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Abatract

Relative travel-time :"ﬂﬂiﬂulllﬂ of P-waves from mining explosions and
teleseiemic events obtained by Yousef (1977) and Fischer (1977) respectively
vary over a range of about 1,05 seconds in the Socorro, New Mexico area,

The residuals, caused by seismic heterogeneities, may be indicators of the
presence of magma bodies in the cmst.

in inversion of these seismic data using a method similar to that of
Aki, Christoffersson, and Husebye (1977) gives a three-dimensional crustal
model (to a depth of 37 km) of the P velocity beneath the stations. Minor
low-velocities appear at shallow depths (within 9 Jm below the surface) of
the model, roughly in the area where shallow magma bodies are proposed
(Shuleski, 1976). No significant low-velocities are obtained deeper than
9 lm, although high-velocity zones show up in the lowver crust (18 = 37 km).
It is hard to explain, at least at this stage, vhether the high-velocity
zones are caused by some compensating effects with the adjacent low=velocity

gonesa, or whether they indicate thimming of the crust, or some other reasons,
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Chapter 1 Introduation

Stodien of microearthquake H.;t.i.ﬂtr in the Socorro, New Mexico area
have revealed the existence of an extensive magma body in the cruat. Two
sharp arrivals on microearthguake records at about 2,5 and 5 seconds after
the direct S phase have been interpreted as the S P and S S reflections from
a crustal discontinuity approximately 18 km below the surface (Sanford and
Long, 1965). Parther investigation concluded that the discontimuity was
very sharp. From studies of observed S F and 5 5 amplitude ratios, this
sharp discontimaity is best explained as a boundary between matter in a
soclid and molten state, most probably the top of an extenaive magma body
(Sanford and others, 1973). The minimm depth to the body was found to be
17.8 km beneath the Socorro-Lemitar Mountains, increasing to 20 km at the
edges (Rinéhart, 1976). The southern boundary of the body is at 34°N
approximately, and it extends at least 60 km north of Socorre. The mini-
mm total area covered is estimated 1o be 1700 kn’. Analysis of some
observations suggests that the body is quite thin, ie,, sill=like in shape,
although its thickneas is still unknown,

Three types of observations suggest there exist shallow magma bodies
that may be fod by the large, deeper magma chamber:

{1} SV wavem are absent or very small for some microearthquakes in the
Socorro area. Although some of these observations can be explained
by earthquake mechanisms, others are apparently due to soreening by
materials with low rigidity (Shuleski, 1376).

{2) Anomalously high Poisson's ratio(0,26) in the upper crustal rocks
for Socorro area in comparison with the walue(0.22) obtained in the
northern part of the Rio Grande Rift (Caravella, 1976).



(3) Spatisl distribution of mlorvearthquakes

Einshart (1976) foun! that most of ths microearthquakes in the Socorre
ares occur in svarms; Hﬂﬂ-‘!:ll‘.. hypooenters are diffusely distributed

" within the Rio Grande Rift with pockets of activity ocourring 3 Jm
north of Socorro, 7 lom southweat of Socorro and 11 Im southwest of
Socorro. Approximately 60 % of the hypocenters have a depth of
between & to 9 km and the deepest ones do not exceed 14 km, Since it
is believed that spatial distribution of svarms are asssciated with
magnatio activitien, tha spatial Aistribution of swarma suggests that
there may be intrusjons of magma taking place at relatively shallow
depths.

Other geological and geophymical features relevant to the proposed
magna bodies in this area arer (1) a high rate of surface uplift, with a
maxisum average rate of 6.1 mm par year, approximately 23 km north of Soccrro
(Reilinger amd Oliver, 1976), and (2) anomalously high heat flow (Reiter
and Smith, 1977).

In addition to the above analyses, new studies which are independent
from vhat has bean done are sxpecoted to shed some light on the problem.
The primary purpese of this study is to use relative Pewmve dalay tizes
from mining explosions and teleseimms to inveatigate the three—dimensional
Pevave valocity atructure bensath the Socorro area. Since the seismic
velocity of the rock might decresase as much as Eﬂ%\bulm thes rock undergoes
& phase change from the solid to the molten state (Furase and KcBimmey,
1973), the regions whers the magma bodies are propossd to be are thus ex-
peoted to have a velocity lower than that of the average value of the
rorounding regicn. Hence any low-velocity zone found from an analyais
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Figure 1, Boundary of extensive magma layer at depths of 18 te 20 km and location
of shallov magma bodies with respect to0 location of earthquake swarms
(from Rinehart, 1976).
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may be an indicator of the presence of magma bodlea. The data to be modeled

are the relative delay times of the P-wave arrivals at various stations

wvith respect to a base statlon. Two types of selsmic eventa, mining ex-

plosions and teleselsms, are used in thias atudy.

