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Abstract. We investigate S velocity structure beneath 
the Southwestern U.S. and Mexico using upper man- 
tle turning S waves and surface waves. The data 
are tangential component records from Baja Califor- 
nia, Mexican and Central American events recorded at 
broadband station ANMO (Albuquerque, New Mexico). 
Study geometry allows investigation of the variation 
of S structure with source-receiver azimuth for sources 

from Baja to Yucatan. The narrow backazimuthal sec- 
tor studied comprises a transition from oceanic to tec- 
tonic to more 'continent-like' structure. We document 

this transition in the lithosphere and upper mantle to 
roughly 450 km depth. 

Introduction 

While the Southwestern United States area is well 

studied, adjacent Mexico has attracted much less at- 
tention, due in part to lack of the station coverage nec- 
essary for regional waveform studies. Recent surface 
wave studies exist [cf. Alsina et al., 1996; van der Lee 
and Nolet, 1997b], but are mutually inconsistent in this 
region. 

In the present study, we obtain a family of S ve- 
locity models for lithospheric and uppermost mantle 
structure in Mexico and Southwestern U.S. from body 
and surface wave data. Earthquakes along the Mexican 
coast from Baja to Yucatan, recorded at station ANMO 
(Albuquerque, New Mexico) form a natural profile of 
records ranging from 14 ø to 30 ø epicentral distance [Fig- 
ure 1]. The narrow backazimuthal sector covered by 
these paths encompasses a transition from oceanic to 
tectonic to more continent-like structure. 

The Observations 

80 events (M _> 5) at epicentral distances between 
14 ø and 30 ø, depths between 20 and 70 kin, and back- 
azimuths between 130 ø to 160 ø were selected [Figu. re 
1]. These events provide clean S waves which turn be- 
neath Mexico and the Southwestern United States, and 
Love waves which should sense the effects of a litho- 

spheric and crustal transition between oceanic, tectonic 
and continental structures. Prior to analysis, seismo- 
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grams were integrated to displacement, rotated, and 
travel-time corrected for a uniform source depth of 25 
km. For the body wave study, a Butterworth band- 
pass filter with corners at 0.005 and 5 Hz was applied 
in two passes to the transverse components. For the 
surface wave study, a subset of high-quality events was 
selected, and a number of relevant bandpasses applied 
(see below). 

Body Wave Modeling 

Initial body wave modeling was done using three ref- 
erence models, each chosen to represent .the possible 
range of structure present [Figure 2]. Travel time curves 
were computed for the three models using a WKBJ rou- 
tine [Chapman, 1978], and these curves were plotted in 
reduced time on top of the entire data profile. To rep- 
resent youthful, tectonically active structure, we chose 
model WUS, a model for Western U.S. structure, de- 
rived from higher mode Rayleigh waves and featuring a 
pronounced low velocity zone [Cara, 1979]; and model 
TNA, a regional model for tectonic North American 
structure obtained from S and SS modeling [Grand and 
Helmberger, 1984]. To represent stable structure, we 
selected P EM-C, a model for continental structure, fea- 
turing a thick fast lid [Dziewonski et al., 1975]. The 
structures are different above the transition zone (440 
km); below they are nearly identical. 
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Figure 1. Map of study area with location of station 
ANMO (Albuquerque, New Mexico). Open symbols in- 
dicate events used in body-wave modeling, while filled 
indicate earthquakes used in both Partitioned Wave- 
form Inversion (PWI) [Nolet, 1990] and body wave stud- 
ies. Earthquake clusters used in the P WI study are 
numbered and circled. 
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Figure 2. Reference models used in preliminary study. 
TNA' (Grand and Helmberger, 1984) is shown in solid 
line, WUS (Cara, 1979) in short dash and PEM-C 
(Dziewonski et al., 1975) in long dash. 

A low velocity zone is required to explain the absence 
of early S arrivals turning above the transition zone in 
the epicentral distance range of 14 ø to 19 ø. Model WUS 
explained the late S arrivals in this epicentral distance 
range, but was on average too slow [Figure 3, in yellow]. 
The other extreme, represented by Model PEM-C, is up 
to 10 seconds fast for distances of 18 ø to 22 ø, as well as 

producing unwanted first S arrivals from 14 ø to 19 ø [Fig- 
ure 3, in blue]. Model TNA appears relatively accurate 
from 19 ø to 22 ø, but produces undesirable S arrivals in 
the shadow zone from 14 ø to 17 ø , and is too slow at dis- 
tances greater than 23 ø . Thus at distances of 14 ø to 19 ø , 
19 ø to 22 ø , and 22 ø to 25 ø , respectively, different litho- 
spheric and uppermost mantle structures are required. 
Model TNA lies between the extremes represented by 
WUS and PEM-C, and thus forms an acceptable av- 
erage starting model for the region of interest. TNA' 
[Figure 3, in red] was obtained by adjusting TNA by 
trial and error to fit our data profile: lid velocities were 
increased by 5%, and the velocities within the LVZ de- 
creased slightly. However, from body wave modeling it 
was clear that no single one-dimensional model would 
fit the entire profile. 

