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ABSTRACT

The primary purpcse of this study was to deternine the
lateral extent and relief of the upper surface of an exten-
sive magma body detected by Sanford and Long (1965) and
Sanford and others (1973). A five to six station, movable
srray of seismographs was employed throughout the Socorro,

New Wexico, area from April, 1975, to September, 1976.

High gzain (approximately 106 masgnification at 40 HZ), ver-
tical component selsmographs were used to find 163 hypocenters
which represented locations for 645 shocks because 70 percent
of all the shocks occurred in earthquake swarms,

Hypocenters were diffugely distributed within the
Hico Grande Rift with no apparent clustering along faults,

The gecgravhic distribution of epicenters, particularly those
for earthquake swarms, correlated well with the lateral extent
of =z magma body located approximately 18 km below the surface.

The shear waves produced by the microearthquakes provided
3-8 reflections from the extensive magma layer. Using the
reflection times and locations, good resolution of the extent
and relief of the magma body was obtained below 34.12°9W.

The southern boundary, which extends southward to approxi-
mately 34,0000, is highly irregular.

The minimun depth to the body is approximately 18 km
beneath Socorro Mountaln and deepens to spproximately 20 km

below the surface at the magma bedy's margins. The data



suggest a north-gouth orientation for the magms body with

the axis Tollowing beneath the Socorro-iemitar Mountain

plock,



INTRODUCTION

For some time (see Sanford and ILong, 1965, and Sanford
and others, 1973), the existence and a minimum extent of an
extensive magma body approximately 18 km beneath Socorro,

New Mexico, have been known. The exsct dimensions of thie
body, however, have never before been establlished,

The primary purpose of the study reported in this paper
was to determine the confizuration of the magma body using
3,3 reflections from the top of the magma layer as recorded
on microearthquake seismograms,., Another goal of the research
was to determine the relation between the dlstribution of
microearthquake hypocenters and magma bodies--the small
shallow ones vproposed by Shuleski (1976) as well as the
deeper extensive magma body.

Microearthquake data for this study were cbtained with
a movable array of 5 to & seismograph stationg during the
period April, 1975, to September, 1975. Because accurate
hypocenters were essential in determining the rellef on the
upper surface of the magma body, conslidersble effort was
made to estimate errors in location, and to categorize events
sccording to the estimated errors. Data from the best located

events were ussd then to map the magma layer.



PREVIOUS GHROLOGICAL AND GEOPHYSTICAL STUDIES

Socorro, New Mexico, is located in the Rio Grande Rift,
a larze, extensionsl structural feature running from southern
New Mexico to central Colerado. The rift, consisting of a
series of linked structural depressions with raised margins,
ig loeally cut throuzh by an intergraben horst extending
from 50 km north to 30 km south of Socorro. Thess horsts,
existing for only a small fraction of the total rift length,
are thought to be only 12=-10 million years old and, by them=-
selves, may suggest a recent anomaly In the crustal structure
at Bocorro (Ghapin and Seager, 1975). Figure 1 shows genersl
surface features in the Socorro area. For more information
ashout the geology of the Rio Grande Rift, Chapin and Seager
{1975} and Mott (1976) should be consulted.

The first geophyeical evidence of any crustal anomaly
was presented by Sanford and Long (1965) who found that many
local microesrthguake geismograms contalined 2 sharp arrivals
at an average of 2.5 and 5.0 seconds, respectively, after the
direct S wave arrival. Time-distance graphs for the two
arrivals were constructed and the arrivals were identified as
(1) S,P (an S to P wave reflection) and (2) 5;8 (an 8 to 8
wave reflection), both being reflected from s discontinuity
approximately 18 km below the surface. No incident P waves
were found to be reflected from the discontinuitys; however,
if they did exist, they may have been masked by other seismic

signals.
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Figure 1. Map of the Socorro, New HMexico, area showing

station locations arnd outlines of physio-

graghic features (From Sanford, and others,
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Sanford and others (1973) substantiated the existance of
the discontinuity. Emyploying alternate means, they established
its depth below Socorro to be 17.8 ¥m and, including seismo-
grams from s station near Albuguerque (ALQ), extended the
discontinuity approximately 60 km north of Soccorro. They found
that the observed SZP to 3,3 ratios could only be explained by
a change in phase of the rock--from solid to molten--at the
18 km discontinuity. Thisg suggested that the discontinuity
was the top boundary of an extensive magma body. The high
frequency content of the reflections indicated that the bound-
ary was quite sharp.

Beginning in early 1975, a program was started at NMIMT
to identify any small, shallow (minimum depths €10 km) mazgma
bodies that might be fed by the extensive chamber at 18 km
below the surface. Shuleski (1976) found that the SV waves
for some mlcroearthquakes in the Socorro reglon were very
smazll at some recording stations and fault mechanisms of the
microearthquakes could only explain about 40 percent of these
observations. To explain the remaining 60 percent, five
small, shallow (depths lesgs than about 7 km) magma bodies
were proposed (see Pigure 2) to reduce tne SV wave amplitudes
through 3 wave screening.

By reducing data from primary level lines that ran from
Bl Paso, Texas, to Albuquerqgue, New Mexico, Rellinger and
Oliver (1976) found a high rate of surface uplift in the gen-
eral area of the magma body proposed by Sanford and others

(1973). The uplift, reaching a maximum averags uplift rate
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Figure 2. Location of five magma bodies that could
explain observed SV wave screening
(After Shuleski, 1976)



of 6,1 mn/yr 23 km north of Sccorro and decreasing to about
3.2 mm/yr about 55 km north of 3ocorro, extends from 20 km

south to 50 km north of Socorro.



