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P38,
: ,Rlo Grande rift near Socorro. Ncw \/IL\ICO, trcqucntlv lm\c two sharp m]pulsnc

ases following direct S. These phases have been identificd as S P and $.S reflec-
fions from a sharp discontinuity that has a depth beneath Socorro of 18 km and
ﬁps northward at an angle near 67 for a distance of 30 km. Farther north, the dip-
oepens so that at a distance of 60 km from Socorro the depth is about 30 km.
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",,s. cxtendmg from southern New Mexico into central Colomdo (l\dluy. 1952,
‘Chapin, 1971). In southern Colorado and northern New Mexico, the rift penetrates

x‘}ixlhcrn Rocky Mountains, and in southern New Mexico it merges in a complex

Sknown way with the Basin and Range Province (index map, Figure 1). The rift . '
g}bc considered a fong narrow northward extension of the Basin and Range Province. '
J‘i\fgmbcn structures that comprise the rift began forming about 20 m.y. ago. ln the
juerque- Socorlo segment 0{ thc rift, dlﬂeruuml vertlcal movcmcnts between basins

ﬁim at Albuqucrquc (loulm CLHL and Cord(ll 1961 ; chdu\ 963: Sanford,
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Ficg. 1. Map showing location of seismograph stations and epicenters for microearthquakes oceus
from July 1, 1969 through June 30. 1970. The solid circles and rectangle indicate good caxlhquakc!‘*
tions; the opm circles indicate fair locations. Numbus are uscd when more llmn one event o»cuu&
gwen location.
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ment continues to the present comes ﬁom observed Lmll scarps in alluvial surfacess

relatively high seismicity (Sanford ¢t al., 1972). S BNM ONMT i
Extensive volcanic activity, both msxdc and bordering the rift, has accompanicd iy NN LRSM &
formation of the structural depressions. In the Socorro arca, many of the volcanics i : ' NMT ‘5‘;
associated intrusives of rhyolitic to andesitic.composition are about 10 m.y. old (Wekg & NOAA . ™
1971)." However, ‘'outpourings of basalt havé continued up to very recent limcs.f#ﬂ'{ , ASC-1
compositions of recent flows in the Albuquerque-Socorro segment of the rift have s (¢ NOAA. &
been studied. However, in the northern part of the rift in New Mexkico, Lipman (1% ASC-I
ALO WWSSN T

identified olivine tholetites, a magma type that is believed to fractionate at shaf
depths (1510 20 km). .

Numerous thermal springs along the entire length of the rift in Nuv Mexico (Sums
1965) are. indicative of an abnormally high heat-flow beneath this structure. Ress
heat-flow measurements along five profiles that cross the rift in New Mecxico (\"?;:
have the highest value near the rift (Edwards, Reiter, and Weidman, 1973). The h;z“;z‘gn
heat-flow measurement to date in New Mexico, 11. S HFU, was made in the nmu'nw:
few miles west of Socorro.

A structure of the length and character of the Rio Grande rift should have s
seated origin and, thus, anomalous upper mantle and crustal structure. Several obserd X
tions, in addition to high heat-flow and thermal springs, indicate unusual condiig
beneath the rift. In southern New Mexico,; Warren ¢f ¢/, (1969) found thermal anomi
that could be correlated with the earlier discovery of a zone of high electrical conduc
underlying the rift. Lee and Borcherdt (1968) compared velocity spectra of the P, it

&

at severdl distances and directions from the GASBUGGY undergr ound nuclear L\pz m

eVqurc 3 shows nn
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188 km north of Albuquerque. f’hcy found that the P, phase was abnormally

'i’-ﬁ—-ﬁ-

“? for stations located- in the rift. In an »un_hc paper, Jordan ¢r al. (1963) reached a

o rconclusion on-the basis of measured umphluda to period ratios.

) Jimhv. other hand. some observations indicate nothing unusual about the rift structure,

) 'y d\U]’Ld P,, vdouw between Sowm) and Albnquuqm is 8.1 km/see, a value
® 96‘)) thmv (1964) U\lng-d

"
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® Seismic Station
0 Town
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R SlilSM()GRAI’]-l S'r,\'rx(ms AND RECcorDs
mrc I shows the locations of stations prowdnw data for this study, except for the
z a2l Albuquerque (ALQ) which is 106 kmi N24E of SNM. Table I lists tor cach
¥ Yt . L
:“,’ C j,ﬁﬂ;ﬁ@ 1%‘!1“) type of seismograph, (2) LOD][)OHLI][\ recorded, (3) nominal magnification at -
)} T4B4°00N P 5 and (4) period of operation. Figure 2 shows the response curves for all \uxmo-
Mnormalized 1o a magnification of 1O at 10 Hz.