(1)

(2)

Kining explosions: by using the dally explosions at Santa Rita,
Tyrone (Wew Mexico) and Morenci (Arizona), Yousef (1977) constructed
relative travel-time residual mapa, These maps showed that the re-
siduals became more negative (ie., advanced relative to the base
atation) to the southwest with the contours having a WW=SE orientat-
ion. This suggests the possibility of the existence of some low-

velocity material near the base station such that the waves which

_travel to the base station are alowed rTelative to the waves which

travel to the other stations,

Teleseisms: Fischer (1977) used 46 teleseismic events to obtain
residual mapa showing a result directly opposite that of Yousef's.
His work showed relative delays to the scuth and southwest of the

base atation,



Chapter 2 Forrmlation of the Froblem

For a more detalled treatment of the generalized linear inverse
method, readers may consult Backus and Gilbert (1968), Jackson (1972) and
Braile (1973). 4ki and others (1977) have introduced a method of inverting
Povave travel-time regiﬂunlu to obtain three-dimensional seiamic veloecity
models of the crust and upper mantle, This technique has been shown to be
& useful tool for the study of latersl variations in crust and upper mantle
gtructures. A similar procedure iz employved in this study to investigate
the P-wave structure of the crust beneath the Sccorro ares.

The travel-time residual at a particular station with respect to the
base station is defined as the difference between the firsi arrivals at

that atation and the base, i.,e.,

b Gl Tl

vhere ti is the Pephase arrivel athe i=th station,

thaa! is the FP-phase arrival at the base station, and

&%, 1s the tmval-ﬂ.ﬁe residual at the i-th station.

Two ensembles of data, obtained from mining exvlesions (Yousef, 1977)
and teleseisms (Fischer, 1977) are used in this stwiy (eee Appendix II).
There are 139 observations, of which 112 are from teleseismic events,
Station WT 1s taken as the reference station in both cases,

The initial model, comsists of four homogeneons layers, of which
the three upper lavers each have a constant thickness .ul’.' 9 km, The botlom
layer is 10 km thick, for a total crustal thickness of 37 km (Sanford
ard Toppozada, 1976). Xach laver is divided into sixteen blocks of uniform

eize bounded by lines of latitude and longitude; each has a RS



dimension of 22 km and an EW extension of 28 km, approximately (figure 2).

The region outside of this *model zone' is referred to as the
'standard earth' and is assmmed Imown. Ray patha traveling from distant
foel to adjacent stations are considered to have taken the =zame path through
the "standard earth'. The residuals (a ti]. if any, are regarded as arising
directly from inhomogeneities in the "model zone'. Hence, no exact know-
ledge about origin tﬁas ard hypocentral parameters of the events is re—
quired. This is one main advantage of Aki's method, in that we are free
from errors which might arise in the estimation of those parameters,

The theoretical travel time from a hypocenter to a atation is

-;,'.h iﬁl+ s e

& - - - =
i '}
vhere ] is the index for the parameters (compartments),
ij;j is the length of the ray path from event i through compartment j,
Li

J
tn. iz the travel tima in the "standard earth',

is-the P-wave wvelocity assoclated with compartment j, and

{See Appendix I for the computation of .lli:'].
The thesretical travel-time residual at a particular station with

respect 1o WT 1s then

= B (M- )/,
The superscript WT specifies the ray to atation WT. It is sometimes con-
venient to use the slowness, which ia defined as the reciprocal of the
velocity, as a parameter inatead of the veloecity itself, Use of alownesses
as parametera allows the problem to be linearized a= follows:

The :theﬂretin-al travel time residual appears in the form {AH - .t:;}s 3

&
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Figure 2, Boundarlies of the model with locationa of the 13 stations which recorded
mining explosion andfor teleseiemic arrivals used in this study.



wvhers Ej is the slowness, ] = 1,2,...,n. After changing from velocities
to alownesses, the time reaidual becomes a linear function of slownesaes
Ilﬂutm{l”uﬁ:;}mmhhtwﬂermmpﬂmmtnﬂtl-

fraction ocours vhen & ray travela from one block to the other,

If we expard A t.:h by Taylor's Series, wve obtain

*. & o ] ﬂ'!'
ALT(E) = 280G + 5 [ 5 (- KD 53] 5
= ﬂ.t?t!i':'r tm:i-n-:;] lﬁ"i : .j = 112.--1-“

where the superscript o denotes the starting model, Figher oxler terma

:h is a linear function. If we replace dt:h{ﬁ} by

the observed time residual, namely M.;h. we have

AL .i.f;h[i"_u + (Rey- F'I‘E'% 145, .

[

all vanish aince At

Defining a
§t, = at? -att(E@)

we have
bt = (Aiy- A )as;,

‘HI.HTI .i. = 1‘?'11-1|- l.l'ﬁ.
j = ‘-,2,---..1'!
or in a more handy matrix form

t=Aas .. ... ‘&)

vhere 31 is an (m by 1) column vector,

A is an m by n constant matrix, and

8 is an (n by 1) column vector.

