240 L=1,M

B(ICOLUM,L) = B(ICOLUM,L)/PIVOT(I)

REDUCE NON—-PIVOT ROWS

DO 300 Ll=1,N
IF (L1-ICOLUM) 260,300,260
T = A(L1,ICOLUM)
A(L1,ICOLUM) = 0.0
DO 270 L=1,N ‘
A(L1,L) = A(L1l,L)-A(ICOLUM,L)*T
IF (M) 300,300,280
DO 290 L=1,M
B(L1l,L) = B(L1,L)-B(ICOLUM,L)*T
CONTINUE

INTERCHANGE COLUMNS

DO 330 I=1,N
L = N+1-I
IF., (INDEX(L,1)-INDEX(L,2)) 310,330,310
JROW = INDEX(L,1)
JCOLUM = INDEX(L,2)
DO 320 K=1,N
SWAP = A(K,JROW)
A(K,JROW) = A(K,JCOLUM)
A(K,JCOLUM) = SWAP
CONTINUE
CONTINUE
RETURN
END
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PROGRAM TIMDIP

DIMENSION B(899),W(899),A(899,97),X(97),DX(97),
1WB(899),C(97,97),E(899)

DIMENSION COL(97)

CHARACTER *5 STA,COLUMN(97),u(97),src
CHARACTER *10 ELIST,FILIN,FILOUT

o] CALL NOTRAP
WRITE(6,1000)

1000 FORMAT(' TYPE IN NAME OF DATA FILE: '$)

, READ(5,1001)FILIN

1001 FORMAT (A10)
WRITE(6,1002)

1002 FORMAT(' TYPE IN NAME OF EVENT LIST: '$)
READ(5,1001)ELIST
WRITE(6,1003)

1003 FORMAT(' TYPE IN NAME OF OUTPUT FILE: '$)
READ(5,1001)FILOUT
OPEN(FILE=FILOUT,UNIT=3)

REWIND 3
OPEN(FILE=ELIST;UNIT=1)
REWIND 1

WRITE(6,1004)

1004 FORMAT(' TYPE IN OFFSET DISTANCE: 'S)

’ READ(5, *)F
write(3,666)F

666 format(' Offset Distance: ',£5.2)
I=1
20 READ(1,'(AS5)',END=10)COLUMN(I)
=1
I=1+1
GOTO 20
10 CLOSE(1)
‘ DO 9900 I=1,MM
U(I)=COLUMN(I)
9900 CONTINUE
I=1
II=MM
9904 L=I+1
8905 DO 93906 J=L,1II
IF (U(J).EQ.U(I)) GO TO 9907

. 9906 CONTINUE

i I=I+1

ﬁ: IF (I.EQ.II) GO TO 9908

| GO TO 9904

9907 II=II-1
DO 9801 K=J,1II
U(K)=U(K+1)
9901 CONTINUE
I=J
GO TO 9905
9908 M=II

] iz=0

do 9 k=1 10

1 IF(U(k) (1:1).EQ.'Z')THEN

IZ=1I7Z+1
Endif
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9 continue
DO 2 K=1,899
B(K)=0.
W(K)=0.
WB(K)=0.
E(K)=0.
DO 2 1=1,97
A(K,L)=0.
2 CONTINUE
DO 3 I1I=1,97
X(I)=0.
DX(I)=0.
DO 3 J=1,97
C(I,J)=0.
3 CONTINUE
I=1
OPEN(FILE=FILIN,UNIT=1)
REWIND 1
DO 100 J=1,MM
IF (COLUMN(J) (1:1).EQ.'Z')THEN
READ(1,500)EVTIME
500 FORMAT(13X,F5.2)
60 READ(l,501,END=100)STA,TIME,NUMBER,DIST,AZIM
501 FORMAT(5X,A5,3X,F6.2,5X,11,5X,F7.2,5X,F7.2)
IF(STA.EQ. 'XYZ' )THEN
GOTO 100
ENDIF
SRC=COLUMN(J)
JJ=J .
DO 9913 K=1,M
IF (SRC.EQ.U(K)) THEN