Surface Wave Modeling 

Further one-dimensional modeling via a partitioned 
waveform inversion of fundamental and higher mode 
Love waves was motivated by the lateral heterogeneity 
evident in the body wave profiles and from preliminary 
modeling. In the method employed, the observed wave- 
field is broken up into component phases (and their rele- 
vant frequencies) and each wavegroup is inverted simul- 
taneously. Synthetics for the inversion are computed by 

ing a conjugate gradient scheme, we minimize a misfit 
function 

N 

-__ 

where D(t) are filtered observations, S(t) appropriate 
synthetics, %,• is smoothness of the velocity model, com- 
puted using a two-point smoothing operator, and M is 
summed over N events contributing waveforms to the 
inversion. Data and synthetics are given phase veloc- 
ity windows appropriate to the phase of interest. In the 
process of inversion, we model the entire wavetrain from 
S to the fundamental mode in three frequency bands 
(two fundamental mode windows between 0.008- 0.01 
Hz and 0.01 - 0.028 Hz, and one higher mode window 
around the S and SS phases at frequencies of 0.0128 - 
0.10 Hz). At the distances considered here, the S and 
SS phases cannot be separated, so a window contain- 
ing both is used. To prevent the inversion from falling 
into local minima, the fundamental modes are inverted 
initially and depth resolution increased by iteratively 
adding higher modes and higher frequencies to the in- 
version. 

Clusters of events within one degree (backazimuth 
and distance) of each other were selected from the orig- 
inal profile for a series of PWI grouped by epicentral 
distance and backazimuth. These clusters range in epi- 
central distance from 16 ø to roughly 23 ø , ranging east- 
ward from near the tip of Baja to just southeast of 
the Yucatan [Figure 1]. Each group comprises wave- 
forms from 4 to 13 events of varying depths. We in- 
clude deeper events in each cluster, where available, to 
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summation of normal modes. Figure 3. Travel time curves for each of the reference 

The •nversion scheme is based on a nonlinear waveform- models, shown superimposed on the dataset. PEM-C is 
fitting procedure similar to (PWI), and is as follows: us- shown in aqua, WUS in yellow, and TNA' in red. 
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Figure4. Final models obtained in the PWI study. Reference model TNA • is shown in the leftmost 
panel, and velocity perturbations to TNA • for each cluster are shown in the successive panels. 

improve depth resolution in the inversions. Source lo- 
cations and CMT moment tensor solutions were taken 

from the ISC catalogs for events prior to September 
1993, or the NEIC Preliminary Determination of Epi- 
centers for more recent earthquakes. The accuracy of 
these sources was tested initially by preliminary wave- 
form modeling using whole waveforms; events with vis- 
ibly inaccurate sources or depths were discarded. 

Models TNA • and PEM-C [Figure 2] were used as 
initial models for the inversions. We discuss models for 

each of four azimuthal clusters [Figure 4], west to east, 
respectively, below. Waveform fits for the final models 
were generally very good [Figure 5]. We show results 
from model TNA•; using PEM-C as initial model yields 
similar results. Resolution of the inversions was tested 

by tradeoff analysis between damping ('m) and data 
misfit, and further by checkerboard synthetic tests. 
was selected by trial and error to minimize misfit and 
maximize variance reduction. Resolution tests showed, 
on average, good resolution for all clusters down to 
depths of 400 to 450 km. Resolution was improved for 
larger clusters with better depth distribution. Below 
450 km depth, resolution is poor. 

Cluster 1: Oceanic Structure This group included 
6 events at epicentral distances of roughly 16 ø, located 
south of the tip of Baja California [Figures 1 and 4]. 
Preliminary modeling suggests that the initial model 
TNA • is too fast both for longer period energy traveling 
in the crust and lithosphere, and for diving higher mode 
(S and SS) phases. Inversions using Love waves from 
this cluster resulted in structure typical of oceanic crust 
and upper mantle. Crustal velocities were increased by 
roughly 3% over model TNA •, while values from 50 km 
to roughly 200 km were decreased by up to 4% [Figure 
4]. Average variance reduction for this cluster was 48%. 

Clusters 2 and 3: Transitional Structure Inversions 

for these clusters revealed evidence of structural com- 

plexity on wavelengths of less than 100 kin, and clearly 
suggested a transitional zone between the oceanic-like 
structure beneath the group 1 sector and the more 
continent-like average structure beneath the group 4 

sector (below). Average variance reductions for groups 
2a, 2b and 3 were 61%, 49% and 52%, respectively. 