Since we have more observationsa than parameters in this study (le.,
myn) the problem is overdetermined. Our main purpose is to find a per-
turbation vector, A §, such that when A 5 is added to 3°, § & will tend to
a minisum, In general, we can solve {1) for A S by finding a generalized
inverse matrix of A, using the principle of eigenvector decomposition
(Jackson, 1972). Accordingly, A can be decomposed into



misa 8 G

where U 1s an m by n matrix vhose columns are n eigenvectors of length m
asscciated with the rowa of n;ntri:: As
ﬂ. iz an n by n diagonal matrix containing the square roots of the
eigenvalues of H,,t {it ia the transpose of A),
Y is an n by n matrix wvhose columna are n eigenvectora of n
associated with the matrix AA.

A generalized inverse for & is given by Jackson (1372)

How ¥BOUS 20w (@Y

vhere :'Il is the inverss of A , Thua from (1) we have,
85 = 45k

In order to have a well-defined generalized inverse E we have to
éliminate the zero and near-zero eigenvalues in ﬂ as well as their

-4 ke
associated elgervectors, %We then have ,'l'! = ,’"_'F ﬁ LL
LS nEp PEP pEM

where D is the mumber of eigenvalues kept; ¢ may al=o he considered to be

the mmber of degrees of freedom in the probtlem.

We may weight the matrix A by the uncertainties in the observations fo
account for the effect of inaccurate data, A transformation of A ia made,
namely A' = CA, vhere C is an m by m diagonal matrix vhose elements mre the
regciprocals of the corresponding standard deviations of the observations,

In addition, the same weighting is applied to the data vector,
it'ii = 1tﬂ.'/'ﬁ;. i = 1|2|l|-l’m
&

where ¥ is the corresponding diagonal element of C.

With this weighting, an equation of exactly the same form as (1) is ob-

tained and the smame procedure as described above can be used to finda H; the
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final model is given by S, = 87+ 85 3= 1,20u0n

A measure of the uniqueness of the solution can be found by the
resclution operator R, vhich is a matrix relating the '"true' parametera to
the eatimated parameters. R is an identity matrix if there exista only

one solution. The resolution matrix is defined as
+
R=HA=VVY ..... (4)

A measure of how mach the resclution matrix differs from an Mlmtity

1...‘2"{ ‘J

CEL Amy k= 1-.?,-".11

matrix is given by

vhere T'k:.l u the element of matrix V.
Low values of r, {leas than 0,5) indicate a delta-like character of the
k=th row of the R matrix, implying the k-th parameter is a very localized
average, whereas if r, approaches 1,0, the resolving power of the data is
very poor for that particular parameter.

The variance of the k-th parameter for statistically independent

data is

PRICHERAE <o NN

vhers }ui is the diagonal element of the matrix.

UDeing (4) and (5) we can obtain an estimate of the variance and the
T of each parameter as a function of p, the mmher of eigenvalues and
elgenvectors used in constructing H. The ﬂ.E'E".'EEH of freedom can then be
determined by making some 'trade—off' balance between T and m(.k}' The
choice of p is made by considering both ur{ak} and r ; if p is decreased,
the variance will be diminished at the expense of Aegrading the reaclution

of the parameter.
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The scalar R, defined as
il '
R= T_H

f (st oathTyy®

=i G,

vhere At:™"% 15 the theoretical time residual obtained from the final model,
im a grons estimate of the 'quality® of the solution. If R is much greater
than 1, it implies that the model is too crude to fit the Aata or the errors
in the data may be too small vhereas when R is much leas than 1, it indicates
that a more detailed a model has been used than can be justified by the

date or that the errors in the data overestimated. If R approximates unity,
it indicatea that an optimum solution has been obtained.

In some respects, it 1s convenlent to work with slowness as the para-
metera, However, our primary interesat is in velocities, thus transformation
from slownesses to velocities is necessary, As V= 1/3, then AV:= -1,*"3215
80 'iri =V AV, = (s§ -nsi]f[sgjz. 1 w1, 2500058
where o and f atand for initial and final model reapectively.

Similarly, the relation vu'{ak} = %{vﬂf M}E. Km 1,200
glvea the variances associated with slownessea while an expression asso-
ciated wvith velocities is needed,

The standard deviation (; is the square root of variance, Consider
(s + ﬁ;}"-:; S(E6/s), 1r 6 « 5
since V=5"' s'(iz6/f)=viitveg),
o ($+6) = VNG

Thus an uncertainty 0 in slowness introduces a corresponding uncertainty

0y equal to ﬂ/;* in the veloeity.
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Chapter % Basults of Tnversion

Tehle 1 showa the initial model used for the cru=st heneath the Socorro
area. The P-uave velocities adopted are based upon information from Sanford

and Toppozada (1976).

