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Abstract

Two-dimensional finite element techniques are
employed to model Love and Rayleigh waves propagating
across structures with varying topography. Love and
Rayleigh wave propagation through a model of the
Magdalena Mountains is examined for pericds from
1.0-6.0 seconds. PFor an incident fundamental mode Love
wave, more than 80% of the energy is transmitted in the
fundamental mode. For an incident Rayleigh wave, the
energy in the transmitted fundamental mode increases
from 85% to nearly 100% over this range of periods.

Several Rio Grande rift models are examined for
incident fundamental Love and Rayleigh wave motion at
pericds of 1.0 to 8.0 secomnds. For Rayleigh waves,
lower periods (high freguencies) generally lose much of
their energy to higher surface wave modes (body waves).
Por Love waves, the same is true, except for an
anomalous (65%) loss of energy near 3.7 seconds. In
all cases tested, nearly all energies are transmitted
with wvirtually no reflection.

The conversion of energy into other modes suggests
possible mechanisms for the existence or absence of
features seen on regional earthguake seismograms (e.g.
low-frequency codas or total lack of surface waves).
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I. Introduction

Aki (1969) suggested that the presence or absence of
surface waves in the codas of local microearthguakes is a
function of scattering by topographical features and
irregular geology. If the mechanism of this scattering can
be understood, and models developed, it may be posgible to
invert local microearthguake data and obtain information on
the extent and nature of the scattering bodies. This study
constitutes a step in such an analysis, and was undertaken
to determine the degree of scattering from two prominent
local features: the Magdalena Mountains and the Rio Grande
rift. Also, in order to interpret results more accurately,
it was necessary to identify problems in finite element
modeling of realistic structures at pericds shorter that

those examined in previous studies.

The propagation of Love and Rayleigh waves across
irregular geclgical structures with varying topograpy
presents a formidable mathematical problem. Analvtical
solutions have been propesed for only the simplest of cases,
such as a step over a half-space or a sudden change in
hﬂ:izunyal layering over a half-space (Mal and EKnopoff,
1965; McGarr and Alsop, 1967; McGarr, 1969). More
realistic models must be examined numerically through the
use of techniques like the finite element method

(Zienkiewicz and Cheung, 1967) or finite difference analysis

(Munasinghe and Parnell, 1973).
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The study of surface waves using two-dimensional finite
element technigues i= well known (Lysmer and Drake, 1972).
In brief, a cross-section of the earth is divided into a
mesh composed of guadrilateral elements. Each element is
assigned a characteristic P and 5 wave velocity and density;
damping (or attenuation) may be included as well. These
elements are interconnected at a discete number of nodal

points. Three basic assumptions apply to the nodes:

1) All forces within the structure act through the

nodes.

2) The displacements of the nodal points define the

displacement within each element.

3) The displacements between nodal points are required

to be linear.

For purposes of computation, the mesh is divided into
three regions: two layered zones, one at each end, and an
irregular zone encompassing all of the complex geoleogy and
topographical irregularities (Figure 1). The irregular
structure is excited by a plane wave of period T incident
upon its left-hand side. Mode shapes (displacement vs.
depth curves) for both incident and reflected waves are

found from a steady-state analysis of the left layered zone.
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Likewise, mode-shapes for transmitted waves are determined

from a steady-state anzlysis of the right layered zone.

Lefi k2yeoes penr lrregater jone 4 Ragmi bgyeeed poas
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Figure 1. Division of the finite

element mesh into 3 distinet regions
(from Lysmer and Drake, 1972)

Lysmer and Drake {iﬁ?:] have suggesteé several criteria
to be met to insure that displacements are accurately
modeled. First, they suggest that element lengths be less
than 1/10 of a wavelength in the direction of propagation.
Second, they note that the accuracy of the mofe-shape with
depth depends strongly on the nurber and positioning of
layers. More vertical nodes, and nodes placed closer
together, will produce a better approximation to the actuzl
mode-shape. Finally, since the model is finite, a rigiad
boundary must be placed at depth. Lysmer and Drake (1972)
suggest placing the rigid base at. 2-3 times the longest

wavelength of interest to insure that accurzte mode-shapes

are obtained.
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IT. Previous studies