INSTRUMENTATION

Two basic systems were used throughout this study. For
the location of hypocenters and studies of magma bodies, an
array of Sprengnether MEQ-800 seismic recording systems was
used, For comparison of the reflected phase frequencles, the
MZ=-800 records were used in conjunction with those from an
IR8M system at station SNM. Descriptions of the MEQ-800
seismograph, the selsmic array used and the LR3M system are
given below,

Five bto six portable MEQ-BOO systems were avalilable for
use in a movable array which occupied the twenty-one different
stations shown in Figure 1. The array, deployed on Mondays |
and retrieved on Pridays, relied upon station WT as 1ts standard,
while the remaining systems were arranged by the need to obtain
data from particular areas.

The Sprenghether MEQ-800 recording system has a gain
stable amplifier with gain settings ranging from 60-140 db
in discrete 6 db intervals. Some filtering of the selsmic
signal is possible for both low frequencies (below 5 or 10 Hz)
and high frequencies (above 5, 10, or 30 Hz). PFor this study,
the 30 Hz setting on the high frequency filter was used over
50 percent of the time overall and 100 percent of the time
for the noisiest stations (BG, CU, FC, PR, HC, SL, T4, MY).
The filtering was necesgary to reduce noise generated by wind

and small rodents. The microearthquake signals were not



impaired by the filtering since the MER-800 system still had
a very goeod response at this setting for frequendes around
30 Hz, the predominate frequency of the P arrival (Sanford
and Holmes, 1962). Helical recording on smoked paper at a
rate of 120+0.6 mm/min was used to record the selsmic signa-
tures,

Self-contained, quartz crystal chronometers were ussd
for timing of seismic arrivals. These clocks were synchron-
ized, at the beginning of each recording week, with the WWV
standard time signal by simultaneously recording both signals,
The clock drift, always less than 0.1 second per day, was
considered to be linear and was determined for each unit on
the last récording day, again by simultaneous recording with
the WWV time signal. Recording rate variations and clock
drift corrections were applied to all arrival times.

To complete the MEQ-800 system, either a Willmore vertical
geophone (1.5 Hz natural frequency) or a Mark Products IA-C
vertical geophone (1.0 Hz natural frequency) was used. Mag-
nification response curves for both systems are shown in
Figure 3 for the usual field settinzs. A peak magnification
of éround 2 x 10 is achieved at 40 Hz (with high filter set
on 30), The response of the system was well suited for the
high frequency, small amplitude signals produced by micro-
earthquakes. The geophones were protected from extraneous
noise and inclemsnt weather by eithér being buried or being
placed in a cave or mine.

The twenty-one stations oceupied in this study (shown

in Figure 1) are listed in Table 1 along with their locations
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TABLE 1.

Station

PR

BG

cC
cM
cuU
oM
BC
M
PR
GM
HC
IC
MG

MY

WM

WT

Latitude

3, 2068
1442
33.9501
3%.1573
34,1075
33.8950
34,0829
33.8747
34,1450
34,0658
33.9870
34,1305
34,1667
33.9648
33.9924
33.9002
34.0100
34,1570
34,2234
34,0498
34,0120
34.0722

Longzitude

106.,8205
106.9812
106.9576
106.7785
106,8079
107.050H
106.8047
106.7270
107.2345
107.2361
106.9967
107.2425
106 .7459
106.9933
106.6253
107.1135
107.0894
106.7802
106.9910
106.7751
106.9929
106.9459

Portable Seismogranh Station Lecations.

Blevation(m)

1516
1649
1640
1585
1536
1850
1537
1558
1945
2240
1730
2024
1645
1730
1644
2080
2073
1577
1615
1558
1673
1555

10
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and elevations. Protection from atmospheric noise was a
main prerecuisite for siite gelection. In most cases, caves
and abandoned mines were utilized; however, six stations
(A¢, ¥y, CU, SL, T4, and NG) were only protected by rock
overhangs. In all cases, underlying material of the stations
was solid rock, reducing as much as possible seismic signals
arriving nearly vertically by refraction through low velocity
gurface materiasl,

The IRSM system, located at station SNM, consisted of
1 vertical and 2 horigzontal (N-3 and E-W) short period Ben-
joff seismometers., The system employed Helical 35 mm film
recording at a rate of 0.25 mm/sec. The response curve for
normal operation is shown in Figure 3. The magnification
had a peak value of about 40 % (included a 12x enlargement
factor) at a frequency of 3.3 H,. The lower freguency
response of the LRSM compared with the MEQ-800 allowed some

gualitative frequency versus amplitude comvarison of micro-

earthguake signals.



1. ILocation Procedure

Before microearthquake data could be used to determine
gceophysical properties of the crust, good hypocenter locations
were reguired. A primary effort of this research was to locate
hypocenters accurately in space and time and to provide some
estinate of possible errors contained in the resulting data.

The crustal model used throughout the study was a homo=-
geneous half-space with a P wave velocity of 5.8 km/sec and
5 § wave velocity of 3.35 km/sec (or a Polisson's ratio of
0.25). Although a very simple model, it proved to be adeguate
primarily because distances between stations in the arrays
ccoupied were small,

The data used for locations were the P and 8 wave arrival
times. P wave arrival times the most critical, were measured
to an accuracy of +0.02 seconds with the use of a traveling
microscope., S wave arrival times were measured with a milli-
meter scale vroviding an aceuracy of t0.1 second. Usually all
times were read twice.

