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ABSTRACT

Arrays of 5 to 9 portable, high-gain (-10° magnification at 40 Hz)
selsmographs were used to record microecarthquakes from April, 1975,
through January, 1978, in the vicinity of Socorro, New Hexice. Eight
" wolumes in the crust have been proposed to explain anomalous absorption
of the higher Erequencies of 5 waves in the recorded microearthquakesa.
Crustal volumes with anomalous attenuation were defined by intersecting
raypaths, along which unusual high-frequency 5§ wave absorption was ob-
served. The degree of absorption was determined by measuring the dom—
inant frequency of the 5 wave using & zero-crossing counting technique
and relacing this quantity to Q, the quality factor. Approximately 5
percent of the raypaths examined showed snomalous § wave frequency at-
tenuation.

Five possible mechanisms for the anomalous absorption were consid-
ered (1) variation of source parameters, (2) spectra variation with
change in azimuth around the focus, (3) normal absorption for raypaths
traversing large discances, (4) station effects, and (5) raypath travel
through an anomalous crustal volume. The effects of the first four mech-
anisms are shown to be minimal. Partial melts, heated rock, or fluid-
filled microfractures could explain the fifth mechanism. Heated rock
appears to be the most likely explanation for the observations.

Three crustal volumes are defined which are most likely to be
associsted with magmaric intrusion (1) che region -3.5 km ESE of station
WT, in the Socorro Basinm (depth: ~3.2 km), (2) the region -3.0 km NW of
station WM in the southeast of the La Jencia Basin (depth: -4.6 km),
and (3) the reglon ~2.5 km ME of statiom 5C in the southwest of the

La Jencia Basin (depth: -4.1 lm). The depths given are the shallowest



pninta.nf the anomalous crustal volumes.

The relation Qufqa = vﬂfuﬂ is proposed (v = dominant frequency,
a and B refer to P and S waves, respectively). The nnrﬁnl, unattenuated
value of qu;qﬂ for the Socorro area is observed to be 1.60. The mean
values for the three anomalous volumes described above, as calculated
from the q“fﬂﬂ ratios associated with the raypaths defining the volumes,
are (1) 2.76, (2) 2.71, and (3) 2.29. The higher the ratio the greater
the absorption. The higher ratios are all attributable to an increase in

the absorption of 5 wave energy.

IRTRODUCTION

Microearthquakes have been recorded regularly in the Socorro area
since June 1960. In the past few years these events have been used to
investigate the presence of magma at intermediste depths bepmeath the
Bio Grande rift. BSeveral geophysical observations have led researchers
to believe that an extensive (-1700 km?) layer of magma exists at depths
of 18 to 20 km (1) diffuse geographical distribution of seismic activicy,
{2} unusually strong 5 to P {S:f] and 8 to § {S;EJ reflections, {3) high
heat flow, and {4) historical surface uplift (Sanford et al., 1976). In
addition to ;hiﬂl investigations research is presently belng conducted
to attempt to identify the spatial extent of shallower (<13 lm) magma
bodies whose source could be the deeper magma layer. Such research is the
goal of the study described in this report.

The purpose of this investigation was to map the volumes of crust
defined by intersecting raypaths along which frequency attemuation in the
5 wave of microearthquakes was observed. Assuming such attenuation to
be due to heated rock the crustal volumes so defined should approximately

locate volumes affected by partial melts at greater depths. Previous



related studies include (1) Shuleski (1976), (2) Sanford (1977), (3)
Hatumoto (1971), and (&) Eubora and Berg (1968). All these studies in-
volve the mapping of intersecting raypaths along which screening, or
nearly complete screening, of the 5 wave of microcarthquakes is observed.
In particular, Shuleski (1976) performed a complete analysis of fault
plane solutioms and Engles of dncidence 4n the Socorro area and deter-
mined that only 38 percent of the weak or missing S waves could be ex-
plained by these factors. The remaining 62 percent he attributed to
screaning by magma bodies.

Figures 1 and 2 are presentations of the results of Shuleski (1976)
as modified by Sanford (1977). The lines represent raypaths, drawn from
hypocenters to the stations at which screening was cbserved. Ratios of
P wave to S5 wave amplitudes are plotted to indicate the degree of screen-
ing. These ratios eliminate problems resulting from differences in
strength of microearthquakes and distances to recording stations (Shuleski,
1976). The tentative locations for four magma bodies are outlined; when
dashed lines are used the location is not well knowmn. The numbered points,
lying along the axes of the outlined regioms, are depths calculated to
raypaths crossing the axes of tha regions.

The basic measurement in this study was the counting of the number
of zero-crossings ubqerued in the S wave. This vas then converted to
dominant frequency. Microearthquake data were obtained from April 1975
to January 1978 using 3 moveable array of 5 to 9 selsmograph stations.
Considerable effort was made to obtain accurate hypocenter locations as
the accuracy of the final placement of the anamolous volumes depended

on correct raypath plotting.
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Figure 1. The § wave screening daca of Shuleski (1976),
as modified by Sanford (1977).
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Figure 2. The 5 wave screening data of Shuleski (1976},
as modified by Sanford (1977).




GEOLOGICAL SETTING

The area of inveacigation is located within the Rio Grande rifc
approximately 125 k= south of A.'llbuquerqum The rift is a major exten—
glonal structure formed by sast-west temsion beginning about 25 to 29
m.y. ago and continuing to the present (Chapin and Seager, 1975). The
rift extends from southarn New Mexiso iato central Colorado and consists
of a series of interrelated structural depressions with raised margins
having a general northern trend. The rifr penetrates the Souchern Rocky
Mountaing of northern New Mexico and southern Colorado, lies between the
Colorado Plateau and High Plains in central Wew Mexico, and merges to
the south in a complicated manner with the Basin and Range provinca.
Approximately 50 km north to 30 km south of Socorro the rift is further
modified by intergraben horsts believed to be only 9 to 10 m.y. old, sug-
gesting a recent crustal structural amomaly (Chapin and Seager, 1975).
The map shown in Figure 3 illustrates the general physiographic features
and locatioms of stations utilized in this study. Intergraben horsts
shown are the Socorro-Lemitar and Chupadera mountains, separating the
La Jencia and Socorro basius.

A large amount of evidence indicates that volcanic activity ac-
companied formation of the rift. The most active periods appear to
have been from 20 to 26 m.y. ago and from 5 m.y. ago to the present
{Chapin and Seager, 1&?5}. The first period of volcanism has basaltic
andesites associated wicth it, while true basalts dominate the flows of
very recent age in the Socorro .u:n-u.

A ribbon of high heat flow (>2.5 HFU) is roughly coincident with a
number of thermal springs occurring along the western margin of the rife :

(Reiter et al., 1975), the hottest and largest of which are located in



Figure 3. Fhysiographic features of the Socorro area,
goaismic station locations, and outline of the

deep (18 km) magma body (from Sanford, and
others, 1977).



the Enﬁtharn end of the Socorro-Lemitar mountains. This is also an area
of. very high heat flow (Sanford et al,, 1977).

The outline of the deep, extensive magma body located between 18
and 20 km in depth is shown in Figure 3. Dotted lines indicare bound-
aries where more data is required to map them accurately. The shape of
the body appears to be a thin, elongate 311l having a general norch-
south trend with its axis feollowing beneath the Socorro-Lemitar mountain
block. The minimum depth to the body of 18 lm is located beneath Socorro
Hountain. It deepens to approximately 20 lm along the margins (Rinehart,
1976). The body dips northward approximately 6° (Sanford, Alptekin, and

Toppozada, 1973).

INSTRUMENTATION

Twe basic types of portable seismic systems ware emploved throughout
the data collection period. For the interval April 1975 through January
1978, an array of 5 to 6 Sprengnether MEQ-800 analog recording units was
deployed. This basic array was supplemented, starting im April, 1977,
with two Sprengnether DE-100 dig;l.tnl recording units. In addition to
these units a Kinematics P5-1 analog unit was used to record station LAD
vhich is telknatered via telephone line directly to the campus of New
Mexico Institute of Mining and Technology. The HEQ—EﬁD seismographs
served as the primary source for the data. The DRplﬁﬂ systems were
mainly used to improve hypocenter locations by expanding and becrer de-
fining the arrays. They were also used to determine the dominant fre-
quencies of unattenuated F and 5 phases because they produced the best
h;gh—rlsnlutinn racords.

From April, 1975 to September, 1977 moat of the arrays were deployed

in the southern part of the area shown in Figure 3 (roughly south of



34°05'N). From September, 1977 to January, 1978, the arrays were to the
north (between 34°08'H and H"3I§l'lt}. However most of the data collected
was from the south and thus this study is primarily concerned with chac
area. -

The MEQ-800 seismic system records helically on a drum covered with
smoked paper at a wpeed of 120 % 9.5 mm/min. The gain stable smplifier
has settings ranging from 60 to 140 db in discrete 6 db intervals. The
most common settings used in the field were 24 and 90 db. Both lew and
high frequency filters were available. The low frequency filter was
always set at Out and the high frequency filter was set at either Out
or 30 Hz. The high frequency 30 Hz setting attenuated frequencies high-
er than 20 Hz, but d'.l‘.dlnm: seriously affect the response of the system
to the dominant frequencies observed in microearthquakes (P wave < 30 Hz).
Magnification response cruves for the system at both secttings of the high
frequency filter, Out and 30 Hz, are shown in Figure & for both the
Willmore vertical component (1.5 Hz natural frequency) and Mark-Froducts
LA-C vertical component (1.0 Hz natural frequency) seismometers.