The formulation used in this study was derived from
several sources. Zienkiewicz and Cheung (1967) set down a
general finite element formulation suitable for use in
engineering applications. This was expanded upon by Lysmer
(1970), who modeled Rayleigh modes in a layered structure
with the lumped mass method. Lysmer and Drake (1972}
provided an even more expanded formulation which analyzed
two-dimensional Love and Rayleigh waves in an alluvial
valley, as well as along a section through central
California. Drake (1972) considered Rayleigh wave
propagation across a step change in elevation and across an
inclined interface. Lysmer and Drake (1971) studied Love
wave transmission throuwgh a sinusoidal depression,
continental boundary, and a subduction zone. More recently,
Drake and Bolt (1980) analyzed an ocean-continent interface
with the finite element technigque, and derived energy
transmission curves as a function of period. The results
obtained in the above cases showed that the basic
formulation was correct and that realistic models could be

analyzed.

Laboratory studies have produced results which have
been compared with the results from numerical modeling. Kuo
and Thompson (1963) conducted an experiment in Rayleigh wave

propagation with a gently sloping plexiglass-panelyte
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interface, and found that Rayleigh wave phase.vtlccitien
were independent of the direction of propagation. Abe and
Suzuki (1970), however, found phase velocities to be a
function of the angle of incidence for Rayleigh waves
propagating across an inclined surcface layer over a
half-space of aluminum and brass. Drake (1972) attributed
this disagreement in phase velocities to Kuo and Thompson”’s
neglect of body wave eanergy. Since the finite element
method accounts for all energy, conversions will appear as
higher mode surface waves. In fact, this is found to occur

with several models investigated in this study.
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III. Programming

Complete programs for the analysis of layered and
irregqular zones were coded in FORTRAN for the DEC 2060 on
the basis of work done by Lysmer {(1970), Lysmer and Drake
{1971), Lysmer and Drake (1972), and Drake (1972). Program
listings are presented in the Appendix. Although few
additions or modifications were made to the originmal
formulation, these programs were tested against published
results t©o insure confidence both in the programs and their

results (see Section IV).

A major problem in using finite element code is storage
limitations. For the DEC 2060, a 300x300 matrix is about
the largest that can be placed in memory at one time with a
modest source code. To circumvent this problem, a parallel
set of programs (LVIRRX, RYIRRX) were developed which
construct and solve large matrices two lines at a time and
thus have no maximum limit for matrix size (see Appendix,
pages A-22 and A-42). However, the amount of CPU time regquired
for a small matrix solution (100x100) is estimated at 10 hours,

making these programs unfeasable for use on the DEC 20860.
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IV. Testing

l. Love waves

Extensive tests were conducted using a model of a
sinuscidal valley (Figure 2) with incident Love waves at a
pericd of 62 seconds. The structure was designed to match a
sinuscidal valley investigated by Lysmer and Drake (1971).
The period was chosen to match the Slavin and Wolf (1970)
model, in which the width of the depression was 1.2 times
the wavelength of the incident surface wave. Lysmer and
Drake added realistic elastic parameters and used a period
of 62 seconds to maintain this same width/wavelength ratio.
'Elament parameters are generally the same as those used by
Lysmer and Drake, although they did not specify the depth of
the top of the half-space. Results from this model may be
compared to those cobtained by Lysmer and Drake (1971) in

Table l.

TAELE 1
NORMALTZED EMERGY PERCENTAGES AHD PHASE VELOCITIES
FOR THE SIWHUSOIDAL WVALLEY nlDEL
Ferdasenlal 1st Higher Hisher wades Fundisenial
Fesulls Trans  FRefl Trans  Fefl Trams kef Fhase vel.

L
GULEr ST .05 0.0 00 02 @ 290 2 ———
. LVIRR B2 5.3 LM GL1E 07 LAk 4347 hase
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The percentage of energy in the trnnsmitind fundamental
mode of this structure compares favorably with that of
Lysmer and Drake {1971). If their energies are accepted as
the standard, a 3.4% error exists in the energy transmitted
in the fundamental mode. However, much larger discrepencies
exist in the relative energies of higher modes. The
relatively large amount of energy in reflected modes is
probaby the result of small differences in model parameters
and positioning of the nodes. In particular, my test case
used but 60% of the number of free nodes of Lysmer and Drake
{273 nodes with 260 ealements in 13 layers versus 420 nodes
with 400 elements in 20 layers). Thus, mode-shape
approximations are probably not as accurate as in the Lysmer
and Drake model. This may cause additional energy
scattering, primarily into the reflected fundamental and lst
higher modes. Despite the differences in calculated
energies, phase velocities for the two structures agree to

within 3%.

