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ABSTRACT

A method of exploration of the upper crust based on the obser-
vation and identification of converted energy waves from microearthquakes
is developedg Waves generated by both P to SV and SV to P con-
versions at velocity dis.continuities are taken into account. Relationships
are derived that give the depth to a velocity discontinuity in terms of
the Velocify distribution within the section, the measured (P5-P) and
(S-5P) time intervals, and the angle of incidence of the parent wave at
a vclocﬂy d.l.uCOnLll')LllLY The simultaneous solution of these eQuatiéﬁs
p:rowdcs unique values for the depth of the mtmiacc and the depth of the
pri.mary* energy source. An error analysis indicates that the .planc wave
ap.proxiniation and the a's_sqmptibn that Pois's.on‘s ratio is constant lead to

errors in the depth calculation of only a few percent.

Field rc—:cordinp‘é of microearthquakes were made neaxr Socorro to

test the applicatmn of LhG method to the determination of shallow ]ayerlng
~in Sedlmentary baulnso E\;cunplos oI 1n1c1 oearthqunke records shovvlnrr
possible converted encrgy arrivals are given, Spectral analysis mdlcaies
the frequency content of the SP waves is in the 2-10 HZ. band and is
distinguis}{abl_c; from the {requency content of the P and PS waves which
is‘centered in the 1025 I~IZ° band. This frequency separation is the
basis for digital filtering Which, along with stacking, is used to improve

. the signal-to~noise ratio of the seismograms,
g g

| An interpretation of the records based on the measured (PS -P)
and (SIMSP) intervals was carried out. The calculated values of the depth
-of the velocity i—ntc_arface,‘ depth of the migroearthquak—e focus, and distance
-of 'the epicénter are within the range of expected values at each reco‘r‘d-ing '

staticn.

The operation of three~component recording equipment in an array

of recording stations is a recommended means of improving the detection



of converted energy waves .f.rom microearthquakes, In bas ilnal arcas
located near current microearthguake aCt:lVit;]‘, the interpretation of:
the converted energy arrivals in terms of depths of velocity dis con-
tinuities could provide an economical way of finding the general shape,

size, and depth of the sedimentary basins.



INTRODU CTION

BACKGROUND OF PREVIOUS INVES I‘IC;ATIONS ‘ . S

The incidence of a seismic wave upon the boundary separating
two elastic media will generate both reflected and refr actcd Wwaves. |
In general, both transverse and longitudinal waves are deve]oped at
the interface. When & compressional wave is incident at the boundary,“
the longitudinal energy is Apartiti_oned among a transmitted logitudinal
wave, a reflected longitudinal wave, a tr.anSrnitted transverse wave, '
and a reflected transverse wave. The latter two waves are dérivéd
from the conversion of longitudinal energy into transverse encrgy, and .
are called converted waves. In the case of incident compressional energy
having a plane wavefront, the converted phaées are vertically polarized
shear waves or SV waves (Grant and West, 1965), The notation PS
is hence:forth used to denote the resultant of 2 P to SV energy trans-
formation, Similiarily, an SV wave incident at a bounrdary generates
a tra,nsmittea SV, a :reﬂected .SV, a transmitted P, and a reflected P,
The latter two are converted waves, The.notation SP is used to denote
‘the- resultant of an SV to P energy transformation. Horizontally po-
larized shear waves, or SH waves, need not be taken into coﬁsideration
because; (1) SH waves are not gonel atcd by plane P or SV waves inci-

dent at a boundary, and (2) a plane SH wave str iking a boundaly does

‘not generate P or SV waves,

The elastic media are considered to be homogeneous and isotropic.

" The overall velocity of a layer is taken to be its average velocity without '
regard to internal velocity gradients or discontinuities. The incident and
_transmitted waves are ‘assumed to be nearly planar,

In general, the amplitude of the converted wave is a functlon of
the velocity and density contrast at the interface and the angle the inci-

dent wave makes with the normal to the boundary. The theoretical -



distribution of energies and resultant wave amplitudes for plane waves

incident was first developed by Zoeppritz (McCamy, et al., 1962). .

The appearance of significant ener-gy 2;L11 converted phases on
various seismograms has been reported by Meissner (1965) who-treated
converted wave arrivals as unwanted multiples observed in refraction
shooting. The interpretation of converted energy arvivals as a possible'
means of determination of crustal structure was proposed by G. Ao
Gamburtsev in 1939 (Gal'perin and Frolova, 1966), Andrev in 1957»
{(Schwind, et al., 1957) renewed the intevest in converted cnergy as a
means of study of deep crustal structure. Vo N, Gaiskli studied seismo-
grams of distant earthquakes showing converted PS energy arrivals -
generated by the wreflection of SV waves at a boundary (Mishin and
Dareshlkina, 1966), Schwind et al. (1957) applied the method, using
only PS conversions from explosion sources, to crustal layering with

good results,

In summation, published accounts. ol previous research in this
field have, in general, the foilowing characteristics:
(1) The emphasis was placed on the observation and analysis of PS5 con-
verted waves without COl’lSldCl ation of the SP phases,
(2) The energy source was cither a distant earthquake or e"\:ploulon located
on the order of a few hundreds of kilometers from the dctectou -
_(3) The method was appliéd to the prob]em of detection of gross c1usta]
structures at depth and not to individual ].ay'ermg of possible economic -

. sigliifici‘ance Within the sedimentary venecer.

OBJFCTIVES OF RESEARCH

- The purpose of this the515 is to outline and evaluate a p1oposed
method of c<<p101 ation of the upper crust based on the joint interpretation
of PS5 and SP tr'msm;.ssmn-»type convelted energy arrivals identified .

on the seisrmograms of local mlcroealthquakesn The basic methods outhned .

et i & W e




in thb research could 11avo direct appllccltlons in geophysical exploratlon
programs as an :anexpcns:.vc means of obtammg reconnaissance surveys

of the thickn_ess' and shape of sedimentary basins.

The SP converted phase which has been J.aigelyr ignored in pre-
vious studies is identifiable on the seismograms of local ‘microearthquakes _
near Socorro having (S-P) intervals less than four seconds, The measure-
ment of two independent variables, the (PS-P) and (5-5F) intev'rvals;' then
leads to a more reliable structural interpretatiom The proximity of the .
energy GOU.LCC of Socorro mlcrocauhoamkes plov1des strong S enexgy

and thus- the pOSulbL].L‘LY of 1dcm1hablc SP phas es,

The microearthgquake 'LCLlVlty near SOCO.L:LO prov1des an energy
source at an average depth of about five ]:’\'..L].Ol']’leuelﬁa (Sanford and Long,
1965), The microcarthgquakes have epicentral distances of {rom two to
40 kilometers from Socorro. Inasmuch as the energy source in the pre-
‘sent study lies below the velocity discontinuities of interest, emphasis
will be placed on the identification ‘of transmitted converted phases, Re-
flected converted energy will be of no consequence except in the case of
internal reflection of converted waves within the sedimentary layering.

The multiple-type arrivals generated in this manner may be a source of
background noise between the arrival of P and S phases which could ex-
plain the continuing ground unrest after passage of the initial P~wave, _
) Within the SOCOI‘lO n’l.LCI‘OCaI‘thudkC area llC the Rio Grande graben
and Snake Ranch trough. Both constitute ar cas of sedimentary deposnlon

- in physmgl aphic basins, The methods of 1nterpretatlon outlined in this
thesns are a‘DpllE)d to the problem of determination of the thickness of in-

dividual sedimentary layers within these basins,




THEORY

AMPLITUDE CONSIDERATIONS

The observed amplitudes of refracted and convei-tad wave ar-
rivals on the seismogram are directly related to the partition of the
incident wave amplitude at the velocity interface. The Zoeppritz am-
plitude equations describe this partition for plane waves, Solutioné of
the Zoeppritz relationshipé for various physical parameters have been
graphically presented by McCamy et al. (1962.). The curves of McCamy
furnish ratios of resultant wave amplitudes to incident wave a1npliﬁudés _
in the form Pb /P P_l/P—Z’ S"_I_?l/gz, and §1/SHZ‘ where PSI, fs_}Sl,
Ijl, S_l’ "152, 'Lnd S are the amplitudes of the PS converted waves,
SP converted waves, refracted P, refracted SV, incident P, and

incident SV waves, respectively.