The events in cluster 2, at roughly 17 ø to 18 ø epicen- 
tral distance, were further divided into groups 2a and 
2b, based on location [Figure 1]. Those in group 2a 
(17 ø) lie north of group 2b events, though the backaz- 
imuthal sector of both groups is roughly identical. In- 
versions of the fundamental mode waveforms for both 

groups yield crustal and lid velocities reduced by up to 
4% (relative to reference model TNA •) down to depths 
of 100 km. However, the body waves and higher modes 
yield slightly reduced (1% relative to TNA •) upper man- 
tle velocities at depths of roughly 200 to 400 km for 
group 2a events and velocities increased by up to 3% at 
similar depths for the group 2b events located around 
one degree south. This may be explained by mode cou- 
pling due to a small-scale low velocity feature (i.e., the 
Mexican Volcanic belt) present in the path. In this 

Cluster 1 Clus[er 4 

Figure 5. Example waveform fits for initial (short dash) 
and final (long dash) models, plotted against data (solid 
line) for events in Groups 1 and 4. Average variance 
reductions are 36% and 47%, respectively. Waveform 
fits are shown in three bandpasses' 0.005- 0.01 Hz, 
0.01 - 0.025 Hz, and 0.0125- 0.10 Hz. 



scenario, only fundamental modes, from which crustal 
and lithospheric velocities are determined, are sensing 
this feature, while body waves (i.e., higher modes) dive 
below. This would result in a lithospheric and crustal 
structure which is anomalously slow• a result largely 
correlatable to event location with respect to the lo- 
calized low velocity feature. Alternatively, body waves 
from events in group 2b, which lie south of those in 
group 2a and along the coast, may be passing through 
a localized high velocity body, such as the Cocos plate 
subducting along the Southwest and Southeast Mexico 
subduction zones. Thus in either case, the model re- 
quired to satisfy both the body waves and surface waves 
would be at least two dimensional. 

However, cluster 3 events, at epicentral distances of 
19 ø to 20 ø, give inversion results arguably consistent 
with those of group 2b. The reference model was fast 
for all frequency bands, though less markedly so for the 
higher modes. The inversions were repeated for two 
clusters of (co-located) events; results for both sets of 
inversions were similar. Upper mantle structure was 
reduced by nearly 5% to depths of about 120 km, and 
a high-velocity feature (increases of over 5% relative to 
TNA •) appears at depths of about 300 to 450 km. The 
high velocity feature is robust: it is resolved by every 
set of inversions, though some parameterizations result 
in a more diffuse feature. 

Cluster 4: Continent-like Structure Inversions using 
data from a large, spatially tight swarm of 12 small 
earthquakes in 1993 revealed structure more typical of 
continents. Inversions for both reference models reveal 

similar structure: increased lithospheric velocities (up 
to 3%) down to 150 km, the suggestion of a low ve- 
locity zone in the uppermost mantle from 180 to 300 
km depth, and again, an increase (2%) in velocity from 
just above to just below the transition zone. Note that 
the high velocity feature appears at progressively lower 
depths from west to east across clusters 2B to 4. Aver- 
age variance reduction for this cluster of 16 events was 
36%. 

Discussion 

Prior studies in several regions have yielded evidence 
for substantial small-scale upper mantle heterogene- 
ity. Paulssen [1987] found evidence from body waves of 
small-scale heterogeneity of as much as 4% (S-waves) 
down to depths of 400 km across Europe. Work by 
Alsina et al. [1996] revealed both large-scale west to 
east velocity variation across the United States and 
Mexico as well as smaller scale heterogeneity. Their 
study generally agrees with work by Grand [1987, 1994], 
except in the Yucatan region, where the former au- 
thors observe relatively high velocities. In this study we 
also find evidence for west to east velocity variation in 
the form of a transition from oceanic to 'continent-like' 

structure, with low upper mantle velocities (west) grad- 
ing into higher upper mantle velocities and a thicker lid 
(east, in the Middle America Trench area south of Yu- 
catan). Group 1 source-receiver paths travel through a 
broad low-velocity region running from Baja California 

to Western Mexico to the Basin and Range, also imaged 
by Alsina et al. I1996], and consistent with a west- 
ern US 'slab window' imaged by van der Lee and Nolet 
[1997a,b]. However, further east (groups 2a through 3), 
we find relatively slow lithosphere and uppermost man- 
tle, due perhaps to the presence of the Mexican Volcanic 
belt lying just north of the source area. Furthermore, 
from west to east (clusters 2a through 3) we resolve 
a descending high-velocity feature at depths ranging 
from 200 (west, group 2a) to 500 km (east, group 4), 
the presence of which is supported by good waveform 
fits for all three event clusters. A similar feature, inter- 
preted as subducted trailing fragments of the Farallon 
plate, has also been imaged by van der Lee and Nolet 
I1996a,b], using a much larger data set. The appear- 
ance of this high-velocity feature in our study is either 
due to the mode coupling from a localized shallow low 
velocity feature such as the Mexican Volcanic belt, or 
may indeed be an expression of deeper structure, such 
as the presently subducting Cocos plate, or remnants 
of the fossil Farallon plate. 
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