2. Rayleigh wave tests

To test the accuracy of the Rayleigh wave modeling
programs, Drake”s (1972) model of a step of height H over a
half-space was analyzed (Figures 3 and 4). Element

parameters and geometry were jidentical to Drake”s structure

in the upper 10 km, and incident waves had a period of 13.31
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seconds. This period was chosen so that wHfig= 2.

Transmitted and reflected energies computed by RYIRR
agree closely with those found by Drake (see Table 2).
slight differences may be attributed to differences in the
number of nodes between the two structures. Conputer
storage limitations reguire that fewer nodes be used here
than in the Love wave case, since the global matrix is of
order 2Nx2N (see program RYIRR in Appendix, page A-38). Thus only
60 elements were used in this analysis compared to Drake”s 400.
These energies agree more closely with published :e:uits
than those derived from the Love wave programs. One reason
for this is that the structure modeled here is closer to

Drake”s structure due to his more detailed description.

-

ThBLE 2
NORMALIZED ENERGY PERCENTACES AND FHASE VELOCITIES
FOR THE STEF HODEL

Fundrmmtsl Highwr pades Fuesdanenital
Eewylls Trane  Refl Teara  Refl Prase vel.
Lefl 1o righil
lrﬂl t“ni H-El LH ‘Tt" i-ﬁ I-H‘“
EYIRR 4 1.7 L9.57 1.2% 1.6230
Eigat Lo Jeri!l
brese (15720 2.0 11,57 165  41.88 1.C248
RYIER 27, niB 12,80 44.75 1.022%

Another test of the Rayleigh wave routines was to
compare results with those obtained by Fuyuki and Matsumoto
{1960) for Rayleigh waves propogating across a trench.

Fuyuki and Matsumoto used finite difference techniques to

anzlyze an idealized trench model (square well of depth h)
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in acrylite. Their model consisted of BIExHﬂi nodal points.
They obtained curves that related transmitted and reflected
amplitudes to h/A , where A is the incident wavelength. Curves
were generated for the structure shown in Figure 5, and
compared to the Fuyuki amd Matsumoto curves (Figures 6 and
7). Considering the disparity in nodal points between the
two structures, and the slight inclination of the t;ench
walls in this model, the curves show many similarities. The
amplitudes found by the finite element method are slightly
higher than those found by Fuyuki and Matsumoto. It also
appears that the finitn element curves are slightly shifted
to higher values of hfh‘when compared to the Fuyuki and
Matsumoto curves. It should be noted that the Fuyuki and
Matsumoto curves presented in Figures 6 and 7 represent the

average of several runs.

As a result of these tests, it was concluded that the
routines used in this study are accurate and may be used to
investigate new structures. However, some of the problems
encountered in examining new structures must be considered

before a presentation of the final results.
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V. Problems and Interpretation Pitfalls

In order to interpret the results accurately, it is
necessary to discuss sources of error. Of primary interest
are the effects of including elements with lengths in the
direction of propagation larger than the 1/10 wavelength
criterion (Lysmer and Drake, 1972). In general, very little
energy is transmitted in the fundamental mode where element
lengths >> 1/10 wavelength are used. Testy show that
substantial fundamental mode energy is reflected as well as

converted into body waves at these periods.

While wvigplation of the element length condition
provides a simple explanation for the small amounts of
energy transmitted in the fundamental mode at short pericds,
it must be remembered that short periocd waves are also more
sensitive to irregularities in the structure. Thus, it is
difficult to separate out the effects of poorly modeled

displacements from actual scattering at these periods.