Each MEQ-800 has a quartz crystal chronomerer which produces time
marks on the record at one minute intervals. The chronometers were
synchronized at the beaginning of each recording week with a cime afignal
from WWY and were checked for drifc ac the end of the week in the same
manner. The recording week generally started Monday morning and the unics
were retrieved Friday afternoon. During this time ﬁariud the chronometer
drift was assumed to be linear. This has been verified by trial runs of
the units in which twice-daily uhulu-mn made under field conditions
with the time signal from WWV. The maxisum .variation from linearity

found was approximately 0.03 sec, but most of the time the variation was
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mach less than this. The linear drift observed was alwaya less than
0.10 sec/day.

The two DR-100 units record digitally on magnetic tape cassettes at
g sampling rate of 100/sec. The amplifier gaiua were set at discrete
6 db intervals in the range 78 to 96 db. The filters were set ar High-
Out and Low-Out the entire time the units were in the field.

The seismometers for the DR-100 units were Mark-Products L4-C
vertical component geophones. A Sprengaether DP-100 tape playback unit
and Beckman Dynograph strip-chart recorder were used to obtain analog
records from the digital magnetic tapes. The strip-chart recorder pro-
duced an ink on paper record with a wide variety of playback speeds pos-—
sible.

Listed in Table 1 are the locations of the seismic stations occu-

pied during this study.

DATA ACQUISITION ARD REDDCTION _

Almost all of the primary data collected for this study (the counting
of zero—-crossings in 5 waves) were taken from the MEQ-800 records. The
entire set of records, from April, 1975 to January, 1978, was first
scanned by eye to pick out events that appeared to have attenuation of
high frequencies in the 5 wave but mot in the P phase. In doing this a
‘whiteout' criterion was used to make a rapid determination of this type
of attenuation. The recording pen leaves a white trace on the smoked
paper &5 the microearcthquake signature is written. At high frequencies,
individual, adjacent cycles are indiscernable and the trace leaves a band
of white. This is the definition of 'whiteour' and photographic examples’
are praaented.In Plate 1. However, at lower dominant frequenciea indi-

vidual cycles can be resolved and the zero-crossings counted. From
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Latitude
36.2068
36.1442
33.9501
34.1573
34,1075
34.0829
34.0658
33.9870
34.4583
34.3076

34,1305

34.1667
33.9924
34.0100
34.2234
34.0498
34.0120
34.0722
34.1454
34.4234
34.2725
34,4090
33.8950

13

Table 1. Location of Seismic Stations

106.8205
106.9812
106.9576
106.7785
106.8079
106. 8047
107.2361
106.9967
107.0375
106.6336
107.2425
106.7459
106.6253
107.089%4
106.9910
106.7751
106.9929
106.9459
107.2345
107.2075
106.7702
106.6818
107.0504
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measurements on records approaching this limic, it was found that the
lower frequency range in which whiteout was still observed was ap-
proximately 12 to 18 Hz. This frequency range was a function of trace
thickness and general background noise. In general, resolution om most
records was quite good and frequencies in the range of interest for this
study were readily obrained by the zero-crossing counting technique.
Thus, when firsc scanning the records by eye, events were chosen in which
the P phase showed 'whiteout' and the 5 phase exhibited easily counted
zero crossings. Examples of events meeting these :r?tlrll are ghown in
the photographs of Plate 2.

" After the initial selection and location of the attenuated event,
the zearo crossings were converted to dominant frequency using the re-
lation,

v = 2L +5)

where n is the number of zero crossings. The zero reference was defined
by extending the line of the undisturbed seismic trace preceeding the
avent across the signature of the P and 5 phases through the coda.

The final result of this event selection process was a group of
B3 microearthquake events in which the P phase appeared relacively un-
actenuated but the S wave showed an unusually low dominant frequency.
The total ousber of events examined was approximately 320. Assuming an
average of 5 raypaths per event, about 5 percent of the raypaths ex-
amined showed an unusually low dominant 5 wave frequency.

Two types of computer location routines were cmployed to determine
the placement of the hypocenters. The first was an iterative numerical
1ﬁvltitun method in which an initial estimate of the location and origin

time were input along with the times of the direct P arrivals at each
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of the stations in the array. The initial estimate for the origin time
was taken from a Wadati plot and the initial epicenter location was
determined from intersecting arce whose radii were based on 5-F times
obtained from the records at each station in ﬁhn array. An imitial
depth estimate of 7.0 km was usually made. Depth was the least well
determined parameter. Tinehart [19756) gives a detailed account of the
location procedure and errors involved.

After an acceptable location was obtained from the iterative rou-
tine the resulting origin time, along with the measured F arrivel times,
wereé used in a computer adaptation of the graphical procedure of inter-
gecting hemispheres described by Richter (1958). This program produced
4 map of intersecting cireles. Chords were dravn between the inter=
section points of the circles and the middle of the area defined by the
intersection of these chords established the eplcenter. The tightness
of the cluster of intersecting chords indicated éhe quality of the solu-
tion. If the chords intersected at nearly the same point, the solution
was considered good and no further modifications were made. If there
was a large spread in the intersection of the chords, the origin time
wag allowed to vary within 0.5 seconds of the Wadati origin time until
the tightesr cluster of chord intersections was obtained. Usually the
golution obtained in this manner was very close to the location produced
by the iterative ioversion program.

All the microearthquakes used in this study were located once fol-
lowing the above procedure. They werea then locared a second time using
the lecations cbtained the first tmm; as initial estimates. HNew station
corrections, discussed below, and, in some cases, new direct P arrival

times, were used in the second locations. The results from these gecond
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locations were then used in the study. Only the iterative, numerical
inversion routine was used for the second locations.
Corrections applied to the P arrival times prior to insertion in

the location programs were (1) clock drift, and (2) station correctioms.

* The clock drift for the four day recording week was agsumed to be linear

and separate drift curves were constructed every week for each unit in
the field. Station corrections were estimated by carefully meaguring
arrival times of explosions whose locations and origin times Here.ac-
curately knowm (Sanford, personal communication). Differences betwesan
theoretical and observed travel times for these explosions were attribu-
ted to effects of the peolopical column immediately beneath each station.
Once accurate corrections were knowm for five or more stations in the
array, other stntinﬁa without ecorrections eould be added to the array
one at a time and run through the iterative inversion routine. Residuals
obtained at the added station for a number of microearthquake events
were then used to determine a station correction for the added staciom.
Etation corrections obtained from explosion data and the iteracive tech-
nique are listed in Table Z.

Hypocenters were considered acceptable if (1) residuals calculaced
ﬁy the iterative inversion program were approximately equal to the timing
error (0.05 sec), (2) error bars calculated by the program were of the
order of the weighting used for each parameter (-1 km for longitude and
latitude, =3 km for depth and ~0.3 sec for the origin time), and (3)
standard deviations, as calculated by the program, were less than =~0.06.
Hypocenter locations meeting these criteria are listed in Table 3 along
with the best estimate of the error bars associated with each paramercer.

The events in Table 3 constituta the data set used in this study. Of

=
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Table 2. Station Corrections.

Scation Correction Mathod of Detersinacion

0.00 +
=0.11
=0.11
=0.11
=0.38
=0.44
=0.35
=0.42
-0.48
=0.11
-0.22
-0.22
=0.17
-0.32
=0.38 A
=0.12
=0.33
=0.47
=0.47
=0.15

* -0.18
=0.22

. explosion

freracive fuverszion
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Table 3. Acceptable Hypocenter Locations.