layer | thickness | P-wave welocity | lateral hlock size i!m]l

(lm) {¥em/sec) NS
1 9 5.80 22 28
2 9 5.80 22 28
3 9 6,50 22 28
4 10 6.50 22 28

Table 1, Initial model parameters

{1) Teleseismic and mining explosion data

The firat inversion attempts sought to obtain a four-layer model
using both teleseismic and mining explosion data (139 residuals),

The {inal model which contains 36 blocks with unknown P velocity appears
in figure 3, YVelocitles greater than one standard deviation from the
etarting values are considered anomalous and are denoted by asterisks
in the map,

In layer 1 (0 = 9 km), a low=velocity block that coincides roughly
with the poaition of the [ive shallow magma bodies as proposed by
Staleski {1976) appears in the southeast, In this model, however,
the low-velocity zone extends to the south of latitude 34°N, while
Shuleskd (1976) placed them scmewhat northward. If this low=velocity
area does reflect the existence of molten material, we may wish to
eatimate its dimension, If we assmume a decrease of 50 % in the P=

vave velocity in molten rocks (Furase and FeBlrney, 1973), we may

12
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Eiret layer (0 - 9 m) Second layer (9 - 18 kn)

- -3 - - B |-
(0,02

5. 69 5. 80 5 06 584
(n.12) (0.03) {0.12 {0.08) (u 12}

5+ 91 *5a T2 - 64 « 94 .91
(0.12) (0.06) - l{g. 17) [3_?3} {3.?1 )

- - - - - - - -

Third layer (18 = 27 km) Fourth layer (27 - 37 im)
i .56 .42 _ _ 6.38 6. 50 _

{0.28) (0.21) {0,20) (0.22)

6.45 6.53 6.43 m £.48 .39 ﬂ
{0.15) (0.13) (0.19) { {0.03) {0.02) (0.15) 1 ,

#6, 135 H. AR 6.48 " *5,90 6.44 6.6
{0.14) (0.15) {0.16) {0.18) {0.14) {0.18) =
Iﬁ- ?ﬂ e 52 Eldd '51‘1-3 El 59

(0.30) (0.06 {0.18) (0.17) {0.30

Pigure 3, Inverse solution for a A=layer model by using both teleselsmic
and mining explosion data., The mmbers show the P-wave velocity
in km/sec where the ssacciated standard deviations are bracketed,
¥elocity anomalies are denoted by asterisks and blocks poorly
reanlved are enclosed in aquaresa,



conclude that the 1.4 5% decrease in Pewave wvelocity of the final model
is equivalent to the pressnce of a magma layer of 0,11 ¥m in thickness.
The above assmmption of a 50 ‘.15 decrease will be used hereafter,

In layer 2 (9 - 18 km), half of the parameters are poorly resolved
with corresponding resolving kernels ranging from 0.16 to 0,44. The
physical implication of a resolution matrix is; if a particular dia-
gonal element is close to unity (ife., delta-like in that row of the
resolution matrix), then the corresponding parameter is said to be
compactly resolved, In the other words, the effect ia quite localized.
However, if the diagonal element iz small and with broad sidelobes,
the assoclated parameter is said to be resclved as a linear combination
of adjacent parameters, We illusirate these diagrammatically in
figures 4 and 5. The shaded area in the figures remreaents velocity
anomaly, In figure 4, parameter 1 may be resolved uniquely while in
figuore 5, the diagonal elements of the resolving kernels corresponding
1o parameters 1 and 2 may have broader sidelobes,

] @ Z ] Z
Z2

3 -+ 3

Pig. 4 Fig. 5

Referring to the discussion of layer 2, among the ill-resolved nara-
meters, A low=velocity anomaly shows up in the western portion of the
model, Large negative aidelobes in its resclving kernel suggest that
this low=velocity Zone may not be contained in the actual model; only

a combination effect with neighboring blocka,
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The proposed extensive magma body at 18 lm, if any, is the main
interest of this study and is expected to appear in the morthwestern
area of the third layer (18 - 27 ¥m). However, these parameters are
81l within one atandard deviation of the initial average velocity.

At the same time thelr ssacciated uncertainties are generally larger
than thoze of th_ﬂ upper two layers. It is possible that the exiatence
of the magma body may be masked by theae relatively large uncertainties,
If we adopt a primitive estimate of the thickness of the magm= body
by Sanford (1977), i.e., 1 km, and use our previous assumption, we
expect the blocks in this area could have velocities of 6.0 km/sec or
lower. Hence, it is quite obviouas that such an anomaly cannot be
hidden by the indicated uncertaintlies, If we believe the existence
of a magma body at 18 km, 1t could be masked by the present range of
errors if its thickness is less than 0.6 km and a 40 ) decrease in
Pewave velocity is assumed,

A low=welocity block appears in southwastemrn pnﬁ-i:rn of the model
which overlies an anomalously high-velocity section in the fourth
layer (27 = 37 km)., This low-velocity =one is about ? ) lower than
the average velocity of the layer, with a standard deviation which
almost approximatesa this difference, In contrast, the underlying
block can be regarded as having an anomalously high velocity, since
ita final wvelocity is more than two standard deviations [rom the
avarage, Large values in the corresponding resolving kernels show
that each of these two blocks is quite well-resolved and thus, this
low=-high velocity combination may be real and probably is not the
result of veloeity-balancing between adjacent blocka,

T™e scalar number R, which is an indicator of how wall the solution

15



fita the data in a gross sense, equals 2,2V for this model, implying
that the model iz aomevhat crude for the data.