Figures 8, 9, and 10 show irregular structures Ridge A
and Ridge B, both consisting of a 0.25-km high symmetrical
ridge in a 2.25 km layer overlaying a half—spa:e.- Ridge A
and Ridge B produced the energy curves given in Figures 1l
and 12 and Tables 3 and 4. The energy in the transmitted
fundamental mode drops drastically in the case of Ridge A,

forming an energy “hole” at A/h=13.50, where h is the height

of the ridge. However, Ridge B transmits almost all of the
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1nciﬂént energy in the fundamental mode at 1}h:=13.5ﬂ. Also,
the energy transmitted in the fundamental mode drops sharply
for A/h=7.0, while that of Ridge B begins to drop off at
A/h % 4.5.

According to the 1/10 wavelength criterion, poor
displacements should occur only below a A/h of 6.65. Thus,
the energy hole at A/h=13.50 is probably not the result of
elements being too long. A more likely cause iz a poor mode
shape produced by the sudden change in thickness in the
fifth layer of Ridge A (between the horizontal and
non-horizontal parts of the model). ‘In Ridge B, this
thickness change is distributed over two layers. It is
likely that the high percentage of incident energy
transmitted in the fundamental mode for Ridge B is the
result of a more accurate mode-shape approximation by the
model. Ridge B has a closer spacing of nodes in the
critical regions of rapidly changing structure and thus can
provide a more detailed model. Interestingly, most of the
energy lost by the transmitted fundamental mode in Ridge A
at A/h=13.50 goes into the reflected fundamental mode and
higher modes above the second higher mode. This
distribution is similar to the sinuscidal valley model
(Figure 2 and Table 1) considered earlier, although the
energy percentages differ greatly. This observation will
prove useful in the analysis of Love wave propagation

throuwgh the Rio Grande rift, which shows a similar dip in

fundamental mode energy transmission.
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Two other characteristics of energy hnles.caused by
modeling problems must be considered before a discussion of
the final results. First, the pericds at which energy
minima occur are found to change with a slight rearrangement
of vertical nodes. This lends support to the argument that
the holes are created by poor mode-shape approximations at

certain periocds.

Second, large differences in the elastic element
parameters of the elements were observed to lower the amount
of energy transmitted in the fundamental mode. In some
structures, significant changes in elastic parameters from
element to element produced a deep energy hole {(20-40%) over
a narrow band of pericds (0.2-0.5 seconds). To determine
whether this energy drop is model-dependent, a slightly
modified model with discontinuities “cushioned” by thin
transition elements should be examined. If a hole is the
function of abrupt changes, it will disappear when
discontinuities are spread out over a distance. At the same
time, more accurate displacements are produced by a closer
nodal spacing and this may also lead to the vanishing of the

enaergy hole.



(31)

VI. Results of models

It is of interest to know the effects of complex
geclogical structure and rugged topography on surface wave
propagation in the Socorro region. Models of the Rio Grande
rift apd Magdalena Mcuntains were constructed to study the
effects of their geology and topography on surface waves
from a zone of microearthguakes near station SC, as well as

from the Nevada Test Site (Figure 13}).

1. Magdalena Mountains

This structure was chosen to evaluate the effect of a
mountain range on surface waves with periocds ranging from
1.0 to 6.0 seconds. The finite element structure modeled a
16 km line from station SC to the mouth of Hop Canyon
{(Figure 13). The path crosses irregular topography which
has a total vertical relief of about 0.76 km. Although
complex geology abounds, detailed structure could not be
accurately modeled with the limited number of elements
available. To simulate complex geology, an average of rock
types within any particular element was formed from
information in Chapin and others (1975), Sanford and others
{1877}, Sanford (1578), Rinehart (1979), Brown and others

{1979), and Ward (1980). The resulting uncertainties in

velocities are thought to be about 15%.
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A second reason for choosing this line wn.s that it
closely parallels the raypath of surface waves propagating
from events clustered in an active zone near SC (the
intersection of the Morenci and Capitan lineaments) to
stations HC and GM (Figure 13). Station GM shows unusupal

high-frequency surface waves on short period seismograms.