When P and 8 wave arrival times were known for a partic-
ular event, an initial origin time was found from a Wadatl
diagram. In these diagrams, S$-P times were plotted versus
P arrival times, A line with a slope of 0.732 was fltted by
eve through the data. The origin time was the abcissa inter-
gect (S = P = 0) of the fitted line. If only four or three
stationg recorded the shock, the origin time found by the

Wadati disgram was considered a known quantity and was fixed.
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After ar initial origin time was found, crude, initlal
spatial coordinates were determined using P wave travel times.
These estimated coordinates, along with the actual P wave travel
times, station locations, and crustal model were glven to an
iterative, inversion computer code from which a reliable hypo-
center and 2 new origin time were obtained. Because four para-
meters were usually caleulated, at least five arrival tinmes
were necessary to have the preblem cverdetermined. In these
solutions, the iterative origin time was compared with the
Wadati origin time. A difference of up to t0.5 seconds was
acceptable, If the difference was greater, the origin time
was constrained to be within +0.5 seconds of the Wadatl crigin
time.

If only four arrival times were avallable, only the Wadatl
origzin time was used. In this case, only three parameters
remained unknown and the problem was still overdetermined.

After an iterative solution was obtained, it was compared
with the hypocenter obtained from a computer adaptation of the
graphical procedure described by Richter (1958, pp. 320-321).
The only varisble parameters in the graphical solution are
the P wave arrival times. The fixed origin time used came
from the iterastive process. If the cluster of intersectlons
was good and the location agreed well with the iterative sclu-
tion, the exact iterative soluticn was accepted as the actual
hypocenter and origin time, If the intersectlons of chords
of the graphical solution were not satisfactory, the orligin

time was allowed to change, again within *0,5 seconds of the
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Wadati origin time., The origin time providing the tightest
cluster of chord intersections was the adopted hypocenter,
As the origin time must be specified, events with only four
arrival times were best located with this technique. In
addition, some three station locations were slso found with
this program but only for events which had excellent Wadati

origin times.

2., Error Analysis

A guantitative analysis of loecatlion errors for five well-
located microearthquakes was made. All five hypocenters were
graded G or E (see next section). Four of the microearth-
guskes were chosen at random from events that had well-
establighed hypocenters. These were used to determine posg-
sible errors arising from uncertainties in the crustal velocity
and P wave arrival times. These four events had very small
travel time residusls (observed less theoretical travel times);
nad nearly identical Wadatli and iterative origzin times; were
contained within the recording array; and had one selsmic
station within 11 km of the epicenter. ILocations of the four
gvents are given in Tables 2 and 3. The fifth event was used
in determing duplication of locations for the same earthquake,
It was timed, located and checled as two different events before
it was noted that both sets of times were asctually for the
gsame shock. Data for this shock are given in Table 4,

Table 2 lists derived hywocenters and lterative origin
times for three shocks when the P wave velocity was altered

by 0.1 km/sec increments from 6.2 km/sec to 5.4 km/sec.
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Three basic conclusions were drawn:

(1} Depths of focus were the least accurately determined
parameter,

(2) As the closest station's epicentral distance became
larger, the depths of focus became more uncertaln.

(3) In some instances, a 3 percent change in velocity
could alter an event's classification., For example, the
standard deviation of 0.25, observed for the for the shock
on O4-13-76, would have required thisg event to be downgraded
from a G to & B classification (see next section).

The effects of errors in arrival times at individual
stations are shown in Table 3. P wave arrival times at suc-
cessive stations, for two shocks were changed by +0.1 second.
The effect on the origin times and spatial coordinates are
listed in Table 3. Again, the least accurately determined
parasmeter was depth of focus.

Data for the earthguake that was inadvertantly located
twice are given in Table 4. Epicenter locations were within
15 seconds of arc, but the difference in the depth of focus
was surprisingly large.

If a microearthguake had at least one close recording
station {«6 km epicentral distance) then the depth of focus
could he determined accurately from the closest station data.
However, when zll epicentral distances were greater than 20 km
the depths of focus, especlally for shallow events, became
very difficult to establish, This difficulty increased &s the

epicentral distances became larger. An eplcenter outside of
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TARLE &, Twe Solutions for the Hvent Occurring on 01-23=76.

Iterative Iatitude (ON) Longitude (°W) Depth of
Origin Time Focus (km ) *
02:5%:33.68 34,0296 107.01135 1.8
02:53:33.50 34,0282 107.017% 3.9

Wadati Origin Times 02:53:33.2

# Below ses lesvel



the array in cconjunction with a large epicentral distance

made the problem even more difficult,

19



CLASSIFICATION OF EVENTS

Because of the uncertainty of hypocenter locations,
especially depths of focus, all events were evalusted and
placed into three classes, E, G and Bi

Class E-=-HExcellent hypocenter locations (small travel
time residusls). Events occur within the arrays; epicenters
are less than 6.2 km from the nearest station; and depths of
focus are determined only by the nearest station. Errors are
++km for epicenters and +1 km for the depths of focus,

Class E micrcearthquakes are listed in Table 5.

Class Ge=Good hypocenter locations. Hvents occur within
the array and have depths of focus determined by twoe metheds,
if possible. The errors are 4% km for the epicenter and +2 knm
for the depths of focus. Classg G microearthquakes are listed
in Table 6.

Class BmmUnce%tain hypocenter locations. Hvents have at
least one of the following faults which makeg its location
uncertain: (1) epicenter is outside of the array, (2) residuals
obtained in the iterative program are large, (3) insufficient
data (e.z. only 3 stations). For this class cf events, the
epicenter errors do not exceed 5 km, but depths of focus are
uncbtainable. For computational purposes, Class B events are
assigned depths of focus of either 3 km or 6 km, depending

upen their location. Class B microearthquakes are listed In

Table 7.
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TABRLE 5. Class E. Events.