{2) Teleseismic data only

Figare 6 shows the derived model when the teleseismic data are
usad alona, The original 36 parameters are reduced to 28 as some of
the blocks have not been sampled. The finrl model ahows that all of
valocities lie within one standawd deviation of the initial velecities.
In other worde,; no anomalies are irdicated,

As we examine the hlocks in the third lasyer where the large magma
pocket ie proposed to be, we find that the associated uncertaintles
are larger than those of the previouns case. However, we can 2iill
walve the poasibility of existence of any magma layer thicker than
0,6 Im following the same line of argument es before, The scalar
number R has become smaller (equal to 1.64) for this case, which ime
plies that the use of the teleseiemic data alone ]'m:r*.nriﬂaﬂ a2 better fit
than doss nees of the teleseismic and mining exploszion data, Howewver,
this result 1s more likely caumed by the larger uncertainties associnted
with the teleseismic data (Table 7, Appendix II) rather than by other
cause,

Since homopeneous layers are indicatedl by the teleseismic data,
the anomalies found in the firat study are most likely from the mining
explosion data. It is thus advisable to invert the mining explosion
eventa alone even though the data available are few., In any case, we
still have 24 parametera for 27 obasrvatlons, making the problem over-

determined,
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Firat layer (0 = 9 lm)

5.04
(0.2?)

5.76
{0.20)

Thizd layer (18 = 27 Jm)

6e 51
(0.35)

6.49
{0.23)

G.EE
(0.27)

Figura 6,

5.80
0.03

5.80
(0.15)

5«80
(0.13)

.51
{0,31)

fre 50
{0.21)

6. 48
(0.22)

6.50
(0,07)

i
L ] [ ]
o5

Second layer (9 - 18 im)
5.301 5.80
(0.09 0.12)
5.76 5,80
(0.,25) {(0,20)
S5.8% 581
(0.24)  (0.17)

Fourth layer (27 - 37 im)

6. 50
{0,22)

6450
(0.19)

6. 56
(0.33)

6. 46
(0.33)

6,49
{0.36)

6. 50
{0.18)

6.50
(0.19)

6.50
(0.33)

Inveras solution for a 4=layer model by using teleseismic
Sea figure 3 for explanation of aymbola.

eventa only.

6.49
(0.68)



(3) Mining explosion data only

The result of the inversion is shown in figure 7. Unlike the
reasulta obtained by using teleseismic events alone, velocity anomalies
in layer 1, 3 and 4 are resolved in this stuwdy. In layer 1, a 95 %
confident level low-wvelocity zone ia found located to the weat of a
high=-velocity zone at the northern part of the model. The relatively
large values of ';-he corresponding diagonal elements of the resclution
matrix do not suggest any combination between thaze two parameters
or between others. If the low—velocity mone is really caused by the
existence of magma body, then, using our previcus assumptions, this
may be corresponding to a magma body with a total thickness of
approximately 0.8 ¥m, However, it is moat unlikely to have sill=-
a.'l::aped magma bodiea of such large aize at this shallow depth. IT
the magma body is dike-like, then, with the assumption that the
average angle of incidence is 25", the width of the dike is estimated
to be 0.% km (for a 50 * reduction in velocity).

The low=velocity zone in laver 3 i=s located to the west of the
major area wvhere the 18 km magma bhody is proposed to be, Thia low=
velocity zone is quite well=-resolved, whereas its adjacent block is
somewhat model-dependent, The corresponding _aff—ﬂia.gnmll element of
the resolving kernel indicatea that there exista some combination
affects between them, This low=velocity anomaly may veflect the
posaible presence of a very thin magma layer of about 0.2 km in
thicinaas, which is certainly too slight an effect to be reaolved
with these data. Such a magma body could be easily masked by the
uncertainties.