Date Origin Time Exrror Latitude Error Longitude Error Error
{sec) (kem) (km) (lem}
*5-22-75 (2) 11:36:28.59 0.18 33.9135 1.15 106.9572 0.34 3.6 0.67
7=30=75 (34) 21l:44:41. 40 0.17 34.0760 0.38 106.9236 0.30 12.7 1.1%9
8-8-75 (31) 10:53:57.55 0.12 34.0482 0.49 106.9194 0.28 9.6 0.99
B-19-75 (26) B:11:46.27 0.15 34,0440 0.28° 106.9698 0.30 11.5 1.18
*§-19-75 {3) 10:00: 5.85 0.46 33.9551 1.23 107 .0249 0.78 15.2 2.67
8-20/75 {33) 12:20:51.25 0.19 34.0749 0.40 106.9123 0.32 13.6 1.31
8-25-75 ({32) 19:37:40.23 0.15 34.0682 0.35 106.9194 0.29 11.8 1.13
9=-19-75 (13) B:42:57.19 0.08 34,0032 0.40 106.8620 0.20 1.7 0.95
11-5-75 (48) 16.35: 4.24 0.38 34.00%0 0.564% 107 .0956 1.45 13.4 2.10
11-7=-15 (22) 13:52:34.77 0.18 35.0251 0.37 107.0930 1.76 6.3 1.09
1-21-T6 (&) 145:18:27.96 0.20 33.9587 0.86 106.9595 0.32 8.5 1.31
1-23-76 {16) 2:53:32.71 0.29 34.0076 0.50 107.0418 0.76 10.8 1.97
1-23=76 (28) T:22:14.37 0.19 34,0499 0.45 107.0470 0.65 6.1 1.65
1-27=-76 (38) . B:37:43.36 0.53 34.1542 1.45 106.7963 1.33 15.7 2.92
1-29=TH {7) 183:245:27.27 0.16 33.9676 0.65 106, 9899 0.31 8.5 1.16
4=13-76  (6) 11:58:34.35 0.12 33.9760 0.41 106.9713 0.35 6.5 0.79
4=16=-76 (29) 9:33:42.54 0.15 34.0565 0.23 107.0212 0.34 7.8 1.20
4-20-76 {27) 2:52:19.50 0.36 34.0456 1.26 107.0705 1.47 9.0 1.14
®4-20-76 (36) 8:32:19.18 0.17 34, 1069 0.57 106.8428 0.46 3.4 1.96
4-23-76 (8) 5:57:59.16 0.42 34,0327 1.60 107 . 0787 1.77 9.7 1.27
8-10-76 {(19) 4:38:25.70 0.08 34,0109 0.45 107.0629 0.22 5.6 0.74
*k10-6=-76 (35) 15:12:40.83 0.33 34.0778 0.67 106.8017 1.32 13.4 1.76
10-7=-76 {17) 23:21: 9.70 0.16 34.0076 0.B8é 107.0367 0.23 9.8 1.12
2-9=-77  {20) 10:59:58.59 0.26 34.0173 0.56 107.0012 0.48 6.3 2.69
2-10-77 (37) 7:33:28.25 0.25 34.1230 0.95 106.9262 0.25 4.0 3.19
§-15-T7 (24) 6:35:36.68 0.12 34.0371 0.57 107.0637 0.35 .9 1.15
4=271=17 (18) 12:15:56.23 0.10 34.0011 0.48 107.0643 0.27 8.4 0.73
§=27=17 (21) 12:23:27.18 0.08 34.0178 0.33 107.0575 0.23 7.5 0.75
6=2=77 (2) 6:50:24.20 0.09 33,9993 0.46 107 .0665 0.27 7.4 0.69
6-3-77  (14) 3:49: 1.35 0.09 34. 0065 0.45 107.0619 0.26 7.8 0.72
6=-3=77  (43) 20:45: 2.77 0.16 34,2284 0.47 106.8973 0.47 10.9 1.95

£



Tabhle 3. Continued

Date Origin Time Error Laticude Error Longleude Error Depth Error

' (sse) (kn) (km) (in)
wE-3-77 (5) 23:01:18.86 0.15 33.9717 0.65 107 .0086 0.29 8.5 1.19
1=-14-77 (39) 10:00:32.48 0.05 34.1602 0.19 106.8688 0.19 7.3 0.58
1=14-T7 (23) 20:24:16.50 0.09 34.0347 0.31 107.0523 0.22 9.1 0.79
7-19=77 (42) 6:16:54.87 0.10 34.1581 0.37 106.8744 0.29 4.1 1.54
8-17-77 (44} 2:20:20.18 0.13 34.2877 0.23 107.0506 0.27 11.0 1.86
8-18-77 (40) 9:30:13.35 0.10 34,1609 0.30 106.8760 0.26 4.8 1.28
8-19-77 (15) 9:28:22.57 0.12 34.0072 0.55 107.0675 0.31 9.6 0.92
8-24-77 (10) 11:22:35.40 0.11 34 . 0009 0.43 107.0539 0.28 9.8 0.87
9=1=77  (30) 18:20: 2.29 0.14 34.0582 0.32 106.7625 0.69 8.3 1.19
9-1-77 (11} 21:58:48.35 0.12 34.0025 0.45 107.0415 0.27 9.9 0.98
9-2-77  (45) 13:29:30.83 0.38 34.3206 1.46 106.7799 1.34 15.3 1.38
9-20-77 (25) 1:20: 8.62 0.10 34.0376 0.55 107.0509 0.23 10.4 0.85
9-21-77 (&1) 6:19: B.46 0.05 34.1658 0.25 106.8784 - 0.17 3.9 0.91
9-22-771 (47) 5:20:27.38 0.11 34.3506 0.37 106.8960 0.24 7.4 2.9
9-22-717 (46) 19:19:16.39 0.09 34.3329 0.23 106.8897 0.21 11.5 1.13

Iz
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the 83 events observed to have significant S wave frequency attenuacriom,
47 were unable to be used because of either (1) a poor hypocenter loca—-
tion or, (2) insufficient stations in the array to produce a reliable
location (two stations or less). Also included in Table 3 are the lo-
cations of five microearthquakes in which no attenuation of either the

P or § waves occurs at any of the recording stations (dates marked by an

asterisk).

THEORETICAL DISCUSSION

Suggested causes for artenuation of the 5 wave in microearthquakes
are (1) variation of source parameters, (2) lpnctfn variation with change
in azimuth around the focus, (3) normal loss of the higher frequency
components of the spectra becsuse of the distance traversed, (4) station
effects, and (5) travel through an anomalous volume of the crust.

It is well known that earthquake spectra are a function of certain
source parameters. Among the most important of these are fault size
{dislocacion area) and velocity and acceleration of rupture. In addicien,
magnitude and stress drop can h; calculated from an analyeis of earth-
quake spectra. For a complete discussion of these parameters see Brune
(1970), Inn;nff and Mouton (1975), and Randall (1973). For the same
source model, however, the spectra for the P and 5 waves should be iden-
tical ac the time rupture occurg. Thus if an abnormally low dominant
!rtqueﬁay is observed in the 5 wvave it should also be present in the P
wvave if source parameters are the only cause. Events in which P and §
have similar frequency content are showa in the photographs of Plate 3.
The effect of source parameters was eliminated in the data ¢nlllctinﬁ
process by choosing only those events in vhich the frequency content of

tha 'S wave was substantially lower than the P wave.

*
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Variation of the spectra with change in azimuth around the focus is
the second possibility. Due to the unequal distribucion of emergy prop-
agated by the P and 5 radiation lobes (double-couple point source model)
there could conceivably be some variacion in r..'lu S wave spectra vhich
would not necessarily be duplicated by the frequency content of the P
wave. Douglas, Ryall afdd”Willlams [1971) perFormed a study on the vari-
ation of spectra with azimuth for microearthquakes in central Nevada.
They averaged groups of spectra to eliminate peculiarities in individual
records and considered events at approximately the same hypocentral dis-
tance. For the lengths and smplitudes of the seismic signals analyzed
they concluded that the § wave contributed most significantly to the
Pourier amplitude spectrum. They found, for six separate eveant groups,
representing an azisuth range of approximately 140°, that there was no
systematic variation of the spectra.

The third consideration is the normal losa of high frequency ob-
served for raypaths traversing long distances through geologically com-
plex volumes of crust. It is well documented in the licerarure (Sanford
and Holmes, 1962, Douglas, Ryall, and Willisms, 1971) that such losses
occur and that the S wave, due to its transverse mode of propagation, is
more susceptible to loss of the higher fregquency spectral components
than the P wave. However, from observations of the wave forms of micro-
earthquakes arriving at stations from great (>30 km) discances it is
quite apparent that the § wave suffera lirtle of the unusual frequency
attenuacion of the type present in the data used in this study. A lisc
of events of this type is presented in Table 4. In addition, an average
dominant frequency was obtained for unattenuated microearthquakes, as

they appear at stations FH, CC, WT and SC, from a zero-crossing counting



Event

Table &, Events with Unattenuated Arrivals at Distant (>30 km) Stations.

Origin Time

Approximate

Hypocentral Distance (km)

9-19-75

11-5-75
6-3-77

1=14-77
7=-19-77
B-18~77
9-1-77

9-20-77

9-21=77
9-22-77

9-22-77

B:42:57.1%9

156335: &.24
20:45: 2.77

10:00:32.48
6:16:54.87
9:30:13,35
18:20: 2,29

1:20: B.62

6:19: B.46
5:20:27.38

19:19:16,39

8.7
3.1
41.2
30.6
3.2
34.5
ir.3
33.5
33.5
45.4
46 .4
49.9
41.8
.3
32.2
39.7
33.0

Recording Station

RRYRARORRRABERRERES

9z
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analyeis of a random gelection of events recorded on the digital DR-100
units. This data is presented in Table 5. These results were considered
typical of microearthquake activity in the Socorro area. The avenrs
listed in Table 5 were considered "normal' for the area in that they
possess the frequency requirement for whiteout on an MEQ-800 record.
The dominant frequency found for the P wave was 19.7 Hz (s.d. 1.5 Hz),
the 8 wave was 12.3 Hz (s.d. 0.3 Hz). Considering the wide range of
hypocentral distances and amplitudes included in this analysis, the
standard deviations for the dominant frequencies are quite small. This
alse indicates that frequency attenuation in the S wave is not strongly
dependent on the distance, alone, traversed in the crust of the Socorro
area.

The fourth pqssibilitﬁ is that anomalous S wave frequency attenuation
oceurg in the near surface geological column directly beneath the stations.
Whenever possible, the stations were located on solid rock off the deep
alluvial f1l1l present in much of the La Jencia and Socorro basins, so
that this effect should have been minimized. However, the station cor-
rections wh;nh appear in Table 2 indicate that there may be substantial
differences in geology beneath the stations. To determine if this was
a factor influencing the spectra of the 5 wave, seismograms showing unat-
tenuated S waves, for a varied azimuth range, were found for each srtation
showing anomalous 5 wave atttnuntinm. except BG. The special case for
the station BG will be discussed under conclugions. These unattenuated
raypaths often travelled through the same station material the attenuated
raypaths traversed. Stations for which this occurred are CM, 5C, M, DM,
CC, GM, and WG. A list of the events which were sources for these ray-

paths, and the starions at which they were observed, unattenuated, is



Table 5. Data for Determination of Unattenuated
Dominant Frequencies.