Date Origin Time ILatitude Longitude No, of Depths
(oN) (on) pvents I h2

6~03-75 15:10:15.60 34,0301  107.0296 1 9.30 10,34
7-23-75 143:56:41,62 34,0281  107.0576 3 11.60 11.10
8-08-75 10:57:22.59 34.0796  106.9329 6 6.80 6.80
8-12-75 15:25:28.30 34,0513 106.9785 1 8,80 8.80
8-20-75 05:22319.70 34.0882  106.9261 15 10.10 10.10
8-20-75 12:20:50.35 34,0833 106.9153 2 7.00  7.00
8-20-75 15:29:36.60 34.0848  106.9261 2 6.90 6.90
8-21-75 19:04:06.50 34,0575 106.9692 10 7.50  7.50
8-25-75 19:37:41.10 34,0714  106.9167 5 6.73  6.70
8-29-75 08:52:18.80 34.0737 106.9271 20 7.20 7.20
1-21-76 05:34:40.93 34,0630  106.9720 6 5.43 5,30
1-27-76  08:37:44.73 34.1290  106,8220 37 8.90 8.00
1-29-76 15:063:40,70 34,0000 106.9680 10 6.50  5.30
1-30-76 13:56:23.95 34,0690 106.9860 3 %.80  5.10
2-17-76 06:17:49.07 34,0450 107,0620 1 10.20 9.90
2-18-76 09:13:30.54 34,0183  107.0087 1 5.00  4.80
3-25=-76 10:50:54.65 34.0425 106.9435 1 5.50  5.50
pell-76 01:50328.91 33.9910  106.9950 3 9.10 10.10
b-16-76 05:34:38.85 34,0380 107.0230 1 6.10  5.80
Lelb6-76 09:33:43.03 34,0670 107.0070 20 6.60 6,60

i km below the surface

h, depth from closest station

h, depth from iterative progran



TABLA 5.

Date

4-20-76
6~08-76
6=08-76
6=08-76

22

{Continued)
Origin Time ILatitude Longitude No. of Depth*
(ON) (°N) Events M hp
08:32:19.19 34,0980 106.8430 1 4.00 4,10
05:24:54 .70 34,0606 106.9859 1 6.40 6.10
06:24s40.40 34,0565 106.9672 1 13.30 11.60
06:42:51 .14 34,0626 106.9857 = 5,00 5.30



TABLE 6.

Tate

5-20-75
5-20-75
5-22-75
5-22-75
5-26~75
5=29-75
6-03-75
6-03-75
6-16-75
6=17-75
6=17-75
6=26-75
7-01-75
7-09-75
7=09-75
7-2k-75
7=30-75
8-05-75
8-05-75
8-07-75

Class G Events.
Origin Time Iatitude Longitude
(CN) (°N)

14:25:09.20 33,9427  106.,9488
17:10:01,60 34,0946 106.9144
10:27:08.50 34.0815 106.8794
11:36:29.03 33.9397 106.9395
23:45:51.30 34,0775 106,9810
07:14:12.12 33.9452 107.0168
02:45:09.60 34,0826  106.9062
O4s48:17.80 34,0844  106.9204
234321 .11 34,0276 107.0242
15:30:45,14 34,0647 106.9129
18:50:33.31 34,0640 107.0520
02:56345,11 34,0647  107.0365
13:35:58,50 34,0301 107.0408
02:12:24,80 34,0562 106,9302
09:16:347.97 34,0804 106.9167
04323:14.30 34,0646 106.9940
21344 542,10 34,0848 106.9223
02:26:02.50 34,0335 106.9772
Obs17:20.92 34,0379  106.9839
09:04:30.60 34.4111 107.7232

¥*  km below the surface

hy depth calculated frow reflections

52 depth from iterative program

=
o}
Q
=y

i

&=
<
D s
3

)

=0 R = 0N NN N

Depth*

7 .80
9.10

hp

5.0
9.k
4.0
4.7
8.0
&.0
3.3
9.3

10.8

7.3
10.6
6.1
9.9
6.1
8.7
5.2
8.2
7.6
7.8

13.0



TABLE 6.

Date

e e

8~08-73
8-12-75
8-12-75
8=13-75
8~13-75
8-13-75
8=15=75
8-19-75
8-19-75
8~19=75
8-20-75
8-21-75
§-26-75
8-28-75
G~16-75
9=-19-75
9-24-75
10-29-75
10-29-75
10~30-75
10-31-75
11-04-75
11-05-75
11-05-75

(Continued).

Crigin Time Iatitude ILongitude
(ON) (°N)
10:53:58.00 34,0837  106,9233
03:59:36.10 33,9574  106.9812
07:09:11.15 34,0357  106.8225
05:19:18.20 34,0823  106,9207
07:392:18,40 34,0826  106.9274
11:22:26.90 34,0245  106.9731
06:36:45,80 34,0871 106.8957
08:11:46,60 134.0580  106.9409
10:00:07.20 33.9922  107.0000
20:10:22.60 34,0971 106.9276
21:59:44,30 34,0947 106.9261
03s4b4:48.70 34,0407  107.0470
08:40:15.40 34.0480  106.9220
01:26:02.50 34,1264  106,9296
13:30:52.55 34,0804  106.9301
08:42:57,21 34,0234  106.8539
02:17:09.30 34,0954  106.9140
07:21:35.35 34.0609  106.9987
20:50:49,60 34,0134  106.9940
07:09:39.20 34,0335 107.0168
04:02:15.27 33.9345  106,7589
16:30:12,10 34,0491  107.0517
02:40:10.50 33.9973  106.7823
14¢35:05.50 34,0402  107.0475

No. of
Events

= = NN

{02

12

P

= NN O N

31

22

Depth¥
hy b2
- 6.7
-- 4,0
-~ 0.0

8.20 8.1
- 7.9
11.40 9.0
7.30 7.3
9.10  10.9
9.00  10.9
- 9.2
- 8.9
11.60 9.5
9.40 9.0
- 2.9
- 6.7
-- 5.5
-= 7.2
L.00 3.9
-- 4,8
10.60 5.6
7.60 9.6
6.90 6.2
- 9.8
10,00 7.6
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TARLE 6. (Continued).