The smallest period used in this study was taken at the
point where rapidly falling fundamental mode energies
resembled the energy curves obtained from inaccurate
models described in Section V. The period was then
increased until most of the energy versus period curves
showed complete (~100%) transmission of incident energy in
the fundamental mode. The range 1.0 to 6.0 seconds was
chosen on this basis, even though 1.0 second produced
wavelengths significantly less than the suggested
element-wavelength ratio of 0.1 (Lysmer and Drake, 1972).
Results should be regarded carefully for this reason. In
this model, maximum element lengths were about 30% of the
wavelength at 1.00 seconds. While this might seem large,
Lysmer and Drake (1971) demonstrated the tolerance of the
element length condition for Love waves by using lengths 20%
of the wavelength and finding only a 0.8% error in
transmitted energies. Since the interesting energy
transmission bands occur below 6 seconds for both Love and

Rayleigh waves, it was decided to push the finite element
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method to its limit in investigating short periods, and then

note any symptoms of inaccurate medeling.

A. Love wave analysis:

The structure for the Love wave analysis has 15 layers
and 20 columns for a total of 300 elements (Figures 14 and
15). Element parameters for the upper 7 layers are
presented in Table 5. Element lengths in the irregular zone
are 0.8 km, and thus the 1/10 wavelength criterion of Lysmer
and Drake is satisfied above a period of 2.5 seconds

(assuming an average Love wave velocity of 3.17 km/s).

Results are shown in Figure 16 and Table 6. The
fraction of incident energy transmitted in the fundamental
mode is large for all periods, and increases slightly from
about 90% at 1.0 second to nearly 100% at 6.0 seconds. Dips
in the percentage of energy transmitted in the fundamental
mode occur at 2.5 and 4.0 seconds and are probably the
result of poor mode-shape approximations. This is suggested
by their resemblence to holes in the energy curves of Ridge
A, which were thought to be caused by poor mode-shape
approximations. In this case, most of the converted
incident energy goes intoc higher modes (above the 2nd), with
little energy in the reflected fundamental mode. Thus, in

general, it would be expected that nearly all incident Love
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TABLE 5
ELASTIC PARAMETERS FOR THE MAGDALENA MOUNTAIN MODEL (LOVE WAVES)
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TABLE 5 (CONTINUED)
ELASTIC PARAMETERS FOR THE MAGDALENA MOUNTAIN MODEL (LOVE WAVES)
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TABLE 6
NORMALIZED ENERGY PERCENTAGES AND

PHASE VELOCITIES FOR THE MAGDALENA MOUNTAIN MODEL (LOVE WAVES)

'Enﬂ Higher

Trans

k™00 Mg
Qi e4MO

% B ®F & @ B

N9~ Q9rO0Q0

Retl
1.464
1.50

T o O O v T et O )
M e T FMIFMQo
T g ® 5 F g % g F & &
_1__

MOENCEO~00

Other Hiaher

Trans

P O AT
ﬂillﬁﬂﬂﬂ

& o % o5 F o5 ¥

ﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂ

Refl
0.33
« Q0
«+ 02

NI xEedsT <M
uﬂﬁlﬂﬂllﬂ
.-_
D

« OO0

o R g & g &

Iﬂﬂﬂﬂﬂﬂﬂ

0.14

(=]

— e - —

SN eMMRGnIe T
SHOSoODHCO0

- owm ® % F F g @

1
ﬂ CooCO0000

Reftl

Higher

NFMeMg DN
TMMNIS-MoO
-

= F B P B & 5 B

(sT=Yolalalalolalsls

G.Iﬂ

|
i
|
|
1
|
|
]
|
|
i
I
i

1sh
Trans

4,16
A27

Rell

F0.17%

VIFtI S @M s

- B s # g ® ow R g B

e ]
=
hﬂ?lﬁﬂ??ﬂ?
DO N0 OO

Furndamenlal

Trans

00000009
5G5ﬂ5ﬂ5n
.__

MM T SN

1.00
w0
-ﬂﬂ

1.

Period

L

(60)

LM T O .

| P TSR M@
e CITIMIST APV
o ow o w B R E R E B

arl o 1 e Bordr el o il |

viel s
.17 km/s

Ph.

i=t=l=Jud=lolel=]l=]l=
IO O S DS
- om m om owm o E W W
1

S04 M Py T N0

Feriod
1.00 sec



(41)

wave energy passes through the Magdalena Mountains in the
fundamental mode for these periods (i.e., that the dips are

artifacts of the modeling process).

Phase velocities for Love waves cluster around 3.20
km/s with the exception of a value of 2.17 km/s at a period
of 2.50 seconds. As mentioned above, displacements at this
period are probably inaccurate and thus velocities ;ru

probably also inaccurate.