TABLE |

aters for microcarthquahes s
ingle indicate good carthyszs

CHARACTERISTICS AND PERIOD OF OPERATION OF SLISMOGRAPHS USED IN THE STUDY
hen more than one event (o ‘

i Ceomponents Nomimnal Perind off
System Type of Recording . Recorded Magnitication Operation
- : S L AU A T2
Z NS EW
3, NMT Pen and ink helical. at 4 mnmy/see. X 1.3-10% 7-1-61 1o present
the rift, has dLC()m]ﬂ *LRSM Film (Beniof) and magnetic X - X X 6.0-10%  (-8-6Y to present
rea, many of the wlur‘k} - o tape , , A - -
“NMT Helical filmy, at I mmy/see X L5107 (6=25-09 10 6-30-70

NOAA Magnetic tape with stripchart - X0 X X 3.2 105 2-15-70 10 12-18-71
ASC-1 . playBack at 4 mm/sec. :

NOAA Magnetic-tape with strip-chart X X X L2410% 2-26-7010 11-29-T1
o ASC-1 playback atd mm/sec.

58 WWSSN - Hot wire helical,at I mm/see. X X X 2.000% 10-3-61 1o present

up to very recent i
0 seamcnt ot the nﬂ h"

“rift in New Mexico (S
heneath this structure,
2 rift in New Mexico ¥
I Weidman, 1973). The

ph 15¢ exgcpl on_ seismograms pmduud by tlu NMT \\\tun at thon SNM
Joa and b, and 9a). About 25 per cent of the L]()\C events '.‘—P < 2.5 s00)
sval structure. Several 3‘;1,
5. indicate unusual o

ntal- Lompomnl suxmowmm\ at station BB, dl]d over 9() per cent of the hori-
&i?;,gwmpomm seismograms at station CC. Phase 2 is very weak or nonexistent on
fomponent seismograns at station SRM, which is located on a very thick section
g : N . B
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Fi1G. 2 Rcsponsc curves lox all xcxsmou.xphs used in the study. The curves have bun normalized ¢
. m!uc of 1.0 at 10.0 “L .

of low-velocity Tertiary alluvial fill (Santa Fe formation). Seismographs with high
frequency response appear to record phase 2 better than those with low-frequen
response (compare the Z-component seismograms of the NMT. system shown in Fige
3,atof, with the Z-component records of the LRSM system shown in Figure 3, kand ) -

lDL:N'rn-'xc‘ijN OF PHASES

Some conclusions about the nature of phase 2 can ' be obhnmd rtom an examinati

.

of the seismograms shown in Figure 3. First, this phitse cannot result from ‘peculiarin &

of station location or instrumentation, because-it is well recorded at widely separais.
locations with seismographs of different instrumental characteristics. Second, phag?
cannot be a surface wave because .it has a sharp impulsive beginning and it is w
recorded when the path between epicenter and station crosses & mountain range (Figy
3iy. The elevation of the mountain range is many times greater than any reasenal

estimate of wavelengths in phasc . Third, the fact that phase 2 is strongest and i 4
clearly defined on horizontal component msllumcntx (Figure 3—i, k, and I) supgese]

that this phase contains S rather than 2 motion.
Graphs of travel times of phases | and 2 versus distance (S-2 mluval) Stggest “mk
these phases are reflections. Such a graph for data recorded by the NMT system at SN

is shown in Figure 4: In this figure, travel times for the two phases from cach carthquati s

are plotted with the same symbol. Note that the absolute artival times of phases | and?;
vary considerably for small changes in S~P. but the time difference bctwcm thex
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gw (a-) were recorded by the NMT system at station SNM. Seismograms shown in (g) and (h) were

@rded by the WWSS at ALQ. Scismagrams shown in (i) and (j) were recorded by the ASC-1 system
wegtion CC. Seismograms shown in (k) and (1) were uumdui by the LRSM system at station SNM.,
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both phases are reflections and the depth of focus changes from event to event.

"~ For the stations within 45 km of Socorro, no strong arrivals arc observed thal %
later in time than phase 2. If this phase is a reflection, S.S is the most promising cand
date because it is the latest and potentially strongest of all the possible reflections. Phag
1, which is substantially weaker than phase 2, has arrival times that indieate it shoul 2
be an S.P reflection from the same discontinuity as the S.S arrival. In Figure 5, di

-ferences between observed and theoretical arrival times for S, P are plotted versus 5+
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“

¥p < 3.0, the differences are remarkably

Baervals. Within the distance range .2 < .