Approximate Recording Dominant P Wave

Event
_Date Origin Tima _Stati
5=30-77 6155 sC
5=30-77 7:01 £C
5~30-77 7:25 &C
5-31-77 5:48 sC
6=-2-77 6350 sC
6=3-717 3:49 sC
8-9=77 9:50 WT
8-11-77 9:54 cc
8-17-77 12:08 cc
8-17-77 14:14 cc
8-18-77 8:11 cc
9=1-77 21:59 WT
9=-22=11 5:20 WT
10-18-77 8:16 sC
11=15=77 19:02 FH

Dominant 5 Wave

Frequancy Frequency
19.56 12.11
1 i7.77 12,42
23.10 12.11
18.73 11.83
18.39 11.50
19.60 12,49
17.46 10.97
22.32 12.70
17.42 12.29
19.53 11.68
19.11 12,16
18.06 12.47
19.55 11.95
20.71 13.48
23.99 14.13
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given in Table 6. Assuming, more generally, that the geological section
beneath each station is approximately uniform azimuthally near (~0.50 km)
the station, then the higheat dominant frequency S wave observed passing
through that section should be close to the value cbserved for every inm-
coming travel path. This assumes the ray has not already passed through
an anomalously attenvating voluhe. If this iz a valid approximation,
then the observaction of just a few unattenuated raypaths at a station is
sufficient to jusctify minimizing station effects as the cause of the
anomalous 5 wave attenuvation. Purthermore, the eriterion that the P wave
be high frequency when atrenuation is observed in the S wave is also
benaficial in eliminating scation effects, as one would expect some at-
tenuation of the P wave to occur for such great attenuvation in the 5§ wave.
This would be particularly true for attenvation due to the scatic fric-
tional dissipation encountered in granular media. The manner in which
the data was collected precludes this possibility. Thus, station effects
alone do not seem to be able to account entirely for the frequency atten-—
uation observed in the S wave.

The fifch possibilicy is an anomalous region in the crust through
which the raypath traverses, which causes the observed frequency atten-
uation in the S5 phase. Walsh (1969) has theoretically analyzed a model
of partially melted rock. The model consiscts of tha melt occurring as
thin films along grain boundaries. The melt thus makes up a very small
fraction of the total volume of the roeck. Walsh derived expressions for
the complex bulk modulus and rigidity. He found thar rigidity and at-
tenuation in pure shear depend on the number of sites at which melting
has occurred rather than the total concentration of the melt. Response

in pure dilatation, though, is s function of concentration alone. The



Table 6., Unatcenuvated Raypaths for Determination of Station Effects.

Event

Date __Approxipate Oricin Time Recording Sta s
5-22-75 11:36 cc, o
7-30-75 21:44 o, cC
8-8-75 10:53 ' S
B-19-75 8:11 sC, CC
§-19~75 10:00 cH, SC
8-20-75 , 12:20 M, SC
B=25=75 19:37 cC
9-19-75 8:42 o
11-7-75 13:52 cc
1-23-76 2:53 sC
4-20-76 8:32 oM
42376 5:57 oM
8-10-76 4:38 NG
10-6~-76 15:12 oM
2-9-77 10:59 NG
2-10-77 7:33 cc
4-15-77 6:35 e
4-27-77 12:23 cC
6-2-77 6:50 o
6-3-77 20:45 o
6277 23:01 oM
7=14=77 10:00 G
T1=19=77 6:16 GM
8-17-77 2:20 oM
8-26=77 11:22 NG
9-1-77 18:20 M
9=1-77 21:58 NG
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result is that attenuation in pure dilatation is low and bulk modulus is
approximacely equal to the value obtained for ummelted material. Thus
for a partial melt of very low total concentration one would theoreti-
cally expect a great effect on the § wave spectra but little or no change
in tha P wave spectra.

Due to the diTFiculty of reproducing the condiclione of a partial
melt in the laboratory direct experimental verification of the rtgulta
outlined above is lacking. However, Spetzler and Anderson (1968) were
able to study the effects of another type of partial melt on attenuation
in longitudinal and shear waves. They inveatigared the attenuating prop-
erties of a simple binary system of HaCl:H;0. Research was conducted in
the range from a complete solid at low temperature to a 17 percent melt
at higher temperatures. As a solid the system was a mixture of Hp0 (ice)
and MNaCl+2H,0. At higher temperatures the syatem was a mixture of ice
and WaCl brine. In the completely solid regime, seismic velocities and
Q (quality factor) changed slowly with increasing temperature. At the
onset of melting, though, there was a marked decrease in both seismic
velocities and §. The authors concluded that a small fraction of .liquid
has a large effect on seismic velocities and (, and that the shear wave
was considerably more affected than the longitudinal wave. In additionm,
the most dramatic and pronounced effects occurred at the onset of melring
rather than in melts with higher percentages of fluid. These conclusions,
obtained experimentally, are remarkably similar to the theoretical ra-
sults obtained by Walsh (1969).

A study more closely related to the sitwvation believed to exist in
the Socorro area is the work done by Matumoto (1971) in the vicinity of

Mount Katmai, Alaska. He observed che absence, or almost complete



absence, of the § wave for certain microearthquakes recorded in that
reglon. Shuleski (1976) observed a similar effect in the Socorro area.
The 5 wave screening observed by both Matumote and Shuleski was explained
by the passage of the raypath in which sereening was observed through a
magma body or chamber. Matumoto also observed some attenuation of the
higherx frequénci:s in the P wave spectra for the cases in which the S
wave was complecely absent. This also appears to be the case, to a
lesser degree, for some of the events used in this study. In some cases,
parts of the F wave would not always completely fulfill the whiteout
criterion discussed above. This indicates that, for the more severe
cages of 5 wave attenuation, the P wave is also affected o a lesser ex-
tent. The effect was never so great, however, that an accurate measure-
ment of the dominant frequency of the P wave could be measured by the
zero-crossing counting technique on the ME(Q-800 records.

From the discussion above it is apparent that a partial melt of very
low liquid concentration has an abrupt and significant effect on shear
waves. It is possible that the magnitude of the attenuation observed
in the shear waves of microearthquakes in the Socorro area is not severe
enough to warrant postulation of a partial melt. Instead, the anomalous
regions may be volumes of very hot rock at a temperature well below the
liquidus. This could result in a less severe absorption of the seismic
enargy of the shear wave than Hﬂuid ba the case if the 5 wave traversed
a volume of partial melt. Evidence for this possibiliry is indicated in
a paper by Solomon (1972). The relevant results are presented in Figure
5. The increase of Q, first seen in the samples for moderate tempera-
tures, is probably the result of a loss of moisture. However, at higher

temperatures (approximately 450°C to 500°C) the trend abruptly reverses
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. and a significant decrease in Q occurs. Tha effect is observed up to the
last temperature plotted (600°C) for all samples. The experiment was
conducted at surface pressure. Extrapolation of these results to higher
temperatures could lead to a valua for @ which explains the absorption
" of seismic shear wave eneérgy in the Socorro crust.

From the results dbrained in the studies discussed above it appears
that a low value of  for shear waves propagating in the vicinity of a
partial, or near partial, melt leads to a selective loss of the higher
frequencies in the amplitude specrtra. This vields a decrease in the
dominant frequencies observed on the seismograms as measured by the zero—
crossing counting technique. From che magnitude of the decrease observed
in the 5§ wave, a :rqﬂtal anomaly that could be postulated is a volume of

heated rock whose temperature is somewhere below the liquidus.

INTERPRETATION

Primarily, the interpretation of the data consisted of mapping the
raypacths along which attenuation of high frequencies occurred in the S
phase. The volumes of crust defined by the intersection ;f these ray-
paths were then identified as possible regions of heated rock. The ad-
ditional séipqlntinn that these regions be free of hypocenters was also
considered in their Einnl placement. The high temperatures in a volume
of heated rock would preclude the buildup of the elastic strain energy
required for microearthquakes to occur. The high temperatures are thus
assuméd to promote stable sliding rather than stick-slip movements in
the volumes of heated rock (Brace and Byerlee, 1966).

Also considered in the analysis were those raypaths along which no
frequency attenuation in either the P or S waves was observed. Theoret-

ically, <hese raypaths should not cross the reglons of heared rock and



were thus used to eliminate anomalous areas which appeared at more than
one location along a raypath.

A three-dimensional scale (0.392 in. = 1 km) model was constructed
to aid in the spatial placement of the volumes. The general layout of
the model may be seen in the photographs of Plate 4. The model consists
of a styrofoam base (2 in. x 2 £ft. x 2 ft.) with four plexiglass rods
mounted perpendicular to the base at each of its four cormers. Supported
horizontally on these rods is a plexiglass sheet (0.25 in. x 2 ft. x 2
ft.) with its top surface parallel to the styrofoam Pnse. 7.84 in. (20
km) above the base. The top surface of the plexiglass sheet is-a map
repregenting an area which extends approximately 33.7 km W, 27.8 km E,
16.5 km S, and 44.8 km W of Socorro (total area: 3748 km?). Marked on
this map are the major townms, selsmic stations used (two and three letter
designations), and the epicenters (numbered)}. Below each epicenter is a
black polystyrene bead (average diameter: -0.25 in.) mounted on a 2 mm
dismeter glass rod supported in the styrofoam. The distance from the
top of each bead to the top surface of the plexiglass sheet is the model
depth for the respective hypocenter. The size of the beads gives a rough
idea of the .error bars associated with a typical hypocenter locarion.