B. Rayleigh wave analysis:

The structure used to model Rayleigh waves is shown in
Figures 17 and 1B; 1listings of parameters are presented in
Table 7. The irregular zone consists of 13 layers and 10
horizontal elements. Since element lengths are 1.6 km, the
1/10 wavelength condition of Lysmer and Drake (1972) is met
above a period of 5.6 seconds (assuming an average Rayleigh
wave velocity of 2.9 km/s). Results are presented in Figure 1%
and Table 8. The energy transmitted in the fundamental
mode rises from near 90% to almost 100% over the period band
examined (1.5-6.0 seconds). Although the direction of
propagation was east-to-west, energies transmitted in the
fundamental mode should be the same for propagation in a

west-to-east direction (Lysmer and Drake, 1971).
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ELASTIC PARAMETERS FOR THE MAGDALENA MOUNTAIN MODEL (RAYLEIGH WAVES)
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Phase velocities for the Magdalena Mountain structure
are presented in Table 8. Although a 1.16 km/s wvariation
exists over the range of pericds, no clear pattern emerges
as to why this should be so, Phase velocities are highly
model dependent and, in fact, these are less well determined
than those of the Love wave case because fewer elements are

involved. .

2. Rio Grande rift

A series of models were constructed to examine surface
wave propagation across the Ric Grande rift. The actual
cross-section was chosen on the basis of a gravity survey by
Sanford (1968); the line in this study closely parallels
sanford”“s and is 18 km long [from 106°47'W to 107°00'W at
latitude 34"10' as shown in Figure 13). Elastic parameters
were chosen on the basis of Sanford”s densities as well as
work done by Sanford and others (1977), Sanford (1978),
Brown and others (1979), and Rinehart (1979). While
topographic variations are slight, geology is complex and
valley alluvial £fill has a sharp acoustic impedance against
upfaulted granitic blocks bordering the rift. Here again,

only major structural features can be modeled.
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A. Love wave analysis:

The first Love wave model, Rift A, is shown in Figures
20 and 21 with parameters listed in Table 9. Element
lengths are within the 1/10 wavelength criterion for pericds
above 2.44 seconds (assuming an average Love wave velocity

of 3.28 km/s). ’

The results are presented in Figure 22 and tabulated in
Table 10. A deep and rather broad dip in fundamental mode
energy transmission occurs near 3.7 secomnds. This is
similar to the energy holes observed in the ridge models of

Section V, although this is much broader.

Since model-dependent energy holes usually occur at
different periocds with slight changes in vertical structure,
a second rift model, Rift B, was constructed (Figure 23)
with the same elastic parameters for each element but with a

slightly different nodal configuration.

Results from Rift B are presented in Figure 24 and
Table 11. MNote that the hole remains at the same pericd. A
new, unexplained peak appears at 4.5 seconds. 1In addition,
note that in both models the energy transmitted in the lst

higher mode grows at the expense of energy transmitted in
the fundamental mode near 3.7 seconds. This energy

distribtion is important since it distinguishes this energy

dip from mocdel-dependent holes where most of the energy ends
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TABLE 10
NORMALIZED EMENGY PERCENTAGES AND PIASE VELOCITIES FROM RIFT A
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Figure 23. Upper 9 layers of Rift B, Element parameters are identical

to those used in Rift A (Table 9) as is the structure below 11.94 km.
Positions of nodes, however, have been changed. The X axis designates
the horizontal coordinate and the Z axls the vertical coordinate of each
element as listed in Table 9. Tt was found from Rift B that the period
for minimum energy transmission in the fundamental mode did not change
with & new nodal point configuratlion. This strengthens the argument

that the enecgy minimum ls real {Figure 2),



Parcant stargy {mermalioed)

1 [[L K "
. i
x. L v
i Tl ML ! FLN W
i LR iﬂpﬂp
I m Z e,
A i -,
- 1y -i Ll
] E so.0e
¥ omea ¥
TR 1,
W L . SERPPETFEEESY BERY - kL EN}
(] (W B, L A0 .. . 1.0 Fe ] »- 4.4 ]
Furied [ssssnds) Ferled [awotnds)
s B sl
. .
L s
o o
o, ! e,
LB ? N8
IR S = g,
LN L i o,
L CECe
[ ®
TR :
LLELE \ T
" — Y T Lia—y (o] o ——p ; *
(X1 [ ] () b L] L] .- (W 1] ¥ b 4.9 LR