—————
wall. it appears unlikely that such close agreement could be obtained un]an phases | and
: sercactually S, 2 and S .S arrivals from thesame dl\COnlInUll)’
‘ Additional evidence in support of’ idcnllfymu phd\L 2 4 an S8 reflection s obtained
& anexamination of amplitudes. Figure 6 shows the observed ratios of the amplitudes
’ 8 phase 2 to-dircct P as a function of S-P. The data are from ‘vertical-component
gmmograms (NMT system) at SNM. On the basis’ of the large values of these ratios.
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3‘ 6 Ratio oflhc amplitudes of phase 2 (5,.8) to direct P versus $-F imu\dl de are from a vertical
e component msnumun (NMT system) at SNM.
alion can ba explained ,g(

‘vcnt(o cvent. g0 o . _ . . )
: shase 2 cannot be a PP or a P.S reflection. No reasonable éombinzllion of source -
wechaniism, geometry of source relative to station, or condmons at a velocity discon-

5”1uxly could produce a PP (or P.S) phase 5 to 10 times stronger than the direct P phase.

A‘u)l‘l’tC[lOﬂ for angle ‘of incidence will not lmprovc ‘the situation. At station SNM, the

&rect wave also arrives at a steep angle, generally 15° to 20° with respect to the vertical,
vause of low-velocity rock directly beneath the station.:

Figure 7 shows the observed ratios of the amplitudes of phase 2 to dlrcct S. Data are

tain from, vcrtncal—componcnt seismograms (NMT system) taken at station SNM. The
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DEPTH OF THE DISCONTINUITY
(KMS)

ml)aplh of the discontinuity. using data lrom station SNM only. Basic data mui were (1) S- P
stion of P-0 and distance to Iocus md (7) S5S—0 for calculation of the depth of the dis-

0.9 times the shedt
I be 10-times greated,
- § wave following th
r than the signal folk

S wave because é!
v and attenuation,
S5 to S also depés
‘m\sc of normal eawgs
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reeled, and cocflicays
¢ model. Aratio B
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smograms of mluocaxthquakcs with a depth of focus near zero (a) and an cpicentral distance
) near zero (b).

. Depth
: *@ﬂns were rcstncted to-shocks that ploduced clcarly defined S,S phascs dnd that

%t*.rc plotted at the reflection points (circles) and depths of focus are given at the
(squares). The most consistent results appear to be southwest of SNM where
\’ina quite different focal depths yield very nearly the same deplhs lo the

were searched £

dected event, pug
depth of foey
~ults of ll}}c_" sfat]
- obtained W
ae. the depih

hmcs at SNM out to an S-P dxchmce of 6 4 sec. Shocl\s l\nown to Imve very
epths of focus have been deleted from this graph. A good theoretical fit to the

o i
oS, S reflection times requires that the discontinuity dip approxlmately 6°.

;plhs to lhe rc'ﬂectin‘7 discominuily at points near Socorro were obtained by .

@d'10 have accurate hypocenters. Results are shown in Figure 10, where depth’

ez, s
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. 08B
5 _; ]
? dections are observed on ALQ selsmograms of earthquakes occurring near
834.15“ ”fjgurc 3, g and h)..The reflection times from these records were used to map
Q@Wnuny northward along the. RIO Grande rift. Results of these calculations are
Figure 12. Only shocks whose epicentral distances and. depths of focus were
be known within 2 and 4 km, respectively, were used in these calculations
z 4
‘ z . S : R
& 3 N2TE_ %
{ { 4 .
6
Y ISKm. -
_Jr§4°OO’N Lo
=

acorro. Discontinuity d “
the cplccntcx\ (squaten}

" KILOMETERS

f{ per cent) changés the calculated depth of the discontinuity by 2.3 to 4.5 km -
al distances ranging from 80 to 120 km. No measurements made during this

~al arrival
ed ?yndh 8km
‘inuity di

from a g;:ni
i SP= lOs

I interval, Datg &

gmmt (Fxgure 3). Also, the g gencrally large amphludc of S, Srcﬂccllons suggcsts
ﬁdlﬂcrence in S—phase velocnty across the dlscontmuxty ’



" vertical component instrument (NMT system) at SNM. The measured amplu‘

_ the discontinuity. However, theoretical ratios as high as 1.27 are still obtsi

‘observed later than the S_.S reflection from the 18-km discontinuity (Figure 3)
_rule out the possibility of a much deeper first-order discontinuity. Strong ICH('&UQ!R%§ 3

2032, USE OF REF
amplitudes as a function of distance can be used to estimate the velocity contreg 4§
L)

the discontinuity. S,P and S,.S are generated by S-phase energy tm\dm;\%
- OBSERVED A