An anomalously high-velocity zone (at the 95 % confidence level)

18
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First layer (0 - 9 km) Second layer (9 = 18 im)

*5,31 %6, 16 5. 81 - 5,78
- {0.23) {0.18) 2 {0.08) (0.13)
G594 5. 80 5. 74 5.98 5.
(0.19) (0.12) (0.17) (0.18) (0.16)

Third layer (18 = 27 lm) Fourth layer (27 - 37 Im)

6. 58 6,36 6.42 6.52 B. 56
(0.17) (0.12) (0.27) = (0.04) "

6. 46 .34 6. 45 = *7.16 #6,25 6,27
(0.17) {0.17) (0.20) (0.24) {0.13) {0.36)
_ F.A1 _ 6. 62 B 41 _
(0.34) - (0.28) {0.16)

Flgure 7. Inverae aolution for a A=layer model by uaing mining
axploaion data only, Sees figure 3 for explanation of
symbola,



agaln showa up at the same pooition as found previously. To the east
of it is a low-velocity zone. Analysis of the resolutlion matrix R
indicatea that both the high and low velocity zones are not uniquely
resolved, but are resolved only in combination with a poorly-resolved
bleck to the north, Thus, this high velocity-low velocity feature
may be explained by some kind of compensation effect betwaen each
other, This may also be the case for the anomalies shown in the
first layer. Another physical poasibility Is that the high-veloclty
block may indicate a thinning of the crust in this area, Onece again,
if the low-velocity zone is interpreted as a result of presence of
molten material the bleck with the finel aversge velocity of 6.25 lam/mec
may contain a magma layer of 0.4 km thickness,.

The mumber R equals to 4.04 in this case, showing that the gross
fit for the data set la the poorest among the three studies, The
relatively small uncertainties in the observations are probably the
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Chapter 4 Piscusaion

A atudy of the results of our inversiona shows that none of the final
model fitas the data very well (R > 1), This im eapecially true for thoae
inversions vhich used only data from the mining explosions, It may be
possible to obtain models which fit the data better by using more unknowns
in the inveraion. However, increasing only the unknowna will alao increase
the size of the uncertainties of theas unlmowna, sc there ia no guarantee
that we can obtain better resolution of the unknowna, On the other hand,
the geometry of the sodel ix also a determining factor. Hence, it may be
helpful to consider the distribution of selsmic stations carelvlly before
any future inveatigation.

As a firat approach to the problem, it is quite natural to start with
a model of relatively aimple geomeiry as wvas done for this study. Thus, we
set up a model comprised of blocks of uniform sizes, As a result, all the
stations are concentrated on three blocke (see figure 2), since the staticps
are not evenly distributed throughout the model zone, The problem is that
if a "field' station and the base station are both sitting uson the same
block, it is wery likely that the rays will have more or less identical
patha, If this is the case, the theoretical time residuals will always
vanish, no matter how the parameters are being varied. As a result, the
obeservational data can never be well=fitted by the theorstionl model. For
improvement, it ia suggeated that the blocka he conatructed so that the
stations could be located on top of as many diffarent blocks as possible,
Rowever, the total number of parameters in the model is conastrained hy the
capacity of the Tech computer. Foreover, it is also advisable not to have

blocks with horizontal dimenalon lesa than 1 km. A large number of amall
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blocks may be geometrical ideal; the result, however, would probably he
degraded resolution (large indicated uncertainties and/or poorly-resolved
blocka},

Another factor that contributes significantly to the unsatisfactory
resolution of the welocitiea found in this study is the relatively large
uncertainties in the observed data., In this investigation, the majority
of the data are from the ensemble of teleseismic events {112 cbservations
out of 139)., However, their associated standard deviations are rel&ﬁivalr
large in comparimon with the observed time residusls, 60 % of the observed
time reaidusls are less than their estimated uncertainties, As a result,
the inveraion using only teleseismic data obtained a solution which in-
dicated that all the layers are essentially homogenesous, In the mixed
ensemble of teleseismic and mining explosion data, 53 % of the residuals
are leaa than their estimated unecertainties., The veloeity anomalies de=
lineated all arise from the mining data because the errors in their readings
are relatively small. Huuuver.-ﬂinnu the selsmic rays from the mining
explosions are all coming from south of the model zons, not much information
" can ba obtained for the srea north of Socorro. It is also hazardous to use
mining data alone because the narrow coverage of azimuth may bins the final
model, Detter resulis may be expected if higher—guality teleseismic data

(say, with errors less than 0.1 sec.) are obtainable,
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Chapter 5 Conclusion

Ko velocity anomalies are indicated in the final model obtained from
teleseismic dAata alone. If the mixed ensemble of teleseismic and minirg
explosion data is used, a shallow (0 - 9 km) low-velocity block located
scmevhat south of the positions of the five shallow magma bodies proposed
by Shuleski (1976) is obtained; this wvelocity anomaly of 5.72 & 0,06 km/aec
may indicate the presence of a magma layer In the upper crust of 100 meters
in thickness (assuming a 50 % drop in the Fewave valocity in the magma),

When mining explosion data are used alone, a shallow (0 - 9 km) high=velocity
block adjoining a low=veloelty block im found at a location north of the low-
velocity zone mentioned in the above case. As these two blocks are compactly
resolved, there is the suggestion that this feature is not the result of
some combination of effects, but is, in fact, real. If the low=velocity
anomaly of 5,31 & 0,23 km/sec is really caused by molten material, this may
correspond to a sill-like magma body of 0.8 km in thickness, or a dike-like
magma body of 0,3 km width, However, we do not expect to have thick magma
layers at this shallow depth (0 = 9 km).