The numerical results of McCamy can be used to form the I_J—Sol/ﬁl

and SP./S. relationships which are the expected amplitude ratios of the

PS converted wave to P wave and SP converted wave to SV wave which

should be observed on the seismogram, Figure 1 shows a set of curves
of the expeéted. amplitude ratios for velocity contrasts across the inter-
face ranging from R = 0,52 to R = 1,09 where R = VPl/VP2 is the

ratio of the compressional velocity in the refracting medium to the com-

-pressional velocity in the incident medium. The specific velocity and

density ratios used 'md Lhcn COI‘lGS'OOl’lleO curve numbers are sumrnar1zed

in Tabll_e 1, P01ss<m s ra’clo was taken to be 0 25,

'The criteria for limiting angles of incidence listed in Table 2 denote

the. maximum angle of incidence at a a given interface for which the spec1fled
secondary wave Lypes are generated, The curves of Figure 1 are compiled
only for those angles of mc1denco for which both wave types necessary to

form the amplitude ratio are developech
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The curves of Figur.e 1 show that significant converted wave
amplitudes can be geneljated at reasonable“{fellqcity discontinuities.
The amplitude ratio is generally higher with increasing angle of in-
cidence and decreasing R. The SP converted wave amplitﬁdes will
be larger than the corresponding PS amplitudes because SP/S>P5/P
and $»D. The velocity criteria and limiting angle of incidence for the
formation of SP waves are, however, much more restrictive than for R
the gquraﬁion of PS waves. In the case where VPl >VP2, even if
‘ the velocity reversal is slight as in curves 7 and 8 of AFiugui'e 1, the‘
formatjon of converted energy is limited to small angles of incidence
for which the resultant amplitudes are small In gener al, R<1 Z is

a ncccssaly condition for obsc1va‘uon and identification of conver Led

waves, - a.nd R<0,6 is an optimum condition,

CALCULATION OF DEPTH OF INTERFACE BASED ON (PS-P)

The 'ray path for a compressional wave, Pl, refracted at a
velocity interface is shown in Figure 2 as FAB. As the incident com-~
pressional Wave,v PZ, strike‘s the interface, a conversion of energy
takes place and a secondary wave, a vertically polarized shear wave or
SV wave, is propagated in the second medium, The ray path for the ar-
rival of converted P to SV energy, Psl is FCDB. The time: interval .
(PS-P) is measured d:u ectly on the seismic record as the time lag bc—:tween

the Pl and later PSl signals. This delay time is given by
(PS-P) = (FC/VP2 + CD/VPZ + DB/VS]) - (FA/VPZ + AB/VPl) e (1)
The PS wavefront is the Huygen's envelope of those secondary shear wave-

_1ets‘ generated all along the.velocity discontinuity, whlch are in phase at

the time of arrival of converted PS1 energy at the selsmometer. The

arrival at point E of the wavelet which was generated at point A ex_actly .
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and’

coineides in time with the arrival at the detector of the wavelet generated

at point D. Ray paths AE and DB are normal to the PSl

The following travel time relation holds from the geometry

FG/VP2 + CD/VPZ + DB/VS, = FA/VP

] 7
1 2+AE/\SI

A and C are points on the same P2 wavefront, and FC = FA.

Now equation (2) reduces to

CD/VP2 + DB/VSl = AE/VSl o

Substituting {3) into (1) gives

(PS-P) = AE/VSl - AB/VP1 o

The approximation is made here that the incident P2 wave is
nearly planar at its contact with the velocity interface, and therefore
the BE segment of the PS}L

AEB -approaches 9 0,

Then {rom Figure 1,

cos (iPP. - iPS

. . ) AE/AAB‘,

cos (iPP,) = Zl/AB o

Substituting (5) and (6) iﬁto{lJ:) gives
Zl COS(lPPl - 1PSl)

(PS-F) = cos(iPP ) | VS, T TR y

10-

"wavefront, ~

wavef{ront is nearly planar such that angle

(2)

(4)

(7)




The relationship in equation (7) is given without detailed derivation by
Meisser {1965}, For the generally applicable case where Poisson's ratio, -

can be assumed to be 0,25, the ratio of VP/Vs remains constant at¥3 and

Z o
1 . .
(PS-P) = VPicos(iPPl) B? COS‘_LPPl - 1}?81) - l} . -~ (8)
Solving for Zl,
Z, = (PS-«P)~VP1- COs(iPPl)/ l:”\/?;'cos(iPPi - iPS,) -}] )

After the substitution of two trigonometry identities, équation '

(9} may be rearranged in the form

-Zl = (PS-P) -VPI/ [“B cos(iPSl) - cos(iPPl):| . (10)

Equation {10) is given by Schwind et al, (1960).

The angular relationships given bgnr Snell's law are as follows:

- - - - - 3 ! - - - L ° R ‘ ) -
) sm(lfPP_Z) /VPZ stPl 1)/VP1 .5111(113’31) /VSl (11)

Equation (11) can now be expressed in terms of the angle of incidence

of PZ at the interface and the ratio of compressional velocities, R = VPi/VPZ,

across the interface

e

- - 2 -2 2 '
7, = (PS-P) VP, / wfﬁ[l - —%— sin”(iPP,) = V1 - R sin"(iPP,)|.(12)

CALCULATION OF DEPTH OF INTERFACE BASED ON (S-SP)

The procedure for analyzing the SV to P conversion phase is

similar to that used in the discussion of P to SV conversions. Figure 2. -

11




S

SPl wavefront

Seismometer B Ground surface
. T

LAYER 1

VE) V550 A

VE, VS, P B
2 2" 2 S? wavelront

Figure 3. Geometry end nomenclature for SV to P energy

conversion at a velocity discontirnuity.

12

i m e o o sy e - or TR T DT R T L Ty T T TR




shows the ray path for a refracted S5V arr\ﬂi_vall, Sl, labeled FCAB.
The ray path for SPl energy arriving at the seismometer from the con= . _
version of SV to P at the interface is labeled FD'B., In this case,
the measured time interval (S-SP) is the time lag between the SPl
and the direct S1 arrivals, This time interval is given by the equation

(S-SP) = (FC/VS, + CA/VS, + AB/VS ) - (FD'/VS, + D’B/VPl):. (13)

Points B and E' both lie on the SPl wavefront Sdéh that

($-5P) = (FC/VS, + CA/VS, + ABIVS)) = (FC/VS, + CA/VS, + AE'/VP,)(14)
Equation (13) reduces to
(S-57) = (AB/VS1 - BEV/VP) (15)

As.before, the approximation that angle AE'B approaches 90° is en-
voked and

cos(SP, - iSS.) = AE'/AB, 7 (16)

1 1)
‘and

.cos(iS5,) = 2 /AB . D T an

S_ubst_ituting-_ (wl()) and (17) into (15) gives
cos(lSPl - 1851)

oL
1 VS1 VPI

(S-SP) = Zl/cos(iss

13




The velationship in equation (18) is also glven by Meissner (1965) with-
out detailed derivation, Assuming the constant—vc]oc:xty ratio VP /VS -\/—3,

equation {18) becomes

7 : —
1
ST = - ] -
(5-5%) V| cos(iS8 ] [ﬁ cos(i5F SSl)] - 9
Solving {19) fox Zl gives
| Z, = (S-SP) VP, - cos(iSS ) / [\/_?3 - ccs(iS]_:’f1 Qi.SSl)jl Lo (20)

Since Poisson's ratio is taken as a constant, the shear velocity at the
interface will be the same as the compressional velocity ratio, and angle

iSS. in Figure 2 will equal iPP_ in Figure 1 for any given angle of in-

1 1
cidence, Sin :'LSPl = V3 Sin iPSl., Snell's Law for SV to P conversion
igs written
- P - - . . ot — . . - . 7 °
§1n(1582) /\/S2 = Sll‘l(lSSl) /Vo1 Sin(iSk 1) /VPl . (21)

From the relationships in equation (21) and an appropriate trigonometric

identity, equation (20) may be rearranged in the form

1

By su’bstitutincr equation (21) and tridonome'tric identities into (22) an
' expr ession for the depth of thé velocity dis contmuﬂ,y can be obtained in
terms of the angle of mc1dcnce, iSS. of S at thé interface, the (S-SP)

1
interval, the voloc1ty ratio R across the mtcrface, and the compres smnal

velocity of the upper layer.