See Table 3 for the acrual error bars associated with a particular hypo-
center. Attached to the tops of the beads are cthreads representing
geismic rayparha. The threads lt; of three different colors, represen-
ting three separate groups into which the data was subdivided (1) blue,
raypaths where both P and S waves are unattemuated, (2) yellow, raypaths
where the P wave is unattenuvated but the 5 wave is (8 Hz < v, < 12 Hz),
and (3) red, game as (2) but the range for dominant S wave frequency is

Bt 8Hz. The threads are attached to the stations at which raypaths

L}
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Plate 4. Top views of the three-dimensional model.
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Plate 4. (Continued) Side wviews of the three-dimensional model.
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exhibiting criteria (1), (2), or (3) wera observed. The dara was sub-
divided into groups (2) and {3]Itn attempt to define portions of the
ancmalous volumes which were of higher temperature tham others. It was
thought this would also indicate the nampltxiﬁy of the shapes of the
attenuating volumes.

The primary wdvantages of using the three-dimensional model rather
than a simple two-dimensional surface projection for interpretation are
(1) regions can be defined which appear to overlap an area of epicenters
at the surface, (2) minimum depth to the region is easily defined, and
(3) interpretaction of raypaths of type (1), which pass close to raypaths
of type (2) and (3), iz easier.

The main ubjectiv; of interpretation using the model was to explain
as many of the attenuated raypaths as possible with a minisum aumber of
volumes. Pieces of aluminum foil were used to experimen: with placement
of the volumes as they were readily able to be moved npnut and introduced
into the spaces between the thread. It became immediately cbvious during
placement that the attenuating volumes are not of simple shape but highly
irregular. Eaypaths of type (2} and (3) crisscross the zomes with no ob-
» vipus systematic spatial wvariation. Often, type (1) raypaths cross near
a cluscering of type (2) and (3) raypaths, further indicaring rthar not
only are the volumes complex in shape, but the boundary between the at-
tenuating volume and country rock is probably quirce sharp. Some of these
features may be seen in the photographs of Plate &. The final approxi-
mate locations of cthe attenuating volumes are represented by the place-
ment of the eight pieces of aluminum fﬁil- The long stems attached to
the upper, broader portions of foil have no physical meaning, but only

serve to support the upper part of the foil in the correct position.



Eight separate volumes have been proposed to account for all but
three of the attenuated raypaths. Two of these raypaths cross areas in
which there is otherwise very little data. Thur are comuon to a region

approximately 7 km southeast of the scation SL, ac a depth near & km,

" but there is not enough data to postulate an anomalous volume. The third

raypath (froa hypocenter {37) to M) also crosses a region lacking in
data. No attempt has been made to explain its presence. It is interes-
ting to note, though, that the error bar for the depth in the location
of event (37) is unusually large (3.19 km), indicating that whatever is
causing the absorption may exist at a greater depth than appears to be
the cage from the depch liscted in Table 3 for the hypocenter.

The locations (longitude, latitude, and depth) of the eight proposed
volumes, as well asg the number, type, and hypocenter origin of the ray-
paths used in the interpretation of each volume, are listed in Table 7.
The epicenters of the events listed in Table 7 are plotted in Figure 6.
Unattenuated raypaths used in the interpretation are listed as well.
Figures 7 and 8 show maps of the locations of the attenuating volumes
relative to the epicenters of the study, the surface projections of the
attenuated raypaths, and the general physiographic features of the
Socorro area. The lacitudes, longitudes, and depths given in Table 7
roughly locate the shallowest points of the tops of the anomalous zones.
In Figure 7, ctype (2) raypacths indicate potentially lower temperature

rock than type (3) raypaths.

CONCLUSTONS
An alternate interpretation to the heated rock theory to explain
the absorprion discussed above is suggested by the work of Wallace (1978).

He relates microearthquake swarm activity to magmatic intrusion in the



Table 7. Locations of Proposed Attenuating Crustal Volumes and the Defining Raypaths.

—Longitude

106.8591

__Latitude

Depth (ka)

34.1734 -

2.9

|_Hypocenter Origin##

Raypaths Used for Volume Location

47
46
41
40
42
a9
43

|_Recording Station

106.9194

34.9573

3.2

34
32
33
20

106.3096

33.9988

3.4

3
38
13
30
13
13

106.9610

33.9686

3.6

7

34
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Table 7. Continued

Voluma® Longitude

4 106.9610

Laticude

33.9686

3.6

EIHQH Used for Volume Location
Hypocenter Origin##

Recording Station

33
26

5 107.0132

34,0310

4.6

6 107.0483

34.0314
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Table 7. Continuad

Vol ume * Longitude Latitude Depth (km) Raypaths Used for Volume Location
' Hypocenter Originhw Type Racording Station

7 107.0651 34.0496 8.7 25 2 M
27 2 cC

8 3 BG

27 1 WT

8 107.0752 34.0156 4.1 22 3 CH
11 2 5C

3 1 sC

15 3 sC

21 - 2 sC

9 1 o

48 3 M

24 2 5C

19 1 HC

19 2 sC

16 1 SC

* See Figure 7 for crustal voluma coding
**% See Figure & for hypocenter coding

4
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Figure B. The positions of the eight proposed attenuating volumes
of erustal rock relative to the physiographic features
_ of the Socorro area.
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Socorro area. He concludes that the model most likely to explain seis-
mic swarm activity and an associated high b-value (1.38) starcs wich
microfracturing of the crust due to magma injection, possibly to
dilatanecy, then strain release occurring at some later time due to the

* eirculation of hydrothermal solutions migrating to the zome of micro-
fracturing. If the wrolume of microfractures makes up a significant per-
centage of the total velume of the rock, and the fractures are fluid-
fillad, then it is possible that this could cause the type of nhs&rp:inn
ocbgerved in the 5 waves in this study. These volumes would still approx=
imately define the possible position for partial melrs, as the micro—
fracture zones would probably occur above, and adjacent to, a partial
melt. They would then appear, as would the volumes in the heated rock
theory, at a depth shallower than the partial melt.

Wallace further concludes that microearthquake swarms, for the most
part, will be confined to crustal regions adjacent to shallow magma bod-
ieg and that the high b-value indicared above reflects structural heter-
ogeneity. Figure 9 i3 a map locating the swarms used by Wallace relative
to the surface projections of the eight proposed attenuvating volumes. In
many 1n!t!qt!!, there is good correlation between the swarms and atten-—
vating volumes in that the swarm activity often appears adjacent to the
anomalous volumes. The depth of the swarms is generally deeper than the
anomalovs volumes. The diffuse nature of the swarm activity in the south-
ern La Jencia basin indicates a great structural heterogeneity which may
accompany the presence of the large number of attenuating volumes pro-
posed in that area. Only one swarm appears to be assoclated with the
volume appearing southwest of the station BG. This could be the result

of a data set which is less ineclusive than the one used in this study.
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Wallace used data from June, 1975 to June, 1977. The seismic arrays
were moved farther north soon afterward, emhancing the collection of
data in the area around the station BG.

0f the three theories presented to explain the anomalous absorption
occurring in the § wave, (1} partial melting, (2) heated rock, and (3)
fluid-filled microfractures, the second appears to bhe the most probable.
The observed absorption may not be great enough for a partial melt to be
the cause, and the percentage volume of fluid-filled microfractures may
not be great enough for this to be a cause. As is pointed out in the
Appendix, absorptiom of energy in ordinary rock matrix pore space, filled
with fluid, is insignificant for seismic frequencies (<100 Hz). If the
amount of fluid present does not make up a significant portion of the
rock volume, it will have little affect on absorption of seismic shear
wWave energy.

One of the primary assumptions made in the interpretation above is
that dominant frequency is directly proportional to the quality factor,
Q. Thus a decrease in dominant frequency has been associated with a low-
er ) value and inereased absorption. A relariooship between § and dom—
inant frequency, v, has been proposed and justified in the Appendix.

The relevant relation is,

uﬁ;nﬁ = *-ruhrﬂ . (2)
where the subseriprs ¢ and B refer to P and § waves, respectively. The
value of this ratio, using the unattenuated dominant frequencies deter-
mined from the data in Table 5, is 1.59. An inereage in thisz rarcio
should indicate that Qﬂ iz decreasing relative to Qu and thus the absorp-
tion of the shear wave is increasing. Table 8 lists all attenuated ray-

paths with their associated Qﬂfﬂh ratios. In the calculation of the racie,
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Table 8. Attenvated Raypaths and Associated qumﬂ Ratios

Raypath Qnmﬂ
Hypocenter Origin* Recording Station

34 ™ 1.71
33 ™ 2.05
3l | 3.85
26 M 2.11
32 FM 3.24
13 M 2.55
38 e} 3.22
& o 2.96
20 DM .02
37 1] 3.96
21 ac 2.37
14 oM 1.89
43 DM 2.66
39 BG 2.43
48 | 3.17
4 cH 2.55
28 oM 4.22
7 o 3.08
29 cM 2.59
27 cc 1.80
8 BG 2.91
19 sC 1.70
24 sC 2.00
18 cc 1.82
9 DM 1.94
42 BG 2.51
15 5C 1.75
&6 M 2.25
41 BG 2.27
25 GH 2.33
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Table 8. Continued

Reypath Q,/q,
Hypocenter Origin* Recording Station

22 cH 3.09
45 cC 2.22
40 BG 2.40
b4 DM 3.36
23 M 2.40
&7 ™ 2.45
10 cc 1.90
17 oM 2.89
16 DH 2.71
11 SC 1.97
0 RG 2.31

*See Figure 6 for hypocenter coding
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the dominant frequency of the P wave was assumed constant, within one
standard deviation, of the value 19.7 Hz. This was considered a good
approximation for P waves Euliiliiug the whiteout criterion. The larger
the ratio, the greater is the absorption of 5 wave relative to P wave
energy and, presumably, the hotter is the material the assoclated ray-
path has traversad. ZIThis does anor alrer the results obrained above but
serves to relate those results to a more appropriate measure of absorp-
tion, Q, appearing in the literature reviewed in the theoretical discus-
slon section.