Date Origin Time Latitude Longitude No. of Depth#*
(°N) (°n) Events Iy hp
11-05-75 22:28:26.70 34,0424  107.0228 19 - b.5
11-06-75 09:33:59.20 34,0396  107.0047 2 9.40 8.0
11-06-75 11:05:48.30 34,0078  106.8629 1 - 8.0
11-07-75 08:27:36.10 34,0480 107.0323 25 -- 7.1
1-21-76 14318328.75 33.9840  106.9550 2 5,10 5.5
1-22-76 16:05:11,03 34,0450  107.0360 3 .90 10.6
1-22-76 22314:30.50 34,0340  106.9540 2 - 0,0
1-23-76 02:53:33.68 34,0280 107.0180 3 - 8.9
1-23-76 07:22:15.04 34,0620 107.0253 1 - 1.0
1-27-76 10:05:27.07 34,1490  106.8060 1 - 9.6
1-30-76 07:16:07,00 33.9970  106.9832 2 6.90 6.1
2-17-76 17:34:05.13 34.0520 107.0040 2 8.20 10.7
2-17-76 23:19:38.61 ‘Bb.111o 107.0140 3 - 9.5
2-18-76 05:44:55,76 34,0240  107.0530 1 8.30 10.3
2-18-76 23:25:35.22 34.0420  107.0520 1 8.00 6.2
2-19-76 00:08:36.77 34,0260 107.0610 1 9.60 10.5
3-18-76 18:34:51.00 34.0420 107.0750 1 6,10 10.4
4=13=76 09:45:40,73 34,0720 107.0050 5 4.80 5.6
b-13-76 11:41:25.73 34.0450  107.05%0 7 10.60 7.5
4-13-76 11:58:34.65 33,9900 106.9510 5 6.8 6.4
b-13-76 13:31:59.42 33.9840  107.0067 1 - 8.6
4-13-76 2%3:15:15,00 734.0300 107.0250 1 - 6.0
4-15-76 08:45:52,70 34,0680  107.0080 17 3.60 6.6

L-16-76 14:07:33,47 3L,0686  107.0087 1 6.30 6.0



TABLE 6,

Nate

5=-25-76
6-03-76
6-30-76
7=15=-76
8-03-76
8-03-76
B=10=76
8-10-76
8-11~76
8-12-76
8-12-76
8-12-76
8-12~76
§-2U-76
8-25-76
8-27-76
B2 7=76
9-03-76
9=03-76

(Continued).

Origin Time Latitude Longitude
(“n) (“N)
03:08:17.00 34,0452  107.0120
15:31:13:58 34,0374 106,9812
08:4k:01.77 34,1241 107.0239
10:58:33,39 34.0480  107.0978
02319:06.70 34.0679 107.0013
10:43:56.28 34,0573 107.0532
O04:38:25.38 34,0197 107.069%
12:28:42.01 34,0622 106.9944
06:03:43,82 34,0571 106.5985
00:59:08.11 34,0563  106,9937
01:2bs36,24 34,0638  106,9651
04:56:05.20 34,0548 106.9956
23:07:12.90 34,0558 106.99973
01:31:13.83 34.0498  107.0162
22:32:22,96 34,0571 106,9814
01:44339.69 34,0544  106,9989
08:15:28,11 34,0174 107.0522
06:46:29.37 33.9772 106,982k
13:25:58.18 34,0070 106.9657

mvents

2

3
9
2

VI A

_ WAl

=

-3

12
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Depth¥
hi hz
1.10 2.6
4,80 5.0
9.10 8.3
- 13.6
- 6.5
- 3.0
. 11.0
7.90 8.8
- 8.1
8.20 10.3
Q.40 13.6
8.20 10.2
10.00 7.3
L,io 6.2
-— 12.1
- 9.7
- 10.9
- 9.2
- 11.3



TABLE 7.

Date

h-17-75
B-17-75
5-20~75
5-20-75

6-83-75
6-0l-75
6=17=75
6-17-75
buhe75
7=02-75
7-03-75
7=-09-75
7=22=75
7=22=75
7-24~75
7=27-75
8-01-75
B=05-75
B-06-75
8-13-75
Bullim5
RBe1l.75

8-15-75

Mlags B

Origin Time

avents.

00:02:18,40
17:31:07.70
10:34323.30
13:20:40.00
13:19:41 .40
04:03:00.70
020314 .20
00:00:54.10
02:19:53.90
20:47:534,50
01:00:19.,25
16:12:20.90
07:55:42,20
00:29:19,20
22:45:34,50
17:10:14.,25
18:50:19.20
11:26:20.90
143:19:22.13
20:12:33.20
05:2G:49 48
05:16:15.10
19:03328,.30

07:33:52 .40

Latitude

on)
34.2200
33.9700
33.9400
34,2900
33.9500
34,0900
34,0100
34,0300
33,9400
34,3300
Y 2200
30,0100
3. 2600
34,2400
34,0400
34,0200
34,2600
34,0800
34,0700
34,0300
34,2000

L ,2000

ad

34,1000
34,0200

Longitude

— (x)

106.8800
106.8700
106.9400
106.9300
106.9400
106.9900
106.9400
107.0200
106 .9400
106.8800
106.8800
106.9700
106.9000
106.9500
106.9600
107.0300
106.8700
107.0200
107.0500
106.9700
107.0400
106.8900
106,9300
106.9600



TABLE 7.
Nate

8-19-75
8-22-75
8~27-75
10-24-75
i§~29m?5
11-29-75
1-22-76
1=22-76
2~05-76
2-06-76
2-19-76
22076
3=18=76
3-23-76
3-23-76
3=2b76
3=25~76
Y1l
be20-76
hu21 =76
L-22-76
4-23-76
5-25-76

§5m26-76

(Continued).