JJI=K
GO TO 9914
ENDIF
9913 CONTINUE
9914 DO 40 I=1,M
IF (STA.EQ.U(L))THEN
ILI~L
GOTO 50
ENDIF
40 CONTINUE
GOTO 60
50 B(I)=TIME-EVTIME
GOTO (110,120,130,140,150) NUMBER+1
110 W(I)=1./.03
GOTO 160
120 W(I)=1./.06
GOTO 160
130 W(I)=1./.15
GOTO 160
140 W(I)=1./.3
GOTO 160
150 W(I)=1./.5
160 A(I,JJ)=1.0

A(I,IZ+1)=DIST
A(I,I1z+2)=(2*F-DIST)*SIN(AZIM/57.3)
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A(I,IZ+3)=(2*F~DIST)*COS(AZIM/57.3)
I=I+1
GOTO 60
ENDIF
100 CONTINUE
CLOSE(1)
M=17Z+3
N=I-1
WRITE(3,*)N,M
IF (M.GE.N)THEN
- WRITE(3,201)M,N
201 FORMAT ( ' UNDERDETERMINED MATRIX M,N = ",1I3,3X,1I3)
CLOSE(3)
STOP
ENDIF
DO 199 I=1,M
199 COL(I)=0.
DO 198 I=1,M
DO 198 J=1,N
198 COL(I)=A(J,I)+COL(I)
DO 197 I1I=1,M
IF (COL(I).EQ.O.)THEN
.WRITE(3,196)U(I)
196 FORMAT( 'NO ARRIVALS FOR ',A5)
CLOSE(3)
STOP
ENDIF
197 CONTINUE
DO 200 I=1,N
WB(I)=W(I)*B(I)
DO 200 J=1,M
A(I,J)y=W(I)Y*A(I,J)
200 CONTINUE
DO 210 J=1,M
DO 210 I=1,N
X(J)=A(I,T)*WB(I)+X(J)
210. CONTINUE
DO 220 I=1,M
DO 220 J=1,M
DO 220 K=1,N
C(I,J)=A(K,I)*A(K,J)+C(I,J)
220 CONTINUE
CALL INVR(C,M,X,1,DETERM,97,97)
DO 230 I=1,N
E(I)=B(I)
DO 230 J=1,M
E(I)=E(I)-A(I,J)*X(J)/W(I)
230 CONTINUE ’
ERR=0.
DO 240 I=1,N
240  ERR=ERR+(E(I)*W(I))**2
WRITE(3, *)ERR
ERR=ERR/(N-M)
sds=sqrt(err)
write(3,241)sds
241 format(/' std. dev. soln.= ',el2.6/)
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DO 250 I=1,M
1250 DX(I)=SQRT(ERR*C(I,I))
, WRITE(3,505)U(M-2)
505  FORMAT(AS,' SET TO ZERO')
U(M—2)="VEL'
U(M=1)="' a '
U(M)=' B '
- WRITE(3,504) (U(K),X(K),DX(K),K=1,M-3)
504  FORMAT(AS,S5X,F10.2,5X,F10.2)
WRITE(3,509) (U(K),X(K),DX(K),6K=M~2,M)
509 FORMAT(AS,5X,G11.5,5X,G11.5)
DO 300 I=M-2,M-1
DO 300 J=I+1,M
WRITE(3,511)I,J,ERR*C(I,J) |
511 FORMAT(I3,5X,I3,5X,G11.5) ;
300 CONTINUE
X(M-2)=1/X(M-2)
DX(M~2)=X(M-2)**2+DX(M-2) ,
DO 310 K=M-1,M i
DX(K)=SQRT(X(M—2)**4*DX(K)**2+4*(X(M—2)*X(K)*DX(M—2))**2+
14*X(M=2)**3*X(K)*ERR*C(M-2,K)) |
310 X(K)=X(M-2)**2*X(K) |
WRITE(3,509) (U(K),X(K),DX(K),6K=M-2,M) f
CLOSE(3)
STOP
END
SUBROUTINE INVR(A,N,B,M,DETERM, ISIZE,JSIZE)
INVR - UW MATRIX INVERSION AND SYSTEM OF EQUATION SOLVER ;
INVR SOLVES THE MATRIX EQUATION AX=B AND RETURNS THE INVERSE
OF A IN THE STORAGE LOCATIONS OF A 5
SEE UW COMPUTER CENTER WRITEUP W00042 FOR DETAILS OF USAGE,
AVAILABLE AT THE COMPUTER CENTER LIBRARY
DIMENSION IPIVOT(200), A(ISIZE,JSIZE), B(ISIZE,M), INDEX(200,2),
$ PIVOT(200)
EQUIVALENCE (IROW,JROW), (ICOLUM,JCOLUM), (AMAX, T, SWAP)

anNnoaoannon

100 DETERM = 1.0
DO 110 J=1,N

110 IPIVOT(J) = 0
DO 300 I=1,N

SEARCH FOR PIVOT ELEMENT

[eXoXe]