By averaging the raypath values of qﬂ;qﬂ which define a particular
volume, it is possible to assign a mean relative absorption facter to
that volume. Table 9 lists the volumes determined in the interpretacion
section and their respective mean qﬂ;qﬂ ratios. These values are pos-
sibly low as an average for the entire volume, because the raypaths used
to locate the attenuating volumes probably define their boundaries. S
waves traversing the center, hotter portions uf.the vnl#ue: are likely
to be completely screcned. This argument primarily applies to the par-
tisl melt, or perhaps heated rock theory, to explain the anomalous vol-
umes. 1f the absorption is due ro fluid-filled wicrofractures, the Qﬂf
QE ratios will be cleser to the true average for the entire volume as
there should be little change in the absorbing characteristics of the
center of the region relative to its boundaries. 5 wave energy should
thus be able to propagace through all parts of the volume. Whatever the
cause, the ﬁ;lull listed in Table 9 are directly proportional to the
amount of absorption occurring within the respective anomalous volume.

It should be emphasized that a good deal of potemtially wvaluable

data had to be eliminated due to poor hypocenter locations. It should
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Table 9. Proposed Attenuating Volumes and Associated qa.fqﬁ Racios.

Volume Hean E'EE_ Standard Deviation
1 2,42 0.14
2 2.76 1.07
3 2.98 0.69
& 2.68 D44
3 2.71 0.85
6 2.06 0.31
7 2.35 0.56
g 2.29 0.61
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not be assumed, therefore, that all possible anomalous cruscal volumes
have been located, nor that the ones that have been located are accurate.
The volumes which are probably related to shallow magmatic intrusion,
and which are most accurately located, arae (li the region to the east

of WT (depth: -3.2 km), (2) the region to the northeast of SC (depth:
4.1 lm), and (3} the reglon to the northwest of WH (depth: -4.6 km).
The poorest established relation between a proposed anomalous volume apd
magmatic intrusion is for the region southwest of BG. Most of the ray-
pactha which defined the volume were observed at BG, & station where the
absorption effects of the local geology could not be accurately deter-
mined. For each of the attenuated raypaths, the F wave conformed to the
whiteout criterion, but an 5 wave was never observed at BG which satis-
factorily fulfilled the whiteout criterion. Control of station effects
was thus not as complete as for the other stations. The spatial extent
of intrusive activity near BGC may be such that it is rare to observe un-
attenuated § waves from the areas of microearthquake activity located to
date. It is for this reason, and the observation of additional raypaths
traversing the volume which are seen attenuated at stations other than
BG, that the volume has been included.

Future studies could reveal that many of the proposed attenuating
volumes are related or comnected to each other. To obtain a truly ac-
curate and detailed model of the variation of ) within the crust a great
deal more dgta is needed. Preferably, this data Hﬂuld be in digital
form 8o that a detailed gpectral analysis of each raypath could be made.
This would allow the absolute ﬂetermi;atiun of § for both P and 5 waves
for each raypath. The crust could be subdivided into cubes and the ray-

paths plotted within the subdivided volume. Each time a raypath crossed



- & cube the cube would have that value of Q assoclated wicth it (see Figure
10). All Q values for each cube could be averaged and the standard de-
viation calculated. Those cubes with Q values possessing an acceptably
low standard deviation would be assigned rhacr Q value. Q could then be

" three dimensionally contoured, or ancomalous volumes constructed from

cubes with similar Q valuesa. With a sufficient amount of data the entire
analysis :uulF be readily performed on a digital computer with a graphica
terminal. The final output might be most revealing in the form of a lucid,
three-dimensional plot in which all the cubes are shown marked in their

centers with their respective mean § values.
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Figure 10. Top view of subdivided volume. The cubes take on the values
of the rayvpaths crossing chem.
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Abstract

Five loss mechanisms have been reviewed as to their importance in
absorption observed in shallew (<20 km) crustal materials for a frequen-
cy range of <100 Hz (1) solid frietiom, (2) viscous, (3) relacive motion
of pore fluid and rock matrix, (4) thermoelastic, and (5) nonlinear theory.
Parameters {3) and (5) are insignificant, (1) dominates by far, while
(2). and (54) are less domipnant. The quality factor, @, is found to be

-D.Dlil 10—3 < £ 10?.

essentially independent of frequency (Q = 213f
Attewell and Ramana, 1966). The relatiom thqﬂ = unﬁuﬂ {a,B refer to P
and § waves, respectively; v is dominant frequency) is proposed. qufqﬁ
iz then 1.60 for the Sccorro area as calculated from microearthquake data.

It is showm how Qﬂfﬂﬂ can be used as a valuable constraint in earch

modelling.

Introduction

The primary purpose of this paper is to review some of the different
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mechanisme ugzed to explain seismie absorptien in shallow (<20 km)
crustal materials. A realistic earth mechanism will then be justified
to explain the absorprion observed in the laboratory and field. Some
idea of the magnitude of Q for the crust will also be determined. In
addition, an effort will be made to formulate, as quancitarively as pos=-
slble, a relation between the relative amounts of attenuvation of compres-
glonal and shear waves in the range of frequencies of interesr in seis-
mology and seismic prospecting (<100 Hz). Finally, these ideas will be
extended to the Socorro area and an indication of the degree of absorp-
tion normally oceurring, estimated, by noting the frequency content of
natural seismic activity (microearthquakes).

Attenvation in.seismic waves is due to a variety of sources. The
factors involved include geometrical spreading, energy loss at a reflec-
ting boundary, dispersion, scattering, diffraction, and abaorption. The
attenuation to be discussed in this paper is concerned only with the last
of these, absorption. Absorption iz a function of composition of the

ymaterial in which a seismic disturbance is propagating and indicates in-
elastic effects are operating within the material. Through absorption,
the energy of a travelling wave is ultimacely transferred completely to
the propagation msterial in the form of heat, resulting in disappearance
of the wvave morion. If the effect of absorption cam be measured accu-
rately, and the additional quantities listed above accounted for, thea
the value obtained for the absorption could be used to identify the prop-
agation material. Conversely, knowing the material composition estab-
lishes the absorption factor and provides a valuable constraint in var-
ious seismic investigations. This is the value of obtaining a sound

theoretical and experimental understanding of the variation of absorption
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with composition of propagation material.

_ A large number of interrelated quantities have been uud to des-
cribe the degree of absorption. The most common of these iz the quality
factor, Q. It expresses the sharpness of resonance of a mechanical
system and is defined by,

1 _ 25 (1)
i}

n

where fn is the natural frequency of the system (see Figure 1).

Figure 1. Amplitude vs. frequency response for a mechanical system
showing the parameters used in the definition of Q.
(from White, 1965)

The quality factor may also be expressed,

=8, ()

where AW/W is. the fractional strain energy loss per stress cycle.

* Other expressions for Q include,

-E- & -_ﬂ'% ¥ (3)

where V is the veloecicty of the wave in the propagating medium, a is the
absorption coefficient and f is the frequency of the wave. The quantity &
is the logarithmic decrement and may be defined by,

Az

§ = ng- (4)
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where A} is wave amplitude and Ay is the amplitude one cycle later.

Another common expression is the absorption coecfficient, given by,

Ay = AeTF (5)

- where A and Ay are the values of wave amplitude separated a distanca,
%. The absorption coefficient 1s a. In addition to these definitions
other measures of attenuation are given by a and 0. The quantity, a,

is simply referred to as attenuation and is given by,

a 1

F 3" (6
or,

a

—f-ﬁ. (7)

The factor & is the phase angle between atress and strain and is,

1
8 8 3 (8)

Useful combinations of the above equations include,

§ = ¥ (%)
a
¢ =R (10)
and ,
o= e (11}

These are the quantities most commonly used in the literature to
describe absorption. The parameter Q has tended to be utilized most
frequently, however the logarithmic decrement, &, facilitates comparison
between different experiments and wave types (body and surface) better
as it expresses a gemeral loss observable in a wide range of phenomena.

That ig, amplitude loss per wavelength, mrénneﬂ by &, is readily
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applied to any travelling wave. Thus, whenever possible, the various

degrees of absorption will attempt to be stated in terms of Q or 4.