) ’ 2 2 :
zZ, = (S~SP)~VP1/ N VR VA RS R sin?(iSSZ) - 1/1 - 3R“sin“(i8S,) |, . (23)

14

Z. :(SASP)-VPI/ [\/? cos(iSS ) -cos(i‘SPnl)} , -(22)




From Figures 1 and 2, it is apparent that angle iPPZ and
:'LSS2 are the same, These angles may Lhmefore be replaced by i, |
the angle of incidence of the parent wave at the interface, Then equatlonu

{12) and (23) can be written

4
1

and

| Zl = (S-—SP'} (VPl)/ \[_3‘ \F" stinz(i)--‘-\/.z - 3R2§ii12(i) 3 (:25)l |

thn both the PS and SP converted energy a111vals can be
identified and the (P5-P) and (S5-SP) inter vals measured on the seis~
mog’arn, the s.nmu]tancous solution of equations (24) and (25) for 27,
provide a unigue detelmmamon of the depth of the interface indopendcnt

of the location of the source. The numellcal solutions can best be callled

out graphic allyol

Dependence of Calculated Depth Upon i and R

Figures 4 through 7 show the dependence of the calculated depth.

to the interface Ll, upon the angle of mmdencc, i, and the velocity ratio

across the interface, R, The location of the c:nelgy source is 1elated to the

angle of incidence .

and the sub-interface velocmy was varied such that velocity contrasts

(VP VP ) of from 0,1 to 3 0 across the interface were considered,

FO:L each calculatlon, Poisson's ratlo was taken to be 0,25 in both the

first and second layer. "The ordinate values are the computed depths per

0.1 sgecond of the time intervals, (PS*-P)- and (S-SP).

- The absolute values of ZI are directly proportional to the over-

 burden velocity and time intervals. In order to correct the curves for any

15

= (PS-P) VP / ﬁ\/ - .__1%3_.. sin”(1) m\/ 1 - stinz(i_)‘ (24)

The overburden velocity was held constant at lO, 000 ft, /sec,




other overbux den volocmy one need 011y mvltlply Lhe ordinate” vélucs :

of the curve for the velocity contr cLSL of interest by the ratio of the de-— .
sired overburden velocity to 10, OOO ft, /sec, To correct for any oLhcr
time lag, multiply the ordinate values of the curve of interest by the ratio
of the measured time lag to 0.1 second, Figures 4 through 7 are drawn
only for thase angles of incidence at which converted waves are developed,
The limiting values of the angle of incidence listed in Table 2 can be given’
as iunchons of R alone, 1ncllcatlnp ‘Lh'LL Lhe modification of any curve to
anothcr OVleuL don velocu-y or measured leo delay w111 not change the

value of its limiting angle. E

In Figure 4, odd~numbered curves 1 through 19 are drawn
:for P to SV conversions where VPI < VP%J., This set of curves in= |
dicates that for values of R< 0.6, good estimates of Zl can be obtained
on the basis of the (PS-P) interval alone. At large angles of incidence
for which the . P8 /D amplitude ratio is large (see Figure 1) the variation
with angle of incidence is steep. As R is

of the calculated value of Zl

increased, the rate of change of Zl is also increased.

Even~numbered curves 2 through 20 in Figure 5 are drawn for
SV to P conversions where _VP1<VPZ., "Good estimates of the depth
obtained solely on the basis of the measured (S?SP) intervai can be made
only when R< 0.4 w}nch would constitute a somewhat unrealistic velocity ’
distribution. Therecfore _Z.1 cannot be reliably estlmmted from the (S-SP)
. interval alone., The calculation of Zl must be on the basis of the simul-
tancous solu.tlon of equations (24) and (25) and will be. limited to angles

of 1nc1dc:nce smaller than the limiting 1nglc for SP conversions.,

_ The famtxly of odd--numbered curves 21 through 43 in Flgure 6
- drawn for the case of a velocity reversal within the stratigr aphic section
for which VP > VP « The depth calculation is 1ncreas1ngly sensitive

to the angle of in mdoncc as 1 approaches the 1:m:tmcr angle for P8 conversions.

16
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curves in Figures 4 through 7.

CURVE NUMBER : \45

2 .
1 100,000
2 100,000
3 50,000
& - 50,000
5 33,333
6 33,333
7 25,000
8 - 25,000
9 - 20,000
10 - 20,000
11 16,667
12 16,667
13 14,286
14 14,7286
=15 12,500 -
16 - 12,500
17 11,111
18 11,111
19~ 10,000
20 10,000
21 9,091
22 2,091
23 8,333
24 8,333
25 7,692
26 7,692
27 7,143
28 7,143
229 6,667
3 6,607
31 6,250
32 6,250
33 5,882
34 5,882
35 5,556
3 5,556
37 5,263
38 5,263
39 5,000
40 - 5,000
41 4,000
"1;2 4,000
43 3,333
44y 3,33

oo

-

AR "

I S

VP1

" 10,000

10,000

10,000
10,000

10,000
10,000
10,000
10,000
10,000
10,000
10,000

© 10,000

10,000
10,000

10,000

10,000
10,000

10,000

10,000
10,000
10,000
10,000
10,000
10,000
10,000 -
10,000
10,000
10,000
10,000,
10,000
10,000
10,000
10,000
10,000
10,000
10,000

© 10,000

10,000

10,000

10,000
10,000
10,000
10,000
10,000

P

* & @& 88 % #» © 8 v 8- 8
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. 0dd numbered curves correspond to P to SV conversions.

Even numbered curves correspond to SV to P conversions,
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As shown by the steepness of these curves, any determination of the
depth of a velocity reversal must be verified by calculations based on -

both the (PS-P) and (5-5F) interval,

Figure 7 shows even~numbered cﬁrves 22 through 44 which .
are drawn for SV to P conversions at a velocity reversal, The cal-
culation of Zi is very sensitive to the angle of incidence and is cur=~
tailed by the limiting angle for SP conversions.

In all cases the rate of change of the calculated depth of the-
dis contmulty increases with the angle of incidence and volocmy ratio
across the :LnL(,:Lface., Tho value of 71, when basccl on the (PS-P)
interval .is less sensitive to i and R and thercfore more 1611able
than when based on the (S ~-SP) interval. The depth calculation is

also less sensitive to i1 and R and therefore more reliable when

R=1.0.

Error Due To Plane Wave Assumption

The approximations léad‘ing to equations (7) and (14) above
that angle AEDB approaches 900 infers that the tangént constructed td
the 1551 wavefront at point K also intersjects the detector, or that »
points G and B in F'i.gure' 2 coincide, This app.roximation is good for
angles of incicleﬁce ne-ar the normal for which angle i.P'S'.l does not differ
1 and angle iSPl does not differ by much from‘ -
iéS . For larger i, the calculated values of Zl -are in error, —

7by much from angle iPP

To exmmine the mégni‘tude of the error, consider the limiting case
of a sphellcal PSS wavefront., In all cases, the curvature of the PS
Wavej‘lont Wll] be less than that of a sphere oi" radius AB centered at

point A° Therefore the makimum error will always be less than the *

érror for a spherical wavefront.

Do | e

e < GB - cos{iPP




" In the case of a spherical wavefront AE = AB, and

e<AB.cos(iPP1)[(1/(:05(113131 -viPSl)) - I‘j | (27)
which reduces to the form
e<Z, [sec(iPPl - iPS,) - 1] -~ (28)

'Th_e raximum crror is at i =90° for which, by Snell's Law expressed
in eduatio"n (11), PP, = sin~1 (R}, and iPSl = Sinﬂl (R +3).

Td,klng R = 0, 6 the maximum error would correspond to

e = [sec(?ﬁ" - 20°) - 1 } 7, =.046Z . | (29)

1

Tor Sccorro microearthquakes at average distances greater than 20,000
fect corresponding to an (S-P) interval of one second, the error is smaller,
The error is also decreased-at smaller v.alu.es of i, the incidence angle,
For large R, however; e is increased, This error necd not be of con-

cern because of the nature of its small magnitudeq

Effect of Offset of Pomts of Convcw sion Along Interface

7 The point of P refraction at the interface in Flcfure 2 and the

~ point of SV refraction in Tigure 3 are the same pomt A, on the inter=
face, The point of P to SV -energy conversmn, labeled D in Figure 2,
~and the point of SV to P energy conversion, laﬁeled ‘D in Figure 3, do
‘not necessar 11y coincide with each other, nor do they coincide W:'Lth A. In
effe.ct the Ve]ocﬂ,y discontinuity is sampled at thrce discrete pomts _A,

- D, and D' along the interface, The offsets of these points from a per-
pcnc.lculal to the mterface passing through the detector are labeled Xl,

X., and XZ’ .,‘ The span of the interface which is involved in any one



depth determination using both types of converted energy arrivals is

S = Zl tan(iSP ) an(lPSl) o (30)

Tor a maximum angle of incidence. i = 90° and velocity ratio R = 0,5,

Snell's Liaw gives

1

and

It

- I8P
For this case, S approaches the limiting value
"S5 =7 [:tan(é()") - tan(l’?")_J 104321 . " (33)

For greater values of R, the maximum angle of incidence is the limiting
angle (sce Table 2). At smaller angles of incidence, the error-is signi-

ficantly reduced, For i=60°, S = 100721, and for i=30°, S=.33Z .