Origin Time

02:14:21.60
00:34:05,60
07:35:13.20
10}5@:17.00
6@134:3?.10
09:18:23.60
12:16:08.80
22:50:07.60
19:45:32.30
OQ:%&:E&;ZQ
00ssh 2,60
12:51:45.10
14:45:16.00
12:50:26.35
12:53:20.55
22152:17.75
13:57:02.90
13:12:21.50
02:52:19.33
11316:20.17
04:18:07.10
0515715997
08:11:38.95
19:54219,24

rusca

~(°M)

34,2100
34,0300
34,0900
34,3900
34,0500
34,0600
344057
34,1770
34,4985
34,3222
34,5016
34,0310
33.9760
33.9800
34,2500
33.9722
34,0430
34,0710
34,0470
34.2880
33.9670
34,0600
34,0322

33.9428

Iatitude

Longitude
(oN

106.8%00
106.9700
106.9300
106.8900
107.0000
107.0000
107.0198
106.8830
107.0248
106.9930
107.0405
107.0450
106.7260
106.7050
106.8370
106.7232
107.0660
107.0310
107.0620
106.8530
106.7310
107.0390
107.0682

106.78964

1
1
3

12

-

N

o0

No. of
bvents



TABLE 7.

Date

6-01-76
6-09-76
7-02-76
7-14-76
7-15-76
7-28-76
7-28-76
7=30-76
8-03~76
8-09-76
8-11-76
9-02-76
9=-03-76
9-03-76

{(Continued).

Origin Time

08:38:47.75
17:36:46.35
00:28:09.04
21:22:55.05
16:43:07.60
12:14:48,51
12:39:00.49
11:11:40.20
07:10:15.20
23:08:14.70
03:15:19.20
12:51:37.93
09:13:02.53
15:29:26.61

ILatitude
)

34,0258
34,4090
34,1743
34,0088
34,0269
34,4316
34,1191
34,4534
34,4907
34 L5687
34,1547
34.1538
34,1496
34,1223

Longitude

°N
107.0537
106.9259
106.92754
107.0173
107.0578
106.9973
106.7538
107.5823
106.9767
107.0093
106.8756
106.8780
106.8745
106.9745

Bvents

1



SPATIAL DISTRIBUTION OF MICROEARTHQUAKHS

Tables 5, 6, and 7 list origin times and hypocenters
for 163 microearthguakes that occurred from May, 1975, to Sep-
tember, 1976. Because swarms of earthquakes from the same
hypocenter are common in the Socorro area, the 163 locations
in these tables are the hypocenters for a total of 645 individ=-
ual shocks, The number of shocks asgsociated with each hypo-
center listed is given in column 5 of Tables 5, 6, and 7.
About 70 percent of all shocks during the study occurred in
swarmns.

Figure 4 shows the location of eplcenters with respect to
surrounding surface features. The general geographical dis-
tribution can be described as diffuse with a falirly broad
band of activity extending along the axis of the Rio Grande
rift, Pockets of activity occur 3 km northeast of WT; 4 km
southwest of WT; and 10 km southwest of WI. The distributicn
of activity in Figure 4 is similar to that obtained in other
pericds of microearthquake monitoring. The majority of micro-
earthquake activity has not been associated with the major
frontal faulte of the intergraben horsts (Sanford and Holmes,
1962; Sanford, 1963; Sanford and others, 1972).

Depths of focus were found to range from the surface to
13.3 ¥m below the surface. Approximately 60 percent of the

events occurred between 6 and 9 km below the surface.
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THE MACMA LAYHER

1., Introduction

From previous studiss (Sanford and Iong, 19653 Sanford
and others, 1973), the existence of an extensive nagms body
approximately 18 km beneath Socorrc has been known for seversl
years. A primary effort of this study was to map, with some
cenfidence and resolution, the lateral extent and relief of
this body. The microearthquake reflection data in this report
were sufficlient to achieve these goals along the southern
margzin of this body.

Caloulations of depths to reflector and reflection points

were made by using the following egustion (see Figure 5}

27-hn2 =(s.5-v)% - a2
) i
1/2

2 _,2
or Z"‘g' + f(szs.vs,‘)4 - A (1)
and A= TAN (R} (z- ] , (2)

where & is the depth to the reflector and A is the horizontal
distance from the epicenter to the point of reflsction.

These same equations, using a known reflector depth, were

used to find hypothetical points of reflection for events

not having actual 5.9 reflection phases, and alsc to calculate

depths of focus for the Class G events.
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Figure 5. Cross section of the crust showing ray
paths and distances used in calculating
the depth of the magma layer,
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2. ILateral Bxtent of Magma

All 8,8 arrival times, measured with an accuracy of
+0.1 second, from all three classes of events were used to
calculate the geographic location of reflection points shown
in Figure 6., The lack of reflection points in Figure 6 could
be due to either an absence of the reflective surface or a
lack of data. To find out which of these optlons was tfue,
hypothetical reflection points were calculated for all events
without 8,3 phases. Hypothetical reflection points, shown in
Pigure 7, were calculsted assuming an 18 km discontinuity for
the entire area.

A comparison of Figures 6 and 7 indicates ample oppor-
tunity for SZS reflections from certain areas, yet no true
reflections were detected., Thus the boundary in these regions
could be mapped with some assurance. The boundary is highly
irregular with some areas of no reflections being almost
surrounded by the magma body.