Loss Mechanisms and Experimental Results

Loss meéchanisms may generally be classified into five groups (1)
golid friction losses (intergranular sliding, sticking and sliding),
{2) vil;nuu losses (primarily associated with fluids, in this paper),
{3) lossas due to morion of a fluid in macrix pore space, (4) thermo-
elascic logses, and (5) non-linear loss theory. To some degree, absorp-
tion in shallow crustal materials is probably a functiom of all these
effects, as well as overburden pressure. o

Solid friction and wiscous losses are the bestc understood and have
been investigated most thoroughly. They probably explain most of the
absorption observed in the shallow crust. Figure 2 shows & stress-atrain
diagram for solid and viscous losses. For viscous losses, the plot is
an ellipse whose area represzents the encrgy lost per cycle. This loss
is proportional to the cyclic stress frequency. For very low frequencies,
the energy loss per cycle approaches zero anod the ellipse degenerates to

a straight

E bl F

[V

Figure 2. Stress-strain diagram, a_ is maximum stress, b. is maximum
displacement. (from Borm, 1941)

1line. If absorption is due to solid friction alone, the area of the
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ellipse is independent of frequency and depends only on composition of
the propagation material and the maximum strain amplitude. Thus, in the
case of golid friction losses alone, & is independent of frequency, while
d 1s proportional to the first power of frequency for viscous losses.
Born (1941) has investigated the effects of frequency on § for a dry and
partially saturated sandstone. He used a resonant bar experimental pro-
cedure on an Amherst sandstone for a frequency range of approximately

500 to 3900 Hz. His resulrs are summarized in Figure 3.

AMHERST SANDSTOME

5[_ ALB-BAR 3.6 INCHES LONG
0. C-BAR 49.0 INCHES LONG

Od|—
E c
¥ 03— 0.4% WATER '
3
02—
8
0.25% WATER ——B
O.lf— .
SR o Y oA
l | | |
o 1000 2000 000 4000
FREQUENCY-CYCLES/SEC.

Figure 3. Decrement vs. frequency for dry and saturated Amherst Sand-

stone samples. (from Borm, 1941)
The logarithmic decrement, &, was found to be essentially independent of
frequency for the dry specimen but varied linearly with frequency for
various water saturations. These results indicace that the observed
decrement is a function of both solid friction lnd.vi::bua logsses, pri-
marily solid friction at low frequencies.

Enopoff and MacDonald (1958) re;ieuad experimental data on the dis-

sipation of energy im rock-forming materials over the frequency range

-2 6

10 © to 10 Hz. and found that 1/Q was practically constant. This
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observation also implies a solid friction loss mechanism for thege ma-
terials at surface temperature and pressure. Knopoff and MacDonald
(1960) also proposed a macroscopic model for the artenuacion of small
amplitude stress waves in solids in which solid friction varies as the

" gradient of local stress. They illustrated the model with a mass-spring
system sliding on 8 rough surface in which the roughmess of the surface
increases in the direction the mass is moving. They found Q for the model
to be independent of frequency. Io addition, they cite experioental
evidence which indicates a @ dependence on grain surface area in silicate
aggregates. Both these observations suggest validity of the solid fric-
tion loss mechanism.

There is a large amount of experimental evidence for shallow erustal
materials indicating that solid friction losses are of primary importance
as an absorptive mechanism while viscous losses are much less a factor.
Bruckshaw and Mahanta (1954) determined the variaticon of Young's Modulus,
E, and fracrional energy loss per cycle (AW/W), with frequency in the
range 40 to 120 Hz. They used rock specimens in the forw of beams and
get the sysrem into forced vibrations. Their results are summarized in
Figures 4 and 5. The plots are relatively constant over much of the
frequency range, but deviate from linearity somewhat towards the lower
frequencies, indicating a loss mechanism occurring which is not striecly
of a linear, or solid friction, type. They found the greatest energy
logses in the softer, less compacted and poorly indurared rocks. In
particular, the value of AW/W for the sandstone seems high.

Usher (1967) performed a similar series of experiments for small
beam-shaped rock samples over a8 frequency range of 2 to 40 Hz. His

results are shown in Figures 6, 7 and B,
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Figure 4. Young's Modulus versus frequency,(from Bruckshaw and Mahanta,
1954)
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Figure 5. Fractional energy lost per cycle versus frequency.(from
Bruckshaw and Mahanta, 1954)
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Figure 8. Effect of water content on energy loss as a function of
frequency. (from Usher, 1967)

These plots, as do Born's (1941), clearly show the dominant effects of

g0lid friction, with viscous logses becoming more important at lower

frequencies and higher percentages of water content. When fluid is

forced from compressed to dilared regions energy is dissipated by viscous
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means such that AW/W increases with frequency. Usher suggeste modifying
Knopoff and MacDonald's (1960) model of pure selid frictiom grain boundary
slipping to inelude viscous slipping at lewer frequenciess, but pure solid
friction at higher frequencies. Usher also p;intﬂ out that the trends
seen in Figures 6 through B may not be as drastie for rocks in siru, due
to increased hydrostatic pressure. )

Horeen (1959) formulared a loss mechanism for the Pierre shale in
terma of a modified Kelvin solid. The model he used iz showm in Figure
9. He then compared a (attenuation coefficient) wersus frequency curves,
calculated using the model, with experimental data obtained by McDonal,
et al. (1958) for the Pierre shale. The results for shear waves are
presented in Figure 10 and those for compressional waves in Figure 11.
The theoretical and experimental data apree well for most p&rts of the
curves and indicace thar the model is a good approximacion to the actual
loss mechanism in the Pierre Shale. McDonal et al. (1958) obtained a
value of a = 0.12 f (db/1000 ft.) from Figure 11 and o = 1.05 £ from
Figure 10. Figure 11 applies to vertically-travelling compressional waves
over the frequency range 50 to 450 Hz., while Figure 10 includes data

from horizontally-travelling shear waves with vertical motion in the fre-

quency range 20 to 120 H=.
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Figure 9. Modified Kelvin solid. (from Horton, 1959)
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Figure 10. Attenuation of shear waves versus frequency. The solid curve
is calculated from theory. (from Horton, 1959)
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Figure 11. Attenuation of compressional waves versus frequency. The
golid curve is calculated from theory. (from Hortonm, 1959)
Peselnick and Outerbridge (1961) performed a torsion pendulum exper-
iment at ruﬁ; température on the Soclenhofen Limestone over a frequency
range from & Hz to 10 MHz to determine inrernal frictiom in shear, and
shear modulus. They found the shear modulus to be constant withinm £ 2
percent, at 2.64 x 10!'dynes/em?, over the entire frequency range. The
results obtained for the logarichmic decrement, &6, are presented im

Table 1.
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Table 1. Solephofen Limestone Data
(from Peselnick and Outerbridge, 1961)

: Logarithemiz
Density, Froquescy, igidity Mehilus, Shear Velocity, Tiecrement,

Bample glem?® epa dynes/em? km/s ] Namarka
B .67 3.89 2,58 w100 3.1 3400 % 107 - (&)
A .87 6.52 2.5 3.1 4 ¥ 10 (B
C 287 £,200 2.68 3.15 5 el
c 2,67 16,400 Z.65 .15 & {e}
B 2407 il ] 1085 5.7 & (el
B 2.067 18 GO0 .61 N s 5 (]
] 2.67 28, 500 2.0 318 e (e}
525 2,066 10 ¥ 10 3.4 3.1 maw {d}
B1 2.59 D3 e 2.2 2.9 o 17 {d}

{a) 7.2 kg/em® axial tension; raaximom skear sirain ~7 3 10~ {precision in § = 25 por centh

{b) 4.3 kg/em® axinl compression; maximum shear strain ~~56 X 107 (precision in & = £5 per eent),
{c) Bar resonance technique (precision in § = =10 por eant),

(4} Pulss-geln tachnigus (prechaben in § = 415 per cent),

L]

These rasults algo indicate a solid-hysteresis behavior acting predomi-
nantly a3 a loss mechanism. A possible cause was discussed above in the
review of Enopoff gnd MacDonald's (1960) work.

An interesting compilation of data from a variety of authors and
experimental methods has been made by Attewell and Ramana (1966). Their

results are summarized in Figure 12.

HEEEE

2 3 & 5 & 7 8

Log 1

Figure 12. Attenuation coefficient versus frequency for a wide variecy
of authors and experiments. (from Attewell and Ramana, 1966)
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- From 26 authors, representing 168 points, they determined the following

value for the absorption coefficient,

a = 1.99 x 10 ogl-0386

for a fraquency Tange of 10 to 10° Hz. This implies a Q which is

dbfem

practically independent of frequency, supporting the general arguments
concerning solid friction losses discussed above.

Figure 13 shows a less inclusive but similar set of data compiled
by Hamilton (1972). He worked with saturated marine sediments but con-
cluded that intergrain frictien appears to be the dominant caume of wave
energy damping. As can be seen from Figure 13, o appears to depend on
the first power of frequency and thus q?is independent of frequency.

The line marked A in Figure 13 is the result of data collected for sed-

imentary land strata at relatively low frequencies.
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Figure 13. Compiled atctenuation versus frequency. (from Hamilton,
1972)
Thea third ctype of loss mechanism is that due to the motion of f[luid
in pore space relative to the rock matrix. White (1965) has reviewed

thizs mechaniss vhich has been t:utqﬂ in detail by Biot. White utilized

-
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Biot's results by substituting typical values for rock and fluid into
Biot's equations for 2, and L attenuation of compressional and shear

waves, respectively. This resulted in values of,

2

a = 9x lﬂ.lz f stnzfcl,

s, = 65x10 % ¢ e

These FIIUESIﬂhﬂulﬂ be valid te frequencies of approximacely Iﬂ.ﬂﬁﬂ Hz
{(Whice, 1965). However, for frequencies of interést in seismology and
geismic prospecting (< 100 Hz), the values obtained for .P and a_ are s0
much lower than typically measured values, that absorption due to this
sechanism is probably insignificant (White, 1965).