In laver 3 (18 = 27 k=), the layer where an extenaive magma chamber
has been proposed, relatively large uncertainties for the final model may
mask eny low=velocity effect. We estimate that a magma layer, if any,
could be as large as 600 meters in thickness (assuming a 50 % P-wave velocity
drop) and still not be resolved because of the large uncertainties,

A high=velocity block is obtained at the 95 % confidence level in the
bottom layer (27 = 37 lm) in the southwest corner of the final model. A
atody of its resclving kernels shows that this block is quite compactly
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resolved, It is hard to explain, however, whether the apparent high velocity
is caused by high-velocity material, by crustal thinning or by some other
posaibility, )

I conclude that this stwly has shown no evidence for a massive 15-km
deep magea body, although such evidence could be hidden with the indicated
uncertainties, Some indication of both a shallow (0 = 9 km) and a Aeep
(27 = 37 km) magma body has been cbtained. A high-velocity zone obtained
in the bottom layer may be beat explained by erustal thinning rather than
by postulating high-velocity material. Fore data are needed, eapecially
higher—quality teleseismic data {rom a variety of azimuths, before thias
technique ¢an provide the resolution necessary to resolve anomallies at the

scale derived here, much lesa to resolve anomalies to any finer scale,



Appendix 1 Computation of Length of Ray Path in the 'Model Zone'

As the planar boundary of thl! blocka are Aefined by longlitudes and
latitudes, distances from each station to the boundaries can be easily
found provided that the locations of the stations are knmown (Richter, 1958,
App. XII). Without loss of generality, we can illustrate the procedure for
computation of the ray length in the 'model zone' by taking the following

CcaSe As an examplet

L=37Txtani (in km)
where 1 is the angle of incidence

1 -;11,."'::“{21!' - 9)

-
1, = 4 /sin(27 - ©)

l}"'*l‘ldlz

wvhere ® s the azimithal angle

Plane view showing the
station and ray path

It has been assumed that there is no refraction during tranamigalon
from one block to another; in other words, the ray paths are atraight line

segmanta rather than broken linas,
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Dingram showing the ray peth through the hlocks

m, n, pp Ty 8 and t are intagers fdentifying distinct blocka. ""41: ia
the length of a ray path in a particular block, whare the first index j
apecifies the obaarvation and k ia the index for the block.

*;.. = 9fcos 1

1.1" - {11 = 9 tan 1)/sin i

.l“ = 9feon 1 = (1, =9 tan 1)/8in 4
Ayp ™ 9fcos 1

Ayy = 10/cos & - 1!,!:1:- i

and 1_“ - 1}_1":111.

"'.!l: = 0 for blocks vhich have no ray assgmant.



Appendix II Miscellaneons Tables

Table 2, Locations of Recording Stations

tatd Latitude Longi tude
e 34,144 106. 981
ox 33.950 106,958
M 34,108 106,808
™ 34,083 106,805
GM 34.145 107,235
HC 34.066 107.236
1c 33.987 106,997
MG 34,131 107. 243
KG 33.965 106,993
e 54.081 107.007
S0 14,010 107,089
WM 54.012 106.993
WT 34.072 106,946

Table 3, Locations of Santa Rita, Tvrone and Morenci

Latitude Longitude
SR 32,797 108.058
TR 32.645 108,373
MR 33.063 109,335



Table 4. Azimaithal angles of recording stationa with respect to

Santa Rita (SR), Tyrone {TR) and Morenci(FR).

Station Azimuthal angles w.r.t.
SR | KR
ce 214° 218° 242°
v 219° 223° 247
T 219° 222° 245°
¥H 219° 223° 245°
aM 207" 213° 239°
HC 209° 214° 241°
1c 217° 221° 245°
WG 218° 222° 244°
sc . 214° 218° 244"
WT 216° 226° 224°



Table 5,  Station Corrections
Both Mining explosion and teleseismic Aata obtained by Yousef (1977)
and Fischer (1977) reapectively has been modified by following station

correctiona before use in this study,

Station Station corrections (sec)
cc .14
oM 0.16
T 0.03
™ 0.00
G 0.18
HC 0.27
Ic 0.22
FG 0.16
NG 025
M 0.35
SC 0.77
W 0.28
il 0.00

#* Schlue, personal communication



Table 6.

Stations [Explosions  Residuals(sec)

2 Y EEFER A EEEE99eyyYyEE2a993838

Time residuals and standard deviations from mining exploasions

{after Yousaef, 1977).