JIn general, S will increase with larger R and larger i, The
interface should be csgcn{lally srnooth or regular between the two pomLs
of energy conversion for a valid dopuh determination. Structures havmg
,Lcngth shorter than S will be detected by the method, but cannot be 1elnab1y
_1nterp1 eted, The degree of re%olvmd power to detect small structures in-
crcaseo with the magnitude of the velocity dlscontlnulty and decreases Wlth
increasing depth.of burial, It is also dependent on the angle of incidence
at the‘ interface which is confrolled by the location of the primary energy
source, In all but the most favorable conditions of velocity and souxce
location, this -restz-'icit_ion places ,seri;‘)us li.xhitatiqns on the effectiveness

of structual interpretations based on converted energy arrivals,

24

iPS. = arcsin.| R +sin (1) / \/—3} = arcsin 0,29 , {31y

arcsin [R'ﬁ sin(i)} = arcsin 0.87 . (32)



Nrror Due to Variations In Poisson's Ratio.

« -~

Poisson's ratio, q,‘ is the ratilo of the horizontal strairi to the
vertical strain which a unit of rock undergoes during the application of
stress, Throughout the £heoretical development, Poisson's ratio was
taken to be a constant equal to 0,25, This is probably a fairly good .
estimate of the overail ave.rage value of g for the entire section, but
not necessarily for individual lithologic units. The influence of the values '
of Poisson's Ratio on the tbeorévi.;ical aAmplri’.cude ratios of I_-?igui”é lis very
small, introducing only slight variations at angles of incidence {approach-
ing the 1imiting; angle (Koefoed, 1962), The amplitude ratios are slightly
lower as ¢ is increased, but the effects dppear to be small enough to be

neglected.

To examine the influence of Poisson's Ratio upon the depth cal-
culations, consider equations (10) and (22) in which the ratio of the
compressional wave velocity to the shear wave velocity is Y3 under the

assui'npti.on that ¢ = 0,25,

vE 1gl? |
V5 = (1-q) /(5 =~q) o , _ ,.'(34)

If g Were increased by 20% (to q = O‘.,30), the éorresponding
ratio of VP/VS would be increaéed by just 8% to 1.87.- A gi‘venrcha‘nge
in g will produce the maximum change in Z',1 (as calculated by qugtic_ms
{(24) and (25)) when the angle of incidence, i, approaches 90°. In this

.case; equation (24) reduces to the form given .by equation (35),

| (PS-P)-VP, ,
7 = o ' (35)

'l Ve \/1'4—}3%— ~\/1 - Rr° -- ‘ o
VS 3 : . . |
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and a 20% increase of g will produce only a 14,5% decrease in the
value of z, computed from the (PS-P) interval. At i= 90°, équationA“

(25) reduces to the form given by equation (36),

(5-SP). VP,

g =
y\—/flg—‘\/luRz-w/lv-?;R&

1

for which a 20% increase of g will produce a 10.6% decrease in the
value of 7, computed from the (5-5) interval., The percent change in

z, will decrease for smaller angles of incidence,

Effect of Dip

"In the case of a non-horizontal velocity interface, the effect of
unlknown dip on the depth determination cannot be found from the records
of a single station, In the two-layer case, the solution for Z1 from the
time-delay analysis is actually the perpendicular distance from the plane

of the interface to the detector 1'ega1*dies’s of the attitude of that plane., The

solution for i gives the angle of incidence with the normal to the interface,

Therefore the dip angle is indeterminant and the plane of the velocity dis=-

contiﬁui.ty is merely defined to be tangent to a hemisphere of radius Z,

centered at the detector. The records from two or more adjacent stations, :

however, determine an apparent attitudé of the dipping interface between
-1:_he stations, The true attitude of the interface can be uniquely deter-
mined by constructing a surface which is te.mgen.t to each hemisphere of
- radius 7, constructed for each recording station. This method of inter-

pretation also corrects for differences in surface elevation between the

individual recording sites,

DETERMINATION OF DEPTH OF ENERGY SOURCE

When both the PS and SP, converted energy arrivals can be iden~

“tified on the seismogram, and the (S-P), (P5~P) and (S—SP) time

26
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intervals measured, the simultanecous solution of equations (24) and
{25} for Zl’ also provides a unique détermination of the angle of
incidence by means of which the depth of the primary energy source
can be found, The (S-P) time interval can be used to determine

the total distance D, from source to deﬁector by the well-known ex-

pression:
D =1.37(S-P)-VP . S 3T)
.where V'P is the average compressional wave velocity from the sourcc;_‘

to the scismometer and Poisson's Ratio is taken to be 0.25. IFrom the

geometry. of Figure 3, D is also given by

- s 3 - "_J T - o ‘ .
D Zl/co (iPP,) + /Z/cos(lPPZ) (38)

The numerical values of Zl, i'PPl, iPPZ are obtained from the solution

of equations {24) and (25) and Snell's Law,

By the analysis of converted energy arrivals on the seismogram
of a single detector, the focus can be determined to lie somewhere on a
hovizontal civcle of radius R . centered directly bencath the seismometer,

The focal depth of thé energy source, H, is given by
H=Z_ + Z - T - (39)

7Substituting (37) into (38) and SOIVing for Zz, equation (39) may be

written

A . H=2Z, ¥ cos(iPP,) [1&7(5---?) VP - Zl/cos(iPPl)] . (40) -




The radius Rc is given by equation (41).

tan(iPpP + Z., tan(iPP

Ro=2 1t 2

1 2) -

, Obtain (42)

After substitution for Z‘2

R = 7 tan(iPP ) + tan(iPP, Jcos(iPP,) {LW(S»P)VP - Zl/cos(iPPl)j| . (42)

A single, vertical seismometer, however, can provide no indication

as to the azimuth of energy arrivals in an isotropic medium.

EXTENSION OF THE THEORY TO MULTIPLE LAYERING

Depth of Nth Interface Based on (PS-P)

The foregoing discussion has been directed to the case of a
two=layer section. Consider now the section consisting of N + 1 con-
formable layers numbered from 1 at the surface to N + 1 at the source,
A PS converted wave formed at the base of the surface layer would be
denoted as. PSI’ and the PS converted wave formed at the base of the
N-th layer would be designated as PSN, Figure 9 shows the geometry
and nomenclature of 4 PSN converted wave in a section .rno'deled by

N +-1 layers,

The actual ray path for a PSN co.nverte.d wave is FDB. By the
same argument that led to equation (3), ré,y path FAE is an equal time
path for the PSN wave, Ray path FAD is fof ‘che propagation of the
ftransmitteq P-wave, The measured time interval (PSN-P) is the ob~ . -
’s’érved time lag between the arrival of the airect P-wave and the late-r
arrival of the Qo;1;rerted PSN wave. The time delay due to the passage of

both waves through the jth layer is given by

- . - N . Zl i
(PSj-P) = & ) : (43)
VSj.cos(ilPj) VPj-cos(iPPj)
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The total time lag observed on the seismogram due to passag‘e
of the waves through the entire section is the sum of the delay times for ~
cach individual layer plus. a further correction for the additional KE
segment of the ray path traversed by the PSN wave at velocity VSl .
One form of the approximation leading to equation (5) above .

is that angle LBK approaches angle iPS Now KE can be given as’

19
KE = sin{iP$ ) Z’*J L - (44)
i=1 : :
where xg i‘s.
Xi = 7] |:tan(iPPj) - tan(iPSj):i' . _ (45)

Subsgtituting equation (45) into equation (44), the additional correction

factor for the KE segment is given as

3 ey '
K Sin{ik ul) N N
. g Z3

1

1 1 i=
The expression for the total delay (PSN-P) is given by,

: ~ Zj V3 | .
PSPy = 2 D] | Gos(1P5]) -cos(iPPj)] o

3 Sin(iPSl) N ‘
+ __w-v.mé.ﬁl_mﬁ .-jg— 1 Z3 tajn(ll?Pl) -T-tall(].PS_]) . (47)

31

tan(iPPj) - tan(iPSj)] . (46)



Solving (47) fox ZN , obtain equation (48),

N -1 N - 1
. 73 V3 sin(iPS1) S
PS _-P) - - A) - >
(Poy Pl 2 . VP (4 VD] [ j (B)
Zo = ! e (48)
1 V3 sin(iPSyy) .
v, (97 VP, (o)

where the various factors are given by

i J3 1
0T Tcos(iPS)) - cos(iPPj) -

. B = tan (iPPj) ~ tan (iPSj) ,

co 3 1
- cos(iPSN) 'cos(i‘PPN) ?