Qbserved

Angle of  Measure:
; Inculence SxP/
Ave. S .

have been corrected by multiplying by the sine of the angle of incidence fof

‘wave and dividing by the cosine of the angle of incidence for the S, P phase. 88 0.11+04

Theoretical amplitude ratios of S, P'to S.S, based on plane-wave theory, drtM s 173 015406
in Table 2 for the same angles of incidence as the observed ratios. For a wf;tfé& T
km/sec S-wave velocity contrast. across the discontinuity, the theorctical retiig J2L1 02440
greatly different from the observed ratios, particularly when the angle of inridfﬁff‘ﬂl 233 02740,
S.S is near 20°. Theoretical ratios more in agreement with observed raties 4 105 .0.58+0<

obtained by postulating a 50 per cent decrease in S-wave veloeity from the s

addition, the velocity calculated for S-wave reflections from Socorro to Albu,;v ﬁfm McCamy et al. (19
does not appear to support this crustal model. :

Another way to make theoretical values agree more closely with observed vat
have a discontinuity across which the S-wave velocity drops to zero and the §
velocity remains the same. This approximates the boundary between rigid and &
layers having different compositions. The theoretical vatues for this case, hstcdx»;a
2, still exceed the observed values, but the discrepancy is. greatly reduced. In sdj
the steady increase in the observed ratios with increase in angle of incidence |sdc'=7_
with this type of discontinuity. =0

Slightly better agreement between theoretical and observed values of the s W
ratio S,P/S,S is obtained when the P-wave velocity increases from 6.0 to S.ﬁb‘%{
and the S-wave velocity decreases from 3.46 to 0.0 km/sec across the disca
However, this model appears unsuitable because nonrigid material of pcunuq;a‘w"l}
reasonable composition will have a.velocity much less than 8.0 km/sec. This cofts
tion, as well as the observed amplitude ratios, indicates that the discontinuity i 3%
lain by low-rigidity material having a P-wave velocity little different from the cigl
material. I this interpretation is correct, the 18-km discontinuity could not be the $3
because the P velocity below this discontinuity would be far smaller than the i
P, velocity. The position of the Moho could be anywhere from a fraction of %

to many kilometers deeper than the 18-km discontinuity. The fact that no phys

anity of Socorr
These horstsare
distance of abowt
dovwndropping ar
% The fact that i
& related to the
etinuity underlan
b the mountains:

#% rescarch describe
&5 GA-10767. We wi
e s psatance in the o
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"(“k

than S,S would not exist becduse almost all of the S-phase energy would be reficz
the 18-km discontinuity. Reflections of a totally P-wave character from a d'ﬂ;&
continuity would probably be too weak-to be 1dent1ﬁed

alebook, 21st Fiel
4,C. S. (1941). Qua
qw:\.C L,M.A R

CONCLUSIONS

The important characteristics of the crustal discontinuity benéath the Rio Gs
rift near Socorro are summarized below -
. The depth dlrectly beneath Socorro isabout 18 km.’ ‘
2 The discontinuity dips northward and obtains a depth near 30 km at a dists
60 km from Socorro

WFyw Mexico Geol. !
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the velocity contraid
* energy traveling g}
tude ratio is rchmﬂﬁ&

TABLE 2

OBSERVED AND THEORETICAL RATIOS OF S.P TO SxS AMPLITUDES

1b :
l[ 2 fists five S P%;\ Observed - - Theoretical
{ar Aar i N i
athS narro“h' a; = 6.00 a, = 8.00 a, = 5.80 d, = 5.80
110s were obtaingk - ) By =-3.46 By = 4.60 B, =335 > = 0.00
me mﬁ? A ¥ Angle of ~ Measured Corrected .Reflection Reflection Ratio Reflection Reflection Ratio
asured ‘”nph' widence  SxP{SxS SxP[SxS Coeflicient CoctTcnenl Cocﬁ})cien( Coef;iciem .

s of lnCIdCﬂCC ror[ - §xS Ave.+S.D. Ave.4-S.D. P . S*

> S.P phase.
wave theory, are s
ratios. For'a J.4b4;
‘the theoretical 54

88 0110023 0.017+00035 | 005 018 028 | 012 094 0.3
€103 01550057 0046:0017 || 009 009 10 | 022 082 027
el 0.2440.20 0.088+0.074 0.10 003 3.3 025 075 033
B3 027£022 011140086 | 011 004 27 | 027 072 038
05 0584010 031430056 || 012 018 067 | 032 067 048

l\vccn rl},ld 30&3&%
““this case, listed ﬁM‘
tly rcduccd ln Q&.

values of lhc «&&k ¢
 from 6.0 10 i&ﬁ}&
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