North of 34.12°Ny the distribution of hypothetical reflec-
tion points along with true reflection points was inadequate
to accurately define the margins of the body. IHowever, the-
data were sufficient to establish a minimum extent in these
areas. If information from Sanford and others {1973} is
included, the minimum areal extent of the body is about
1200 km?. The magma body follows the general trend of the
Rio Grande Rift, with its margins never extending beyond the

boundaries of the rift.
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Figure 6. Points of reflection. Data was obtained
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To find out how accurately the coordinates of each
reflection point were determined, the depth of focus, origin
time and SZS -~ P times for the event occurring on 01-21-75
at 05:34:40,93 were incremently changed from thelr true values,
The depth of focus was changed from 2 km to 10 km, at 1 km
stepssy the origin time was changed from +0.1 second of the
true origin time to -0.4 second, at 0.1 second steps; and the
9,8 - P time was changed by 0.4 second. For all introduced
perturbations of the data, the lateral changesg in the raflection
point did not exceed *1.5 km. Because the lateral error was
small, even for large errors in depth of focus, Class B events
were also used in mapping the areal extent of the body.

fguation (1) shows that determination of the relief on
the masma body requires precise depths of focus which, unfor-
tunately, are ths least accurately determined hypocentral coore-
dinates. Hguation (1) also indicates that any error 1in the
Aepth of focus would he halved when caleculating a depth to
the discontinuity.

To get good depth control of the magma body, only Class E
events were used initially. The surface calculated from
thege events was used 5o obtain more accurate depths of focus
for Class G events which had 3,35 arrivais. If a Class G event
had two or more statlons that recelived SZS reflections, the
reflection arrival time for the nesrest station was used to
determine a new depth of focus. Reflection arrivals at other
atations were then used with the new depth of focus to deter-

mine & depth to the magma body. The new depths of focus for

Clags ¢ events are listad in column 6 of Table 6.
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Both north=gsouth cross sections and east-west cross
sections (see Pigure 8) of the depth values were constructed
using both Class & and Class ¢ data. The actual relief on the
magma surface was obtained by drawing smoothed profiles
through the depth points of the cross section. A three-
dimensional computer plot of the results is shown in Figure 9.
Total relief is about 2 km with depths ranging from about
18 km to 20 km bhelow the surface. The magma body appsars o
have a N8 ridge roughly aligned with the intergraben horst
(Socorro Mountains) in the center. The deepest regions of

the magma body are along the western and southern margins.

3. Physical Properties ef the Discontinuity.

sanford and others (1973) concluded that abnormal ampli-
tude ratios of S,P to $,3 were due to rock of wvery low rigidity
underlying the discontinuity. They also concluded that the
high frequency content (15 to 20 Hz) of the reflections indi-
cated a sharp discontinuity, i.e. a transistion zone only
10's of meters thick. Although a sharp discontinuity under=
lain by magma was a reasonable interpretation of the data,
the observations could possibly have been explained inxan
alternate manner. Berryman and others (1958) showed that a
multilayered section with thin layers could also produce
strong, high freguency reflections; however, the resulting
reflections would contain very little low Tfreguency enersgy.

A study was undertaken to determine if the S;3 signals
contained low frequency energy. Harthguake swarms were ideal

for this study because small shocks within the swarms were
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recorded without signal saturation on the NMEQ-500 seismographs,
a system with good high and low frequency responss. Large
shocks within the swarms were recorded well on the LR3M system
which does not have good high-frequency response.

Seismograms from microearthguakes swarms recorded on both
the LRSM system at SNM and a MEQ-800 located at WI are shown
in Plate 1. Both sets of seismograms, one for the LRSM and
the other for the MEQ-800, show strong 3;5 reflectlions; however,
the frequency content for both sets of data are noticeably
different, The dominate frequency for the IRSM records 1s
about 3 Hz while that of the MEQR-800 is about 15 Hz. Plate 1
also indicates that a lower frequency conmponent appears in the
978 reflections on the MEQ=-800 record. The mere existance of
this low frequency content in the 3,3 reflections rules out a

multilayvered section with thin layers.
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DISCUSSION

1. Distribution of Locatlons

Two general geophysical observations suggest that the
magms body at 18 km is undergoing inflation. The first is
the level line data (Reilinger and Oliver, 1976) that indicates
surface uplift above the magma body. The second observation
is the distribution of nmicroearthquakes, both in time and
space.

Approximately 7C percent of the activity in this study
ocourred in swarms: swarms being defined as 5 or more events
occurring within 12 hours from the same hypocenter. Figure 10
shows the distribution of these swarms from WMay, 1975, to 3eptem-
ber, 1976, lost of the swarm activity occurred over the known
extent of the magma body.

Earthquake swarms have been observed in the areas of
active volcanoes and areas that have had geologically recent
voleanic activity (Richter, p. 71, 1958). It also is belleved
by some that intrusion at shallow depths of magma was the
primary cause of the earthquake swarm near Matushiro, Japan
(stuart and Johnston, 1975).

The distribution of swarms of earthquakes at Socorro sug-
gests that magma is being actively injected into the 18 km
deev magma reservoir. The southerly positioning of these

itself southward.
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Figure 10. ILocation of all swarms in the Socorro area

from May, 1975, to September, 1976, with
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411 of the swarms outside the boundaries of the extensive
maxzma body, except one, are located between stations Wl and
CH. Bwarms in this region may be in some way related to the
proposed shallow magma bodies (8Shuleski, 1976) that surround
the area (see Figure 10).

Figure 11 shows all independent micrcearthquake“epicenters
with respect to the extensive magma body for the period May,
1975, to September, 1976. The general distribution can be
described as diffuse, Considering the numercus known major
faults in the area (see Sanford and others, 1972), one might
have expected the activity to be aligned along certain of these
faults, especially the ones bordering the rift.