D

tan (iPPN) - tan (iPSN) o

The numberical solution for 'Zt, the depth of the base of the Nth-
interface, must be carried progressively from the surface layer downwaxrd,
The method is to solve {or 2

(PS5

1 assuming a two layer case using the observed

1-13) interval., Then using the calculated value of Z1 from the two-

layer case and the observed (PS_~P) interval, solve for Z assuming a .

2 ] 2 )
three~layer case., Continue in a similar manner for successive layers

" until N - 1 layer thickness have been calculated, Upé)n substitution of
the N = 1 layer thickness and the N + 1 known velocities into equation.
A(74-7) s L is given as a function of i, the angle of incidence of the initial

" Pewave at the boundary., Then, Z. ., is given by,

T

N.

T i=

32
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Depth of N-th Interface Based on (S-SP).

- - -~

The derivation of an expression relating ZN, the thickness of
the Nth layer, to the measured (S~SPN) interval is similar to the pre-
vious development. Figure 10 shows the geometry and nomenclature

for a SPN converted wave in a section having N 4+ 1 layers.

The actual ray path for a SPN converted wave is FD'B and
FAE' is an equivalent time path. The ray path for the refracted SV
wave is I’AB. The measured (S~SPN) interval is the time between

the arrival of the converted SP__ wave originating at the base of the n-th

. N .
. layer and the arrival of the refracted SV wave. The time delay due

to the passage of the waves through the jth layer is
AR 7.3

(5-58) = - | (50)
~ VSjcos(iS5]) VPjcos(iSPj) o ~ 1

The total (S-SP__) time lag observed on the seismogram for

N , |
propagation of the waves fromn the base of the Nth layer to the detector -
is the sum of the individual cle;lay times minus a correction term for the |
K' E'" segment of the SPN ray path traversed by the SPN wave at velo-
city VPl. ‘ :
Angle E' BK' approaches angle iSPl by the approxiination

leading to equation {(16) and the correction term becomes,

: , N | o
- - 17t 3 2 \ — - .
' %~ —S—”ilé;f—l—) > Zj.rtan(iSPj) - tan(iSSj):I ) (51)

1 1 i= 1 L

where .Z-j -[tan('iSPj) - tan(iSSj)A] is .the distance along the top of the jth
layer between the point of incidence of the converted energy ray path and
the refracted energy ray path. By adding the correction term to equation

(50), using the relationships of Snell's Law and a Poisson's ratio of 0,25
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(5-5P )= . AL LEXEN . T -
N i=1 VPj cos(iSSj) - .cos(iSPj) -

Sin(iSP)) N
e S zj | tan(iSP ) - tan(iSS)) | .

ot

T
It

ot

Solving equation (52) for ZN , obtain
N . : , S o
= 7] . Sin(iSPy) I\i" .

S . . | iAWY

(S-5P ) = ) S () TR . zj (B)
. - S 1 j=1 :
N . o 1 ~Sil’i(i“S]?]) ' o

| VPN () -.V’Pl : (D)

where the various coefficients are given by

he Y3 1
77 cos{iSS)) cos(iSPj) ’
B = tan(iSPj) - tan(iSSj) ,
C = ___._.\[.E__.._ ; .._._...1...._._._-__..

c s(lssN) , cos(;SPN)
D = tan(iSPN) - tan(iSSN) | .

~ The solution for ZN’— the thickness of the nth layer must again be

(52)

stepwise from the surface layer downward until N ~ 1 thickness and N +'1

velocities can be substituted into equation (53) to.determine ZN°

The simultancous solution of equation (48), which relates the thick~

ness of the Nth layer to observed (PS5 - P) interval and i, the angle of

N
incidence at the base-of the Nth layer, and equation (53) which rclates ZN
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to the observed (SWSPN) time lag and also i, gives a unique deter=
mination of ZNQ This value may then be substituted into equation (49) -

to uniquely determine the depth of the base of the Nth layer,
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GEOLOGIC SETTING AND LOCATION OF RIECORDING STATIONS

A necessary con.dition for the observation of converted éne gy
phases is that an incident elastic wave encounter an interface with a |
suitable velocity contrast (see Figure 1), Thick, relatively low speed
sedimentary fill materials overlying a normal basinal stratigraphic
sequence could furnish such discontinuities, ~With these criteria as
guidelines, three recording sites were selected in the Rio Grande and
~ Snake Ranch Structural depressions. The Snake Ranch basin is p‘aralllebl' |
to and cgntei‘eci 12 miles west of the Rio Grande basin‘o The o;:.culv‘reﬁce
of the two basins is controlled by faulting (Fitzsimmons, 1959). The

Socorro Mountain uplift separates the two basins,

The stratigraphy of both depressioﬂs is thought to be the same
and is generalized in Table 4, The interpretation of a refraction sels=
mograph survey conducted in the Rio Grande basin in 1358 indicates that
the surface layer consists of at least 1575 feet of 7, 000 ft, /sec, {fill
materials, A Velocity profile for the remaining sedimentary section
was compiled from an assuiﬁed distributio‘n of the bulk density of the
rocks in the basins., The bulk densities for the stratigraphic column
were cplnﬁute_d for the interpretation of a gravity survey of the Snake
Ranch.Flats area (A R Salﬁord, 1968), The compressional wave
velocity was dewived from the bulk density by means of an empirical _
relationship based on observations by Rafe and Drake ('McCamy et al, , 1962).
" The velocity of the interval from the top of t-he’Precambrian to the micro=

earthquake focus was takeﬁ to be 20, 000 ft, /sec. (Sanford and Long, 1965).

The compressional velocity column of Table 4 indicates that the |
; 'Stratigra‘p.hic section can be modeled as a five layer case, The amplitucle
curves of Figq_ré. 1 were computed over the range of the assumed velocity
_distribution of Table 4, The set of curves of the variation in calculated
depth values given in Figures 4 through 7 also cover the range of R

assumed in Table 4.
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The first recording site, NMT#1, coincides with shotpoint.

84 of the 1958 refraction survey, The location is in the Rio Grdnde
depression approximately one mile northx,\:rest of the New Mexico Tech
Cam?us (S‘ee Figure 11). Two recording stations, SRF#1 and SRF{#2
~were operated in the Snake Ranch Flats dlepressiono The portable ins~
trument trailer, developed for this project was operated continuously
at each station until several microearthquake events o; sufficient mag-
nitude and quality Ior 1111@1'protatlon were recorded, Durmg the field
recor dmg, permanent instruments at the New Mexico Tech seismic ‘

labor ELLOly, Ccnte,r Tunnel Site, in the Socorro Mountain uplift were

in operation.
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INSTRUMENTATION .

- - -~

Portable and entirely self-sufficient instrumentation was re-
quired for rernote field recording, A completo set of trailer-mounted
cqmpznout was assembled to meet this need, A schematic diagram of
the instruments is shown in Figurc 10, A 35-watt power requirement

was furnished by a thermo-electric gencrator,

Absolute timing for the system was accomplished through l&oﬁrlly
recording of binary coded decimal time signals which are transmitted -
over WWVD in Fort Collins, Colorado by the National Bﬁreau of
Standarﬂsn The code was monitored by the 60 khz radio receiver and
superirﬁposed directly on the secismic record, Miﬁute maﬂ:s and hour
marks for relative timing reference were generated by means of cry;

stal oscillators in the chronometer-programmer,

A single, vertically-oriented Willmore seismometer was used
for the detection of seismic energy arrivals., The movement had a
natural frequency of 1,25 Hz and was electrically damped to 0,29 of
critical. The seismometer was levelled on a concrete base in the cawty
of a vertical chimney tile that was buried about thr ee feet below the ground
surface. A protcctlve aluminum plate covered by a mound of earth re~

duced the input of wind noise into the system, , -

The actual seismic recording was on 70 mm film, The light be‘“am
from a gal%/a.nozneter which rotates and transiates within the recorder
is focused oﬁ the inside,s_urfaée of a loop of film wrapped around a trans-
parent drum,, By this means, a continucus tface is exposed on the film
which, when developed, is very similar in appearance to a conventional
drum_.seiémograrn (Lehner, 1966). The galvanomecter had a natural fre-
quency of 20,4 Hz and was critically damped., The- ground rmotion magni-
ficétion of the entire s_y'ster'n including Seisnﬁometer,\ amplifier, galvanometer,

and damping is shown in Figure 11. The shape of this curve gives an
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DATA PROCESSING