Hamilron (1972), in his study of attenuvation of compressional waves
in saturacted marine sediments, also concluded that viscous losses, due
to the relative movemeént of pore water and mineral structure, ara negli-
gible. Thus, for the frequencles of interest im this paper, the absorp-
tive losses due to this type of mechanism will nor be considered impor-
tant.

The fourth type of loas mechanism to consider is that due to thermo-
elastic effects. Since all real materials have a finice thermal conduc—
tivity, stress waves propagating through such material will lose energy
due to hear conduction. Treitel (1959) has derived equations of motion
and temperature for an elastic solid with a finite thermal conduccivity
using the irreversible form of the second law of thermodynamics. He
obtained the following expression for the absorption coefficient,

v
P

1
S 1 ; : (12)
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where ¥ is thermal diffusivicy, w is angular frequency {(w = 2nf)

and ?P is compressional wave v&%nnity* This expression implies a Q which
varies as the first power of frequency. 1In this respect, this mechanism
produces the same type of frequency depeudeut.ﬁ as the wviscous loss mech-
anism. Figure 14 is a plot of the results of equation (12) using the
following wvalues,

copper: w << 1.8 x 10'1rad/sec
K = 1.15 cm?/sec
?P = §,6 x 10° cm/sec

rock: w << 2.5 x 1013 rad/sec
E = 0.01 em?/sec
_Fp = 5% 10° om/sec .

o
i A& o = =

£ E 3 & bk b & & &

&
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Figure 14. a wversus circular frequency [or copper and rock with the
properties described above. (from Treirel, 1959)
The last loss mechanism to be congidered is non-linear processes.
A nonlinear mechanism for absorption was initially proposed primarily

to account for the observation that the Q spectrum for many solids
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appeared to be flat (o depends precisely on the first power of frequency).
Collins and Lee (1956), though, showed that by assuming a variation of

a with E1+“, where n is a very small number, a strictly linear theory
could be applied. There is a large amount of evidence, some of which

has been reviewed above, that the § spectrum iz not completely flat. fhua
Collins und {ee's assumption appears to be experimentally walid. Several
linear mechanisgms have been proposed and discussed above which adequacely
describe thelu spectrum within the .limicts of the calculated § responses,
uging the £1+ﬂ agsumption. It has also been pointed out by Savage and
Hasegawa (1967) that a nonlinear mechanism should produce a cusping, or
sharpening, of seismic pulsesz. Yer it 1s observed that seismie pulses

are broadened, and cusps smoothed during transmission through shallow,

crustal materials. Thus, it is not necessary to introduce the added com-

plications of nonlinear loss theory.

Discussion

The primary result from the above observations is that absorptive
lose in shallow crustal materials ig mainly nttriBUtnble.tu solid fricriom,
in which § is approximately independent of frequency. The slight'nb-
served deviations from this relatiom may be explained by losses due to
either a viscous or thermoelastic mechanism. Losses of these latter two
types produces a Q which varies approximately as the first power of fre-
quency.

Various values of &, a and Q, as determined experimentally above,
can be used to give a rough indication of the average value of Q likely
to be observed in near-gurface crustal materials. A susmary of various
experimenters’ results, which includes many of the works cited above, has

been presented in Figure 12. Attewell and Ramana (1966) have calculated
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an average ( for this data of,

-3

-0.[!151I 10

Q = 213f <f <10,
The size of the exponent indicates that @ is practically independent of
frequency. This value is probably too low for erustal marterial in sicu.
The pressure .of overburden will substantially raise . BAch (1973)
indicates a Q for the crust of approximately 470, while Press (1964)
determined ), from underground nuclear explosions in Newvada, to be 260
* 40. Thus a value around 300 may be more typical of crustal material
in situ.

Asguming the effect of overburden pressure hasz an equal effané On
Qu and Qﬁ (Q for compressicnal and shear waves, respectively), a calcu-
lation of the ratio qﬂ;qﬁ can be made for absorption dara caken at rel-
atively shallow depths in the [ield. A study, discussed above, partic-
ularly useful in this regard is the determination of sbsorption for com—
pressional and shear waves in the Plerre Shale, performed by McDonal et
al. (1958). A summary of their results is presented by Bradley and Fort
{Clark, 1966) and is rgpradutzﬂ-in Table 2, after cooversion to Q from
percent energy lost per cycle. In calculating average values for Qﬂ and
QB, and fnriing their ratio, the effecta of the Erequency at which the

measurements were taken was not considered.

Table 2. Qﬂ and QB for the Pierre Shale

& %
31.4 11.5
37.8 11.4
37.4 12.4
8.6 12.0
36.1 9.1
36.9 9.4
33.4 10.4
34.3 11.1
36.4
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The justification for this has already been establighed in the discus-
sion above. Average values for the compressional and shear quality
factors are,

Qu = 35.8 and QE = 10.9 .

The ratio QEIQE = 3.28. The measuremencs leading to these results were
performed on the Pierre Shale, a formation known for its' homogencous and
isotropic nature, at depths ranging from 260 to 750 feecr. Should chis
QuIQE for the Pierre Shale be considered a reasonable result applicable
to different rock types at different depths? Bremaecker et al. (1966)
measured similar data on an a8 lava flow, unconsolidated cinders, and
compact limestone, at the surface. By agsuming a complex shear modulus

but a real 3 (Lamé constant) they determined a relation for qﬁfqﬂ

qﬂ!qﬁ = 0.5 a2/g2 {13)

where o is compressional velocity and B is shear velocity. The justifi-
cations for the sssumptions leading to equation (13) first start with
the statement that imperfect elasticity can be expressed by making both
¥ {shear modulus) and A complex. However, for sedimentary rocks, i'
(complex Lamé constant) approaches zero, resulting in equation (13)

{(De Bremaecker et al., 1966).

Now consider the values for o and § as determined by McDonmal et al.
(1958) for the Pierre Shale: a = 7100 fr/seec, B = 2630 frfsec. Subari-
tution inte equatiom (13) yields:

ﬂufﬂﬁ = 3,64 .
This should be compared with the ratie calculated from Table 2 of anqﬂ -
3.28. Considering rthe great range of environments, experimental conditions,

and the assumption of equal overburden pressure effect on qq and qﬂ. the



values are remarkably close. This suggests that equatiuq (13} could
have rather general applications to a wide range of rock types and depths
of burial.

An attempt can now be made to obtain the ratie qﬂfqh for shallow
(<20 ¥m) crustal materials in the Socorro area by using equation (13).
The walues fﬁr compressional and shear wave velocities commonly used in
this area are: o = 5.80 km/gec and B = 3.35 km/sec. Substitution into
equation (13) vields qnqu = 1.50. This value iz considerably lower
than the one obtained above for the Pierre Shale. The difference is
probably the result of using body waves which have traversed a volume
of deeper tock and thus greater overburden pressure. In near surface,
unconsolidated rock, one might expect the shear wave to be affected to
a greater extent than the compressional wave. This difference would
tend to diminish as the waves reached better indurated rock at higher
confining pressure. This is reflected in the lowering of the ratio
Qﬁfﬂﬂ-

This value for Qufua of 1.50 for the Socorro area can now be used
to help indicate whether calculating the ratiec, by using the dominant
frequencies of P and 5 waves, is valid. The proposed relatiom is,

Qufﬂﬂ - uufua . (14)

where v_ and v, are the dominant frequencies of the P and 8 waves, re-

g
spectively. These values have been determined to be W 19,7 * 1.5 H=z

and v, = 12.3 * (.3 Hz using a zero-cross counting technique for a group

B
of 15 randomly selected microearthquake events. Thus vufﬂa = 1.60.

This value, considering the standard deviations for v and v_, is within

E:l
tﬂa range of the ratic QEIQE = 1.50 ocbtained with equation (13}, indica-

ting that equation (14) may be approximately valid.
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The basic assumptions used in these determinactions of Q have been
{1) Q@ is independent of frequency, (2) the loss mechanism is primarily
of the solid friction type, and (3) observed absorption is an approxi-
mately linear process. These assumptions have been justified in rhe pre-

* ceeding discussion.

Conclugsions

It 15 well known that shear waves are less efficiently transmicted
in bulk, in situ, crustal materials, than P waves. The value of Qﬂfuﬂ =
1.60 obtained above reinforces this belief. If walues calculated in
this manner can be believed, and if the ratioc varies with rock type,
anﬂﬂ could be used to determine the average composition of material
through which a seismic disturbance propagates. By performing field ax-
periments in which travel paths from seismic sources are plotted and hawve
individual, calculated thqﬂ ratios associated with them, wvolumes of crust
might be defined which exhibit a particular value of the ratiec. Ratios
for different volumes could then be compared and relative material prop-
erties assigned to each volume. If relatively unique ratios can be found,
or determined experimentally, for parricular material compositions, then
the rock types in these reglons could be approximately ideantified. The
effects of different depths of burial would have to be accounted for, but
the correction could become rather small below a certain cricical depth
and above 20 km, such that the total variacion of anﬂﬂ with overburden
pressure could be insignificant in this ramge (eritical depth to 20 km).
In addition, by using equation {13), relarive velocities could be assigned
to these crustal volumes and thus aid in determining a velocity model.
This could be particularly valuable in an area which is geologically com-

plex and does not readily conform to a model consisting of homogeneous
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layers.
The approximate spatial variation of the ratio qﬁfﬂﬁ’ a8 deter-
mined by travel path plotting, can thus be a valuable constraint in

the formulation of earth models of the shallow crust.
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