Period [asconds) Fagod [ascends)
L4l 4]

Flguce 24, ln“gz eransmlssion and reflectlon for Love waves propanating
accoss the Rife D model [(Flgure 23). In (&), the fundimental mode anergy
minimum occcurs nodc 3.7 seconds which ageoes with cesults ohitalned with
Rife A. (B}, (), snd (d) show simllaritlas to RifE A for the lat and
Iml highee sodan; and higheer modes above the Ind. Hobe that In [d), the
ensrgy curve At short peclods has & Jlfferent maximum than for HIfE A
Thizs implies model-dependency st these poclods [Table 11).

(%)



TABLE 11
HORMALIZED ENERGY PERCENTAGES PROM RIFT B
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{58)
up in higher modes or the reflected fundamental mode.

These two factors imply that the dip near 3.7 seconds
is real; this has important consequences for surface waves
passing through the rift. The arrival of the lst higher
mode may be lost amid late oscillations of the S-phase in
regional events where a substantial distance seperates the
rift and the station. The 2nd higher, and other higher
modes, split the remaining energy about evenly. In all
cases, more than 90% of the incident energy i= transmitted,

and less than 10% reflected.

Phase velocities are listed in Table 10. These
velocities vary from about 2.53 km/s at 3.70 seconds to a
maximom of of 4.39 km/s at 3.5 seconds. Interestingly, the
highest phase velocities are found at periods where the
energy transmission in the fundamental mode is lowest. One
reason for this could be phase shifts caused by mode

conversions at element boundaries.
B. Rayleigh wave analysis

The Rayleigh wave analysis of the rift provided a far

different energy distribution for waves with periods of
1.5-6.0 seconds. The structure is shown in Figures 25 and
26 and parameters for the upper 7 layers listed in Table 12.
The 1/10 element length/wavelength condition is met for

periods above 5.6 seconds (assuming an average Rayleigh wave
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Figure 25. Rayleigh wave cift model consisting of 150 elements
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See Figure 26

for an enlargement of the upper 9 layers.
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TABLE 12
ELASTIC PARAMETERS FOR THE RIFT MODEL [RA?LEIGH WAVES)
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phase velocity of 3.2 km/s).

Figure 27 and Table 13 show the energy distribution for
this model. From Figure 27 it can be seen that the enargy
transmitted in the fundamental mode increases nearly
linearly between periocds of 1.5 and 3.5 seconds. One
possible explanation for this is that the approximations to
the displacements improve as periods increase above 1.5
seconds. This hypothesis is strengthened by the observation
that most of the scattered energy goes into higher modes.

It is just such an increase in higher mode energy (above the
2nd) that accompanies the drop in energies transmitted by
the fundamental mode fnr.the ridge models (Figures 11 and
12). At short periods, this drop was attributed to poor
model displacements.

These results, if correct, imply that at periods of
less than about 2.5 seconds, strong Rayleigh phases would
not be seen in vertical-component seismograms for events
from opposite sides of the rift. An important practical
conseguence of this energy distribution is that it may well
be impossible to resolve fine detail within the rift from
sucface waves due to the lack of transmitted short period

waves.

Phase velocities for the Rayleigh wave rift model are
presented in Table 13. Phase velocities range from 2.4 km/s

at 5.5 seconds to 4.6 km/s at 3.00 seconds. Here again, the

maximum phase velocities coincide with the minimum enerqgy
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‘TABLE 13
NORMALIZED EMERGY PERCENTAGES FROM THE RIFT MODEL (RAYLEIGH WAVES)

Fundamerntal ist Higsher 2nd Highor Other Hisher

Trans KaTl Trans Refl Trans Rafl Trons Refl
B.38% 25.40 4,39 Q.20 O.98 O0.37 39.84 20.44
34 . &0 <b & 50 b, PS4 O.1% 1.84 0,21 A& .16 B.77
aag 25 & &7 4% &) Wl 1R
B4.02  0.3% V94 v01 220 0.08 P W1
2R.25 1.60 1.727 g.ﬂl u.gu 0.08 -_1§ E.dg
BS.95 O.97 0.00 0.01 0.15 0.03 5.?1 S5.18
945.91 024 O34 .00 0.29 0.04 8.15 4.08
87.74 O.q8 C«lS 0.01 O.584 0.07 8.29 2.&3
20.58 0.94 0.08 0.02 1.42 0.10 S.88 0.98