DIGITIZATION

The first step in the preparation of the data was to devise a
method of display from which either direct interpretation or digiti-
zation and further processing could be carried out, The data was
originally recorded at a time scale of four millimeters per second
on high-contrast 70 mm film, After deﬁrelopment, the film was

" edited to locate seismic records of intéres't-o Film strips contaxining B
events to.be analyzed were mounted in a special holder and projected
onto a sheet of graph paper by a lantern projector. The events were
theI; traced by hand directly on thé paper at a time scale of fivé in‘clhe‘s
per second, In many cases, the tracings were sufficiently intelligible
to i)ermit direct interpretation. Those tracings which required furthen
enhancement were digit'izech The events were digitized directly from
the graph paper with amplitude samplings at , 025 inch increments
which correspond to . 005 second tirﬁe intervals., This sampling rate
corresponds to a Nyquist freﬁmehcy of 100 Hz. Frequencies higher
than 100 Hz, should they appear on the tracings, would be aliased by
the digitization, However, aliasing did not exist because the field re-
cording system sharply attenuélted high frerquencies in the neighborhood
of the 100 H=z. Nyquist frequency,and the waveform was smoothed by |
‘eye to eliminate high frequencies and wind no:ise as the fracings were

]_c;roduced,,

" The nature of the tracing method is such that perfect alignment

of the arbitra}y zero of the graph paper with the rest position of the trace -

was often &ifficul?_resulting in the introduction of a constant amplitude
shift a{nd/or a linear trend during the digitization process, As a maftter
of course, the linear trend was removed from the digitized input data,
Each trace was then standardized to a meah value of zero and a standard

"deviation of one,
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STACKING

- -~

Summing of several microearthquake traces is an effectj’.ve
means of improving the signal to noise power ratio, S/N, by dis-
criminating against random noise interference, The random noise
vifhich might be due to wind or digitizing errors is independent of the
signal and has the same mean square value of each trace., The signal

to noise power ratio of any single seismic trace is given as:
S/N =1 /1 : - (54)
5 n .

where IS and I arvc respectively the mean squate values of the

n . .
signal and of the noise, The signal to noise power ratio after stacking
N seismic traces is (Meyeroff, 1966),

S/N =1_/(1/N) (55)

I

n

Amplitude is proportional to the square root of the power and there-
fore the improvement in the signal to noise amplitude ratio of the

resultant traces is expected to be proportional to YN,

By visual insp-'eCtion, two rnicroéarthqﬁakes having the sa'me
(S~P) interval and frequency content can be inferred t.o-_have the same -
7 focus on the basis of similiarities m their waveform and character.
¥nergies originating at a common source point Aand recorded at the same
seismoémeter location will have traversed indentical ray paths. The
affects of the tr“ansmit‘uing medium on the two traces will therefore be
‘the same "aﬁd will be énhanced by stacking. Minor misalignment of the
two traces Will__‘r_e-sullt in a somewhat less than an optimum s.tack, In this
case, the frequency content of the resultant trace will be lowered, and the

waveform broadened. This is not too critical in dealing with microearth~.

- quake records of relétively low frequency content;
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After digitization, it was possible to determine the best
orientation in time of any trace A relative to another trace B to
obtain an optimum stack. This is accomplished through the cross

correlation function R, _(T) (Bendat and Piersol, 1966) defined by

AB
oy N -T _
"R T) = e ‘
ap B ERTTT NZL AP g T o (56)

©. The two traces are best aligned fox that v:Llue of T at Whlch RAB (T) '
is maximum. The optimum stack is Lhen obialncd after reorientation

of the zero time of each event such that RAB (T) is maximum at T = 0,

The Vpi*evious discussion of the stacking technique is pertinent
to the analysis of two or more events generated al a common source,
The events to be sfaczked must be generated by the same type of source
mechanism so that the phase of any wave is thé same on any record in -
the ensemble, For example, the P-wave arrival must remain either
-compressional or dilational throughout the entire suite of ;ecords. In
addition, the frequency composition of the signal must be similar on

each recordo

Micr oealthqua}\es having different (S-F) intervals but app-roxi-
mately the same ano]e of incidence can still be stacked in a two- step
processa Alignment of the P arrivals and subsequen_t summing is valid
for the enhancement of P and PS phases while alignment of the S

“arrivals and subsequent stacking may be used to enhance the SP and S

phases.

Should the otherwise similar events be sufficiently varied as to
location of the source that the angle of incidence at the velocity discon-
tlnulty is quite dlfferent than the feaglblhty of stacking is sever ely limited.

Flgure 14 shows the dependence of the (PS-P) time interval upon the
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angle of incidence and velocity contrast at a given in.terfacé for the
case when VP1< V'on The calculations are made for an interface

at a depth of 1,000 feet, The ordinate values of the curves correspond
to the lé;lgth of time of the (PS-P) intefval at a.ny given angie of in-

cidence as compared to the length of time of that same interval calculated

for normal incidence.

The absolute magnitude of time difference is directly propox~
tional to the overburden thickness, Zl,' and inversely proportional - -
to the average overburden velbcity VP, To assigh real values to the

curves, consider P to SV conversions taking place at a velocity inter-

face for Which R = 0.5 overlain by 2, 000 feet of 10, 000 ft, /sec, material, -

The difference between the calculated (PS —»P) interval at i=90° and
i=0°1is 0,012 second. In this case, stacking of widely scattered micro-

earthquakes could be used effectively for PS and P enhancement.

The time difference for greater values of R, and for SV to P
conversions is considerable larger, The calculated difference between
the corresponding (S-SP) intervals in the case cited above is 0. 054
second, In this case, stacking could not be used for SP enhancement
because the arrivals would be too severely phase shifted between tr_aceé.
Converted phases generated at sharp v‘elocity reversals cannot be en- -
hancedib'y stacking because thé (PS-P) and (S-SP) intervals differ too

- widely {rom trace to trace, o

FREQUENCY FILTERING .

A general time~domain digital filtering routine was developed

for usec in data enhancement, The frequency bandpass filters were de-

veloped according to discrete Z-transform theory as outlined by Robinson -

and Treitel {1964), The filter coefficients are derived by taking the
Fourier transform of the desiréd frequency domain response, The filter

coefficients are calculated fof a resultant filter of the time-delay type.
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The minimum expected time separatién of subsequent arrivals
on the raw seismogram is 0.10 second, The i;ime series of filter -
coeificients was truncated by a Hamming window 21 points wide which
corresponds to a maximum delay of 0,10 second, The purpose of the
- Hamming window is two-fold (Blackman, i‘) 58). The first is to mini-
mize "'singing' at the peak frequencies by reducing the éffects to the
filter's side lobes., The sccond use is to insure against the super=
: positioﬁ of the tails of an early event on the arri‘vai of secondary event,
Figu’re 151is a plot of the zir'npvlitu.cle-1‘65]’301‘1'5'6 and phaée lag éharactéfisﬁés
of a typical 0 to 10 I-Izn.].'owmpass filter which is used in the data énaly—
sis., Figure 16 is a plot of the amplitude response and pha_se lag charac-
teristics of a 10 to 25 Hz, bandpass filter which is also used in the data

analysis,

SPECTRAL DENSITY ANALYSIS

The record of each event was analyzed to determine its frequency.
content, The power spectra density fuﬁqtion is obtained by taking the dis~
crete Fourier cosine transform of the autocorrelation function of the trace
(Southworth, 1962)., The comparison of the power specti*a of similar
events was used as a criterion for the assumption that the two events had
a2 common source. Spectral énalysis was also used as an aid in the choice

of filter paramecters, , . o :
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 PRESENTATION AND DISCUSSION OF DATA