The rift is an extensional feature formed by a stress
field having s maximum compressive stress in the vertical
direction and a ninimum compressional stress in the east-west

irection (Chapin and Seager, 1975, and Sanford, 1968).
Pault-plane solutions of 69 microearthaouakes (Shuleski, 1976)
indicate that nearly all microearthquakes are the result of
the same stress field,

An effect of the inflation of the extensive magma body
would be an uplift and a decrease of horizontal compressive
stress along the axis of the uplift. If the direction of the
new tensile stress coincided with the existing east-west least
compresgive stress, the probability of selismic slip would be
enhanced, This slip would not necessarily be identifled with
any particular pre-existing fault system and could precduce the

diffuse pattern of activity found in the Socorro area. 3tuart
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Figure 11. Location of microearthquakes with respect
to the extensive magma body. Areas of
shallow focus (€ 8 km) events are surround-
ed by dots. All other areas contain events
wlth depths of focus from 0 to 13.3 km,
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and Johnston (1975) have used similar stress models to explain
the diffuse gctivity of the Matushiro swarm.

A histogram (sze Figure 12) of depths of focus reveals
2 possible bimodal distribution~-one group of events with
depthe less than 8 km below the surfasce, the other with depths
creater than 8 km below the surface, The largest area con-
taining only shallow focus events (gee Pigure 13) is well
within the marging of the extensive magma layer, The second
area of shallow events is in the area between stations WT and
CM. All other areas contain a mixture of both deep and shallow
shocks. These mixed areas are gernerally located near the
southern margin of the extensive magma body.

Three explanations for the distribution of the depths cof
focus are postulated:

(1) Some time after the magma was injected, the desper
rock {(at depths greater than § %m) became heated and more
prone to creep rather than fracture. This could account for
the central areas of shallow shocks.

(z) The area of shallow events hetween stations WT and
oM 1s sufrcunﬂed by the shallow magma bodies proposed by
shuleski (1976)(see Figure 13). These shallow magma bodies
may influence the physical properties of the surrounding
rock enough to permit no deep focus events.

(3} The deeper events along the southern end of the

magma body could be a result of the southerly extension of

the magma into cooler reock.
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The shove hypotheses are highly speculative. The lack
of deen events in certain areas may conly be due to an inade-

guate data set.

2. Extensive Magma Body at 18 Km.

The depths of focus for all events used in determining
the relief of the discontinuity were known to within +2 km
and thus a scatter of T1 ¥m in depths te the discontinuity
was expected. However, Pigure 8, especially cross section 3,
reveals several data points outside of the expected scatter.
These data have depths of up te 2.5 km deeper than the pro-
poged diseontinuity. These deeper points would correspond To
depths of focus errors of up to 5 km. Tnasmuch as this large
an error is unlikely, a time delay of the 3,3 reflections
appears vrobsble. The shallow magma bodies suggested by
Shuleski (1976) might vproduce these time delays. The 3,8
reflections could be passing through areas of partial melt
which would have low 5 wave velocities. This explanation is
plausible comsidering that many of the deep data points do
occur in an area containing two of the propoesed shallow magma
bodies (compare Pigures 8§ and 11),

If delay times do exist for the SZS travel times, complete
asbsence of many of them cculd also be po&sible'through shear
wave gereening by masgma. Table 8 lists the percentage of
microearthquakes witnessed at 8 stations. There are consid-
erable differences in the number of reflectionsg recorded at
each station which suggests that some sort of mechanism 18

preventing certain stations from receiving all possible 3553
5 Z
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reflections, Also included in Table 8 are the psrcentage of
microearthguakes with small SV wave amplitudes (Shuleski,
1976). The order of both sets of data is exactly the same,
possibly suggesting that the amplitudes of SV waves and 3,8
reflections were reduced by the same mechanism. Only 40 per-
cent of the weak SV wave could be explained by fault mechan-
isms of the microsarthquakes; the other 60 percent were
explained by 8 wave screening (Shuleski, 1976)., Assuming
that these percentages hold true for the reflections, 355
screening could be real.

Two very small areas, shown in Flgure 14, produced no
true reflections, although many possibilities did exist
(see @igure 7). These two areas are in close proximity of
two proposed shallow magma bodies, The absence of reflections
could possibly be associated with S,5 screening by the two

shallow magma bodies,
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TARIE 8. Percentages of Microearthguakes Having Weak
3,9 Reflections and Small We/Wg Amplitude
Ratios at Seismograph Stations.

Station Percentagze of Percentage of

Microgarthauakes Microearthquakes

with Weak or No with Small( 1.5)

5,8 Reflections Wp/We Amplitude Ratios

ce 33 0
s8¢ 4o 12
WT 53 27
WM 58 373
IC 62 33
D 82 38
T 85 66
TA¥® 87 78

* The low percentage of 35,5 reflectlons at these stations
could be caused by the absence of a reflective layer on
the eastern side of the rift.
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PUTURE STUDIES

Much more work is needed to determine the amount of 3,5
reflection screening by shallow magma bodies. The large area
below station WT, which is surrounded by shallow magms bodles,
may sctually contain the 18 km discontinuitys however, all
evidence of it may have been screened by the bodies. BY
calculating actual travel paths of specific 3,3 phases, per-
haps particular volumes could be identified as causing the
screening. The procedure would be similar to that fellowed
by Kubota and Berg (1968) or Matumoto (1971).

At this time P wave velocities for the upper crust are
beginning to be determined through the inversion of travel
time data from local microearthguakes. Although a valuable
aid to modeling the crust, it is only useful for crustal
volumes above the focl. It may be possible to sample the
crust as deep as 18 km by inverting both 553 and S5,P data.
This inversion could also identify areas with low 3§ wave
velocities or high Polsson's ratios (areas of partial melt).

Because anomalous freguency and amplitude attenuation
cccur in partially melted areas, these two characteristics
should bhe investigated. The crust could be subdivided into
prisms and the anomoclous areas identified by inverting the
attenuation data. This would, of course, require a great

deal of diglitized data that was unavailable in this study.
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Up to this time the only detailed information about the
extensive magma body has been obtained along the southern
margin. #xtensive data collection north of 34,12°N is nec-

egsary to fully map the discontinulty.
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