Poriud Phs vel.
é.ﬁﬂ sec %'ﬁ% km/s
L]

2:99 2,55
3,00 Aadl

J:+00 444
4198 ;-El

fAa'D a0

5,00 2.4% .
G0 240

&,00 J.10
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transmission in the fundamental mode (between ﬁ.ﬂ ard & .0

seconds).
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VII. Suggestions for Further Work

In order to extend these results to shorter pericds amd
to increase confidence in results presented, more elements
should be added to the Magdalena Mountain and Rio Grande
rift structures. Improvements afforded by additional
elements would be more accurate mode-shape approximations
and the ability to include transition zones for elastic
parameters. One drawback of including more elements is the
amount of computer time (money) inveolved. In general, the
computation time increases with the sguare of the number of
elements. Thus partitioning of large matrices, or finding
routines that solve large complex matrices in symmetric
storage mode, will be necessary to handle the sizable
matrices generated by larger models. In addition, the use
of a smaller period increment would produce more detailed
curves, and may show additional peaks and dips. Finally,
including damping may make the structures more realistic if

accurate values for local attenuation become available.
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VIII. Conclusions

Analysis of the results suggest that virtually all Love
and Rayleigh wave energy incident upon the Magdalena
Mountains in the period range 1.0-6.0 seconds (and probably
above 6.0 seconds) is transmitted in the fundamental mode.

For the Rio Grande rift, however, incident fundamental Love

modes appear to be scattered intc higher modes, particularly
the first higher mode below 2.3 seconds and between 3.0-5.0
seconds. Incident fundamental Rayleigh modes are likewise
scattered at short periods, although the energy transmitted
in the fundamental mode increases nearly linearly from 8% at
a pericd of 1.5 seconds to nearly 90% at pericds of 4.0
seconds and larger. With the exception of very short
periods, wvirtuvally no reflections occur. At these short
periods it is likely that inaccurate displacements due to
wide nodal spacing may be the cause of substantial reflected
energy in higher modes (body waves).

Two major problems were encountered in the analysis of
the models. First, inaccurate mode-shapes generated by some
models are believed to have led to sharp drops in the energy
transmitted in the fundamental mode over very narrow ranges
of periods. A second problem was that elements in the
direction of propagation often exceeded 1/10 wavelength and
effects caused by inaccurate modeling became important at

short periods. Thus, a lower limit was placed on the
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periods that could be used. Both of these prﬁblnnl could be
solved with the introduction of additional elements. To
include these additional elements, however, new computer
codes must be obtained or written that will handle the

larger matrices generated by larger models.

While only about 300 nodes were used in the Love wave
models, and 150 in the Rayleigh wave models, this lEudy
provides a basis for explaining the existence or absence of
high- or low-frequency surface waves on seismograms from
regional events. While the original intention of this study
was to explain surface waves in the codas of local
microearthgquake seismograms, twe factors make any
application of the results to local microearthgquakes a large
axtrapolation. First, distances to microsarthquake
hypocenters are so small that the assumption of an incident
plane wave is not likely to be valid. Second, the local
microesarthguake recording systems have extremely low
magnifications at pericds above 1.5 seconds and background
noise can obscure the weak surface waves that might be
generated from these events (Sanford, 1981, personal
communication). WNevertheless, the short periocd surface
waves in the seismograms of stations GM can be explained by

just such a large extrapolation.

In addition, this study suggests that surface waves
from regional events with periods as low as 6 seconds have

not been scattered by topographic features along their paths
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of transmission, and thus might be used for studying local

structures using local, two-station networks.

Further investigations are needed to verify the results
presented above. The addition of more elements, including
attenuation, the use of a smaller period increment, and
extension of the results to structures at shorter periocds
will form an integral part of further studies. Th;se
theoretical studies, combined with complementary studies of
recorded traces, should help in the unraveling of local and

regional structures.
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