= . o~ ’ ™

SNAKE RANCH FILLATS BASIN

SRI{1 Raw Data And Enhancement

The data recorded at the SRIF#1 field station is made up of
two groups or swarms of microearthquakes, Group A, the first
.. suite of rcco_rds',, consists of four microeai‘thquakés recorded during
| 't‘he éight;gday period from _NoveinEer 2 .to'.N‘ovc‘r.n‘ber >10, ‘19‘6-7..; Figufe‘ 17
shows an enlarged segment of the original 70~mm. film strip which
contained the event of 10:37, November 10. All four digitized traces,
and the trace which is the result of their s_tacking, are shown in Figure 18

at a normalized amplitude scale,

All records presented in this paper were made with a single
vertical-component seismometer, Upward motion on the trace cor-
responds to upward motion of the ground, The sign of the vertical
component of the PS converted wave motion is reversed from that of
the direct P wave, and the sign of the vertical component of the SP
converted wave motion is reversed from that of the. direct S wave
(Koéfoed, 1962).' Therefore the verticai component seismograms
will show a phase reversal between the direct and converted waves,
Tﬁe sign of the horizontal components of the PS and SP converted -

wave amplitudes are identical to the horizontal components of the direct

P and & waves, }

The total amplitude ratios given in Figure 1 cio not take i.ntc_ﬁ
ac.count:single component recording or the free surface effects (Guten- »
berg, 1964), If both these factors are considered, then for small
aﬁgles of incidence, the ratio of the vertical components of P5/P
\;vill be Signi‘f.icantly- srnaller than given in Figure 1, and the ratio
of the vertical components of &5 /5 will be greater than given in
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Figure 1. On the other hand, the horizontal components of PS .b
converted phaseé arriving at the surface at n'early normal incidence,
could be expected to have greater amplitudes than the vertical com-
ponent. Similarly, SP converted phases could be expected to have
greatest amplitudes on a vertical component seismogram., Therefore,l
for best results, identifications of convertad phases should be made

by comparing records of all components of ground motion.

The converted energy phéses are not well defined bh the raw .
seismograrﬁs, but the identification can be improved by data énhance-—
ment t‘echniques; On the basis of the similarity of their (S-P) interval's,
frequency content, and general character, the four microearthquakes
in Group A are assumed to have a common energy source, The energy
of cach event has traveled essentially the same path from source to '
detector and therefore stacking is applicable, The stacked trace was
used only as an aid in the identification and verification of phase ar-
rivals on the raw se‘ismogram.n‘ The critical measurement in the analy-
sis is the relative time delay between tlwo successive phases (eg. S and
SP)., Direct measurements of time intervals are not made on the stacked
trace becéusé,the pulse broadening or smeariug-due to slight alignment
errors of individual -tr_aceé will be on the order of the misalignment

which may be a few milliseconds,

A visual compariscon of P and S waves recorvded during the
current study and the results of previous'studi_esrof Socorro microearth~
quakes, (Biles, 1967) indicate that the ina\‘re and S-wave spectra
- may partially ;Sverlap, with the P-wave spectrum éontaining a relatively
: Agr'eatelf amount of high frequency motion than. the S-phase. The =

converted Wavre;s'shown in the data presentation are thought to be formed

~at velocity discontinuities much closer to the detector than to the source.

Thus the PS wave has traveled only a small portion of its total path from

source to detector as an SV wave, and a comparatively larger segment
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as the original P wave, The SP converted wave, on the other hand, -
has traveled a longer path as the parent SV -wave than as a P wave. -
Therefore one would qualitatively expect the PS5 waves to be richer

in higher frequencies than the SP waves,

All power spectra pres.ented in this paper were computed for
the interval of the microeérthquake trace from the direct P arriva‘l
to the direct S arrival., Therefore cIIecLs of the {r oquency content
of the direct S wave weré e*ccludcd “The powm spectra were uscd as
a guide to the design of digital filtelsw Although the spectrum of PS AV
encrgy and the spectrum of SP energy probably overlap, the high fre=~
quency portion of the spectra is tho_ughf to be dominated by the direct
P and the PS converted phases, wherecas the low frequency portion-is
thought to be dominated by SP convertéd encrgy and other phases

_(pei‘ha.ps P to Rayleigh wave conversions)o:‘ The average of the in-
dividual power spectra of the microecarthquakes of Group A recorded

at SRI“J;L] is shown in Figure 19,

In Figul’e 20, the four events of Group A recorded at SRI1
have been filtered with a 0~10 Hz, low~pass frequency filter., The
apparent SPl converted energy arrival in the latter half of tim record )
‘has been enhanc:ed.; Figure 15 indicates, that if the S and SP waves
are of similar frequency, as they must be in order for both ofrbe en~
hanced by the narrow bandwidth filter, then they will undei‘gd similar.n
phase shifts during the filtering process, Therefore the time incl:rl;ements‘
between individual SP ar 11va10 can be measured on Lhe filtered version,

but the (5~SP ) interval must st:ll be measured on the raw trace,

In order to enhance the higher frequency components of the pos -~
sible PS arrivals, each trace was filtered with a 10 to 30 Hz. digit_al'
‘bandpass filter, The filtered traces are shown in Figure 21, The tenta-

tively identified .PS converted phase in Figure 21 is significantly enhanced
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in the early segment of the record, Ail the  PS phases will be‘ some -
what phase shifted by the one-sided filter as indicated by the charac~
teristics of a similar filter shown in Figure 16, The amount of the
shift is about the same for all phases having similar frequency coﬁtentc '
Thus the time intervals between successive PS arrivals, when identi~-
fied, can be reliably measured directly on the filtered traceo. The
(PSI«P) interval must still be measured on the raw seismogram,
However the identification of the PSI arrival on the raw trace was
facilitated by comparison with the filtered Vel;sion° |
LA éomparison of the trace of the event of 10:37, November 10
-in Figure 17 with Figures 18, | 20, and 21 shows the degree to which the
original data was enhanced by the subsequlént application of data pro-

cessing techniques,

Group B, the second set of records taken at SRFY1 station,
| consists of two microearthquakes recorded during a two hour time
span on October 5, 1967. The digitized traces and the result of their‘
stacking are shown in Figﬁre 22 at a normalized amplitude scale, The
average of the individual power spectra is shown in Figure 23, The re-
sult of 0-10 Iz, low-pass frequency filtering to enhance the SP con-
verted énergy arrivals is shown in Figure 24, ‘and the result of 10-30 Hz.
bandpass filtering 1;0 enhance the P and PS converted energy phases is_

shown in Figure 25, : o

SRE#1 Interpretation

Theé energy arrivals which are denoted as PI-P and PZP in
- Figure 25 are identified as reflected P waves generated near the focus.
This interprc_té’éion is based on the observation of late S wave arrivals

on the original records which are probably the corresponding SIS and

SZS i}haseso S ' . : o
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The interpretation of the series of records taken at the SRF#1.

1
and S'Pl converted energy waves, which are assumed to be generated

at the interface between the 7,000 ft, /sec, layer and the 13, 000 ft. /sec.

site was carried out on the basis of tentative identifications of the PS

layer, This interface has the highest expected velocity _contrasf in the
section according to the assumed velocity distribution of Table 4, The. |
“direct P and direct S picks were verified by comparison with sirmul-
‘taneous I'écordings éf the same events made at the permanent Céﬁt'ef .-

Tunnel station (see Figure 11),

The calculated depth of the top of the Datil formation (13,‘000 ft; /sec,
layer) based on the identification of converted energy arrivals on the re~ .
cords of Group A is 2,500 ft, The correAsponding depth calculation from
_ the records of Group B gives a value of 2,300 {t. An average‘value of

2,400 ft, is taken as the depth of the interface at SRF{1,

, The energy source of the microearthquakes of Group A lies at
a calculatcd depth of 20, 300 ft. The cﬂcuhted distaﬁce of the epicenter
is 37,900 ft, The calculation of the locus of the source of the micro-
earthquakes of Group B places the depth of focus at 16,900 ft, and the
radius of the' cpicentel at 70, 300 ft, These are reasonable figures_ as
they are within the rangc of observed values g:vcn for Socorro micro-

carthquakes by Sanford and Jl.ong (1965)u

The solutions of the equations for the calculation of the depth of . -
Iocus and distance of the epicenter, equations (4b) and (42), do not take -
1n1,o account Lhe pOuSlbll'lt'y of further refractions of the direct waves be--
low 7, OOO ft /scc, layer or the dip of the interface, The calculations
Care based on a straight line path from the source to the base of the
7, OOO it. /sec, layer, Any furthm refractions which are not accounted
" for would cause the calculated depth of focus to be larger than the Lrue
value and the c:alcu’_laﬁed distance of the épicentcr_ to be smaller than the =

~ true value, Inasmuch as the values of H and RC calculated by equations
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(40) and (42) are respectively perpendicular to, and parallel to

the interface rather than the ground surface, equé.tions {40} and (42)

will give misleading results when the interface dips.