AMAX = 0.0
DO 160 J=1,N
IF (IPIVOT(J)-1) 120,160,120
120 DO 150 K=1,N
IF (IPIVOT(X)-1) 130,150,340
130 IF (ABS(AMAX)~-ABS(A(J,K))) 140,150,150
140 IROW = J .
ICOLUM = K
AMAX = A(J,K)
150 CONTINUE
160 CONTINUE
IPIVOT(ICOLUM) = IPIVOT(ICOLUM)+1
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INTERCHANGE ROWS TO PUT PIVOT ELEMENT ON DIAGONAL

IF (IROW-ICOLUM) 170,210,170
DETERM = —DETERM
‘DO 180 L=1,N

SWAP = A(IROW,L)

A(IROW,L) = A(ICOLUM,L)
A(ICOLUM,L) = SWAP
IF (M) 210,210,190
DO 200 L=1,M

SWAP = B(IROW,L)

B(IROW,L) = B(ICOLUM,L)
B(ICOLUM,L) = SWAP
INDEX(I,1) = IROW
INDEX{(I,2) = ICOLUM

PIVOT(I) = A(ICOLUM,ICOLUM)
DETERM = DETERM*PIVOT(I)

DIVIDE PIVOT ROW BY PIVOT ELEMENT
A(ICOLUM,ICOLUM) = 1.0

DO 220 L=1,N

A(ICOLUM,L) = A(ICOLUM,L)/PIVOT(I)

IF (M) 250,250,230

DO 240 L=1,M

B(ICOLUM,L) = B(ICOLUM,L)/PIVOT(I)

REDUCE NON-PIVOT ROWS

DO 300 L1=1,N
IF (L1-ICOLUM) 260,300,260
T = A(L1l,ICOLUM)
A(L1,ICOLUM) = 0.0
DO 270 L=1,N
A(L1,L) = A(Ll,L)-A(ICOLUM,L)*T
IF (M) 300,300,280
DO 290 L-=1,M
B(L1,L) = B(L1,L)-B(ICOLUM,L)*T
CONTINUE