288 H8J8B0EERERdREHE3A éi 238

-0, 14
-0,09
-0,11
i}, 12
=0, 27
=0.19
-0,03%
-0,02

0.00
=0, 04

0.03

0,02
0,12
-0.14
=0.17
=0, 37
=0, 29
=0,33
=0.26
0,21
=0.25
=0,33
=0.24
-0,724
=0.35
-0,28
-0,28

Uncertainties(sec)
0,06
0.05
0.05
0.05
0.05
0,06
0.05
0.05
0,05
0.05
0.05
0.05
0,05
0.0%
0.05
0.0%
0,05
0.05
0.05
0.0%
0.0¢
0.05
0.0%
0.0%
0. 0%
2,05
0,05



Date  Station Angle of
incidence

3/20/15

4/16/75

4/16/75

1/29/75

8/1/15

8/6/15

8/12/15

8/15/75

9/16/75

Table T.

33852892883 288398388388¥39828238128

Data from teleseimmic eventa (after Piacher, 1977)

16°

14

Azimathal

angle

3107

21

136°

309

321

318

242

'_-'.15!"l

305

m

Oba
time residual (sec)

-0, 28
-0.05
=0;1%
0,15
=0.04
0,18
=0,0%
0,26
0,18
-0,32
~0,13
0,07
0,15
-0.14
0.19
0.38
0.59
0.05
0,12
0,06
0.1%
0,01
=0.16
-0,10
=), 22
Q.02
0.24
0.05
0.08

error (zec)

0.10
0,12
0.06
0.08
0,12
0.14
0.10
0,12
0,12
0.09
0.10
0.12
0.12
0,09
0.10
0.12
0,12
0.0%
0.13%
0.15
0.35
0.1%
0.1C
0,12
0.09
0.12
0,11
0,27
0.10



Angle of  Azimuthal Observed r
Date  Station incidence angle time reaidual(sec) ﬁ]
10/28/75 oo 20° 143° -0.19 0.12
oM -0.11 0.4

sc 0,16 0.10

10/29/75 co 36° 157° -0,13 0.12
cH 0,01 0.14

'sc 0,25 0,10

11/4/75 ce 22° 518° 0,13 0,10
™ ~0.10 0.12

SC -0, 05 0.09

11/5/15 o 26° 128° -0,02 0.14
sC -0, 05 0.10

1/20/76 ™ 16° 239° 0,00 0.15
D 0,01 0.13

2/3/76 ce 14° 240° ~0,19 0.13
b ~0.18 0.13

SC ~0.34 0.13

2/3/76 oe 16° 242° -0,05 0.13
o -0,07 0.15

™ 0.16 0.13

SC -0,25 0.13

2/5/76 ce 20° 141° 0,11 0.12
™ 0413 0.22

SC -0,05 0,10

2/6/176 ce 152 245° ~0,10 0.13%
K =, 01 0,15

M —0.05 0.13

2/18/76 oo 237 312° -0,16 0.10
o 0.00 0,12

Ic -0,07 0.35

- 8C -0, 06 0.09

WM =0, 05 0.35
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Angle of  Azimuthal Observed error

Date Station  incidence  angle time residual(sec) (sec)
2/19/76 oo 36° " 146° 0,16 0,12
a -0,01 0,14

Ic ~0.11 0.18

sC 0,10 0,10

W -0,04 0022

3/24/76 - - 15? 235° afl 12 0.15
o -0,27 0.13

IC =0, 2h 0.17

4/13/76 ce 40° 173° -0,05 0,12
IcC 0.01 0.18

SC 0.0% 0,10

6/18/76 @ 15° 238" 0.40 0.25
NG -0, 0f 0,35

o 0.09 0, 76

5S¢ 0,10 0,13

W 0.15 0,35

7/1/76 @ 262 101° -0.15 0,35
HE =0.04 0,25

NG ~0. 41 0425

RH ~0.03 0. 26

sc =0, 01 0.10

1/15/16 HC 26° 100° -0,17 0,25
RG =0.37 0.25

R¥ -0,33 G.2€

sc =0,43 .16

1/29/76 M 15° 343° -0,0 0,12
HC 0,18 0,11

. H 0,02 0,10

sC =0,07 0.09

8/4/76 a 14° 308° 0,02 0.12
HC 0.20 0.11

NG 0.05 0.10

SC =0, 06 0.09
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8/10/76

8/12/76

a/20/76

8/20/76

/21,77

e HRE B8 8EEREEEREBEREE S

15

34

Observed
time residual{sec)

0.08
0.07
-0,16
0.10
=0,07
0,16
0,06
0,64
=3, 07
-0,19
0.21
0.60
=0.07
=0, 04
-0 23
-0, 20
~0,16
=0.0%9
-0, 21

0.25
0.25
0,10
0,12
0,11
0,10
0.12
0.11
0,10
0,09
0.3%
0,25
0.25
0,10
0.1%
0,15
0:1%
0,25
015
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