The average of the angles of incidence of the direct waves at
the surface calculated from the records of Group A is 29°, and the
average angle of incidence calculated from the records of Group B
is 32°, At these ang]os of mc:dence tho ‘theor ctlcal vcrt1ca1 com -
ponent amplmudc rauos, =t /P dnd SP /8, are O, 20 and 0,45,
The corresponding observed amphtudg ratlos average 0.33 and 0,39

which is in fair agreement the theory,

The determination of the locations of the enoxr gy sources Ior

the micr ocuthouakcs of Group A and Group B indicates that Lhe
microearthquake foci are widely separated, The observation that

" the calculated depth of the Datil formation is nearly the same when
based on the .(PSI"P) and (S«-SPl) time intervals from the records
produced by two widely separated sources is confirmation that the waves
which are identified as PSl and SP1 on the traces must have been
gencrated at a velocity discontinuity within the sedimentary section ‘

near thé detector rather than near the-source. , -

SRI#2 Raw Data And Enhancement |

Threc events occurring in a mlcrocalthqtnke swarm on Novcmber 19,

1967 were recorded at SRF ‘#2 recor dma site during a 40-minute time
‘spaﬁg The raw records and theif stacked Surh are shown in Figure 26,
The 08:46 and 08:47 events were weak and thé initial P motion was

not detected. Nevertheless the similarity among the three events through-
out the rest of the trace indicates that tﬁe energy in each of the three is |

.derived from the same source and has traveled essentially the same path

from source to detector,
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- The average of the individual power spectra of the microcarth~
quakes is shown in Figure 27, A pairtitioning of the energy content- -

(in the S .to P imterval of the secismograms) into a low {requency

band (below 10 Iz, ) and a high frequency band (above 10 Hz.) is indicated,

Figure 28 shows the result of filtering the traces recorded at
SRIE#Z with a 0-10 Hz, low pass digital filter, and Figure 29 shows‘ the

result of filtering with a 10-30 Hz. bandpass filter,

- SRE{#2 Interpretation

. The measurement of the (S-P) interval was made only on the
08:06 trace., Measurcements of the (PSl-«P) and (Sv-SP_l)
were made on each of the three traces, The (PS1 -P) interval was

time intervals

taken to be the time between the arrivals of corresponding peaks and

troughs of the PSl and direct P phases.,

The energy source of the November 29 microearthquakes was
determiﬂed to lie at a depth of 21,200 {t, The distance from the detector
to the epicenter was found to be 26,700 {ft, These values are within the |

expected range for Socorro microearthquakes,

On the basis of‘the picks indicated for the SRF{#2 record.s', the
depth of the Datil formation was computed to be 3, 500 {t. This is 1,100 {t.
deeper-than the avérage value calculated at the SRF#1 site. The digtanc_e
between stations SRI¥#1 and SRF#Z is 14,930 {t. The two stations ‘have
the same elevation, By migralion of the clepﬁh data from the two stations,
the apparent dip of the Datil formation between the two stations was found

to be 4° Northwest,

" RIO GRANDE DEPRESSION

NMT#I Raw Data and Enhancement

On October 27 aﬂd 28, 1967, four microearthquakes were recorded

at the NMT#1 site, All four events were elements of a microearthquake

68




swarm which occurred within a time span of 11 hours. The digitized
traces, along with their stacked average, are presented in Figure 30 ~

- at a normalized amplitude scale,

The average of the individual power spectra of the traces is
shown in Iigure 31, As in the case of data for the SRF#2 site, the .
energy is partitioned into a low frequency band (0-10 Hz.) and a

high-frequency band (10-25 Hz, )

The results of low frequency filtej:ing‘ with a low-pass. 0-10 Hz,
digital {ilter are shown in Figure 32, The low-pass filtering was designed
to enhance the SP converted energy phases, Bandpass _fréquency fil-
tering in the 10~25 Hz., range was applied to the raw data to enhance the
P and possible PS energy arrivals in the early segment of the traée., -

The results are shown in Figure 33,

Interjpretation (NMTi1)

The interpretation of the series of records taken at the NMTH#1
site was carvied out on the basis of a fairly reliable identification of

the SPll .phase and an uncexrtain identification of the PSl phases,

From the mcasured (PSI«-P,) and (S-vSI5 intervals, the calculated

. o)
angle of incidence at the surface, iPPl, is 20° assuming the converted
waves are developed at a horizontal interface between the 7, 000 {ft/sec.

layer and the 13, 000 {t, /sec. layer. The curves of Gutenberg (1944)
and Figure 1 indicate that for this small angle of incidence, the expected

ratio’ of the vertical component of PS_ to the vertical comp of P is on

1
the ordexr of 0.1, Under these assumptions, the PSl wavelet should be
"too small for positive identification., However if the interface at which
conversion occurs dips eastward, the angle of incidence at-the surface

increases, The large observed PSI/E amplitude ratio might be ex~

plained in this way. Assuming the velocity distribution of Table 4, the
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average calculated depth of the top of the Datil formation (13,000 ft, /sec,.
layer) is 2,100 ft, This is probably a reasonable figure since the 1958
refraction seismograph survey indicates the thickness of the surface

layer (7, 000 ft, /sec., ) must be greater than 1, 600 ft.,

The depth of the microearthquake source was calculated to be
21,300 ft, The distance of the epicenter oI the mlcrocarthqual\es was
calculated to be 23 OOO fte These valucs are alqo W:Lthm the Tange glven |

' for Soccn TOo micr oealthquakes by Sanfo: d cmd Longo

' The fact that the calculated values of the depth of the discontinuity
depth of focus, and radius of epicenter based on the PSl and SPl‘ picks
are reasonable lends support to the questionable identification of the

PS 1. phase,
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EVALUATION OF THE METHOD AS AN EXPLORATION TOOL A..‘..

LIMITATIONS

The observation and reliable identification of converted energy
phases is the most critical aspect of the entire method, In order to be
recorded on the seismogram, significant converted wave energy must
be‘genera‘ued at the velocity discontinuily in question, ‘This ‘requi”res_ _
’that the detector be placed close to the microeartﬁquake 'vsource:vso-
‘that the parent waves are fairly strong, The amplitudes bf the con=~
verted waves are also dependent upon the angle of incidence of the
parent wave at the interface, The amplitudes of the horizontal aﬁd
vertical components of the waves at the surface are dependent upon
the angle of incidence of the wave at the surface, These factors serve
to geographically restrict the us ¢ of the method to those arcas for

which the position of the detector relative to the source is favorable,

The resolving power of the method is poor when the 'angles of
incidence are high and the velocity contrasts low becaus‘e of the wide
sepal ation along the interface of the points of refraction and conversion,

Contrary to other seismic exploration methods, the ability to define
small subsurface structures cannot be materially improved by very
short station spacing, Therefore the method should not.be applied in

those areas where the subsurface geology is very complex,

“The velocity contrasts required for the generation of U..'sa“b_le
converted energy phases éL:;.“e higher than the veluocity contrasts re_-'
quired for eithex reflection or refraction seismograph SL11~\}eys, If
_tAhg—: velocity contrast is of the reversed. type, interpretation. is difficult

because the amplitude of éonver’ped phases is smmall.

The accuracy with Whlch seismic phases can be timed is dependent

in part on the 51g11a] ~to=noise ratlo, and also upon the frequency of waves,
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Recommendations

- - . TN

Two of the most critical 1‘eq_uisi{fes of the methoci are the
identification of converted energy arrivals on the seismogrém and
some knowledge of the velocitics. In most instances, the velocity
information will be uncertain, However the following recommen -
dations are advanced as a means of increasing the reliability of

pPhase identifications,

1) The signal to noise ratio on the seismogram could be increased
bg} us‘ing a multiple seismometer array at each recordmg station,
As shown in a previous development, the signal to random noise
ratio mnproves as N, where N is the nmnber of solumometers
in the array, Surface waves could also be effectively cancelled by

optimum spacing of the elements of the array,

2} The simultaneous operation of a series of recording stations
would provide a subsurface profile from each microearthquake as
an aid to correlation, The observed apparent velocity of each wave
across the line of seismometer stations could be a criterion for

phase identification,

3) Two additional horﬁizoﬁtal scismometers should be employed at
each station to detect the East-West and North-South co‘mponents of

the ground motion, Then the entire ground motion of any arrival couid
be reconsiructed and the amplitude ratios dctermmed to give an indi~
cation as to the type of 1ncom1no wave energy, Measurements of the
magnitude of the initial mouon of each fomponent of the P wave, as

~ it is recorded by each of the three instruments would give an indication
‘of the angle of 111c1dcnce and azirmuth of dlrect P wave arrivals at the

surface,
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