INTERCHANGE COLUMNS

DO 330 I=1,N
L = N+1-I
IF (INDEX(L,1)-INDEX(L,2)) 310,330,310
JROW = INDEX(L,1)
JCOLUM = INDEX(L,2)
DO 320 K=1,N
SWAP = A(K,JROW)
A(K,JROW) = A(K,JCOLUM)
A(K,JCOLUM) = SWAP
CONTINUE
CONTINUE
RETURN
END
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PROGRAM TIMDIS
DIMENSION B(899),W(899),A(899,97),X(97),DX(97),
1WB(899),C(97,97),E(899)
DIMENSION COL(97)
CHARACTER *5 STA,COLUMN(97),u(97),src
CHARACTER *10 ELIST,FILIN,FILOUT
CALL NOTRAP
WRITE(6,1000)
FORMAT(' TYPE IN NAME OF DATA FILE: '$)
READ(5,1001)FILIN
FORMAT(A10)
WRITE(6,1002)
FORMAT(' TYPE IN NAME OF EVENT LIST: '$)
READ(5,1001)ELIST
WRITE(6,1003)
FORMAT(' TYPE IN NAME OF OUTPUT FILE: '$)
READ(5,1001)FILOUT
OPEN(FILE=FILOUT,UNIT=3)
REWIND 3
OPEN(FILE=ELIST,UNIT=1)
REWIND 1 _
WRITE(6,1004)
FORMAT(' TYPE IN OFFSET DISTANCE: 'S$)
READ(S, *)F
write(3,666)F
format(' Offset Distance: ', f£5.2)
I=1
READ(1, ' (A5)"',END=10)COLUMN(I)
MM=T
I=I+1
GOTO 20
CLOSE(1)
DO 9900 I=1,MM
U(I)=COLUMN(I)
CONTINUE
I=1
I1=MM
I=I+1
DO 9906 J=L,IT
IF (U(J).EQ.U(I)) GO TO 9907
CONTINUE
I=I+1"
IF (I.EQ.II) GO TO 9908
GO TO 9904
II=II-1
DO 9901 K=J,1I1
U(K)=U(K+1)
CONTINUE
L=J
GO TO 9905
M=II
DO 2 K=1,899
B(K)=0.
W(K)=0.
WB(K)=0.
E(K)=0.
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DO 2 L=1,97
A(K,L)=0.
2 CONTINUE
DO 3 I=1,97
X(I)=0.
DX(I)=0.
DO 3 J=1,97
C(I,J)=0.
3 CONTINUE
1=1
OPEN(FILE=FILIN,UNIT=1)
REWIND 1
DO 100 J=1,MM
IF (COLUMN(J) (1:1).EQ.'Z')THEN
READ(1,500)EVTIME
500 FORMAT(13X,F5.2)
60 READ(1,501,END=100)STA, TIME, NUMBER, DIST,AZIM
501 FORMAT(5X,A5,3X,F6.2,5X,I1,5X,F7.2,5X,F7.2)
IF(STA.EQ. 'XYZ')THEN
GOTO 100
ENDIF
SRC=COLUMN (J)
JI=J
DO 9913 K=1,M
IF (SRC.EQ.U(K)) THEN
JJI=K
GO TO 9914
ENDIF
9913 CONTINUE
9914 DO 40 L=1,M
- IF (STA.EQ.U(L))THEN
LI=L
GOTO 50
ENDIF
40 CONTINUE
GOTO 60
50 B(I)=TIME-EVTIME
GOTO (110,120,130,140,150) NUMBER+1
110 W(I)=1./.03
GOTO 160
120 W(I)=1./.06
GOTO 160
130 W(I)=1./.15
GOTO 160
140 W(I)=1./.3
GOTO 160
150 W(I)=1./.5
160 A(I,JJ)=1.0
IF (LL.NE.M)THEN
A(I,LL)=1.0
ENDIF
A(I,M)=DIST
A(I,M+1)=(2*F-DIST)*DIST
I=I+1
GOTO 60
ENDIF
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100 CONTINUE
CLOSE(1)
M=M+1
N=I-1
WRITE(3,*)N,M
IF (M.GE.N)THEN
WRITE(3,201)M,N
201 FORMAT( 'UNDERDETERMINED MATRIX 'M,N = ',13,3X,1I3)
CLOSE(3)
STOP
ENDIF
DO 199 I1=1,M
199 COL(I)=0.
DO 198 I=1,M
DO 198 J=1,N
198 COL(I)=A(J,I)+COL(I)
DO 197 I=1,M
IF (COL(I).EQ.O.)THEN
WRITE(3,196)U(I)
196 FORMAT( 'NO ARRIVALS FOR ',A5)
CLOSE(3)
STOP
ENDIF
197 CONTINUE
DO 200 I=1,N
WB(I)=W(I)*B(I)
DO 200 J=1,M
A(I,J)=W(I)*A(I,J)
200 CONTINUE -
DO 210 J=1,M
DO 210 I=1,N
X(J)=A(I,JT)*WB(I)+X(J)
210 CONTINUE
DO 220 I=1,M
DO 220 J=1,M
DO 220 K=1,N
C(I,J)=A(K,I)*A(K,J)+C(I,J)
220  CONTINUE
CALL INVR(C,M,X,1,DETERM,97,97)
DO 230 I=1,N
~ E(I)=B(I)
DO 230 J=1,M
E(I)=E(I)-A(I,J)*X(J)/W(I)
230 CONTINUE
ERR=0.
DO 240 I=1,N
240  ERR=ERR+(E(TI)*W(I))**2
WRITE(3,*)ERR
ERR=ERR/(N—-M)
sds=sqrt(err)
write(3,241)sds
241 format(/' std. dev. soln.= ',el2.6/)
DO 250 I=1,M .
250  DX(I)=SQRT(ERR*C(I,I))
WRITE(3,505)U(M-1)
505 FORMAT(A5,' SET TO ZERO')
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U(M~1)="'VEL'
U(M)="WL1 '
WRITE(3,504)(U(K),X(K),DX(K),K=1,M-2)
FORMAT(AS,5X,F10.2,5X,F10.2)
WRITE(3,507) (U(K),X(K),DX(K),K=M-1,M)
FORMAT(AS,5X,G11.5,5X,G11.5)
WRITE(3,508) ERR*C(M-1,M)
FORMAT( 'COV = ',G11.5)
X(M~-1)=1/X(M~1)
DX(M~1)=X(M-1)**2*DX(M-1)
DX (M)=SQRT(X(M—1)**4*DX (M) **2+4* (X(M-1) *X(M) *DX(M~1) ) **2+
14*X(M-1)**3*X(M)*ERR*C(M~1,M))
X(M)=X(M=1)**2*X(M)
WRITE(3,507) (U(X),X(K),DX(K),K=M-1,M)
CLOSE(3) ‘
STOP ,
END ‘
SUBROUTINE INVR(A,N,B,M,DETERM,ISIZE,JSIZE)
INVR - UW MATRIX INVERSION AND SYSTEM OF EQUATION SOLVER
INVR SOLVES THE MATRIX EQUATION AX=B AND RETURNS THE INVERSE
OF A IN THE STORAGE LOCATIONS OF A
SEE UW COMPUTER CENTER WRITEUP W00042 FOR DETAILS OF USAGE,
AVAILABLE AT THE COMPUTER CENTER LIBRARY
DIMENSION IPIVOT(200), A(ISIZE,JSIZE), B(ISIZE,M), INDEX(200,2),
$ PIVOT(200) :
EQUIVALENCE (IROW,JROW), (ICOLUM,JCOLUM), (AMAX,T,SWAP)

DETERM = 1.0
DO 110 J=1,N
IPIVOT(J) = O
DO 300 I=1,N

SEARCH FOR PIVOT ELEMENT

AMAX = 0.0
DO 160 J=1,N
IF (IPIVOT(J)-1) 120,160,120
DO 150 X=1,N
IF (IPIVOT(K)-1) 130,150,340
IF (ABS(AMAX)-ABS(A(J,K))) 140,150,150
IROW = J
ICOLUM = K
AMAX = A(J,K)
CONTINUE
CONTINUE
IPIVOT(ICOLUM) = IPIVOT(ICOLUM)+1

INTERCHANGE ROWS TO PUT PIVOT ELEMENT ON DIAGONAL

IF (IROW-ICOLUM) 170,210,170
DETERM = -DETERM
DO 180 L=1,N

SWAP = A(IROW,L)

A(IROW,L) = A(ICOLUM,L)
A(ICOLUM,L) = SWAP
IF (M) 210,210,190
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190 DO 200 L=1,M
SWAP = B(IROW,L)
- B(IROW,L) = B(ICOLUM,L)
200 B(ICOLUM,L) = SWAP
210 INDEX(I,1) = IROW
INDEX(I,2) = ICOLUM
PIVOT(I) = A(ICOLUM,ICOLUM)
DETERM = DETERM*PIVOT(I)

DIVIDE PIVOT ROW BY PIVOT ELEMENT

eXoN®]

A(ICOLUM,ICOLUM) = 1.0
DO 220 L=1,N

220 A(ICOLUM,L) = A(ICOLUM,L)/PIVOT(I)
IF (M) 250,250,230

230 DO 240 L=1,M

240 B(ICOLUM,L) = B(ICOLUM,L)/PIVOT(I)

REDUCE NON—-PIVOT ROWS

ann

250 DO 300 L1=1,N
IF (L1-ICOLUM) 260,300,260
260 T = A(L1l,ICOLUM)
A(L1,ICOLUM) = 0.0
DO 270 L=1,N

270 A(L1,L) = A(L1l,L)-A(ICOLUM,L)*T
IF (M) 300,300,280

280 DO 290 L=1,M ,

290 B(L1,L) = B(L1,L)-B(ICOLUM,L)*T :

300 CONTINUE

INTERCHANGE COLUMNS

Q0N

DO 330 I=1,N
L = N+1-I
IF (INDEX(L,1)-INDEX(L,2)) 310,330,310
310 JROW = INDEX(L,1)
JCOLUM = INDEX(L,2) !
DO 320 kK=1,N §
SWAP = A(K,JROW) %
A(K,JROW) = A(K,JCOLUM)
‘ A(K,JCOLUM) = SWAP
320 CONTINUE
330 CONTINUE
340 RETURN
END
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