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ABSTRACT

New crustal-scale information on the interaction between normal
faulting and magmatic activity is provided by recent COCORP deep
seismic reflection profiles in Death Valley, California, and by re-
processing of the COCORP data from the Socorro area of the Rio
Grande rift, New Mexico. The most striking feature on the seismic
sections from these areas is a prominent, subhorizontal series of reflec-
tors at mid-crustal depth. Previous studies have suggested that thin
tabular magma bodies lie within the mid-crustal reflective zones. In
addition, because they are traced without apparent offset beneath
faults both mapped at the surface and interpreted from the COCORP
data, these mid-crustal horizons are here inferred to be detachments
or zones of tectonic decoupling. ’

Upper-crustal Cenozoic faults do not appear to penetrate deeper
than 15 km in Death Valley and 13 km in the Rio Grande rift. In Death
Valley, these faults are relatively planar, with moderate dips (20° to
35°), and appear to bound large basement rocks. One such zone of
normal faults can be traced from the magma body inferred at 15 km
depth beneath central Death Valley to the surface location of a
690,000-yr-old basaltic cinder cone. Listric and low- to moderate-
angle normal faults are evident on the reprocessed New Mexico data
and constitute the structural component of upper-crustal extension. In
particular, a listric master fault traceable to depths as great as 13 km is
inferred to underlie the Albuquerque basin. Unlike the Death Valley
data, no faults are observed to merge with the Socorro magma body
per se. Rather, subhorizontal to moderately west-dipping packagis of
reflections are imaged between the base of the faulted upper crust (13
km depth) and the mid-crustal magma body (about 20 km depth).

The middle crust marks a major rheological boundary between
the faulted upper crust and a ductile lower crust extending by penetra-
tive flow and intrusion. Events seen in the middle and lower crust are
generally subhorizontal, and prominent layering is observed. A band
of reflections attributed to the crust-mantle boundary is evident on
most seismic sections. The upper mantle appears seismically transpar-
ent. On some of the profiles, the events attributed to the base of the
crust are the deepest in a series of strong and continuous reflections, at
least one of which is a layer of magma. This association supports the
suggestion that magmatic intrusions are a probable cause for the high
reflectivity observed in the deep crust of many extensional terranes.
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INTRODUCTION

Deep faults and mid-crustal magma bodies are interpreted from seis-
mic reflection profiles collected by COCORP (Consortium for Continen-
tal Reflection Profiling) in two areas of late Cenozoic extension, the Rio
Grande rift near Socorro (New Mexico) and the Death Valley area of the
southern Great Basin (California). This study includes heretofore unpub-
lished COCORRP profiles across the late Cenozoic Socorro cauldron com-
plex. The seismic data provide new crustal-scale information on the
interaction between normal faulting and magmatic activity and on the link
between upper and lower crustal extension. Other results of the Rio
Grande rift and Death Valley surveys are summarized here, but more
detailed discussions can be found in Brown and others (1980a), de Voogd
and others (1986a), and Serpa and others (1988).

Much controversy remains in explaining how crustal extension is
accommodated at depth, and the literature includes numerous models,
such as (1) a subhorizontal, mid-crustal decoupling zone of ductile rheol-
ogy (Stewart, 1971; Eaton, 1982), together with a significant flux of
mantle-derived magmas into the crust (Gans, 1987); (2) anastomosing
shear zones or “lenses” (Hamilton, 1982; Kligfield and others, 1984); and
(3) crustal-penetrating shear zones (Wernicke, 1981). Seismic reflection
profiling does not uniquely support any one model of crustal extension
(Allmendinger and others, 1987). The model proposed in this paper for
the New Mexico and Death Valley areas belongs to category 1 above,
where magmatic activity is an important factor in crustal extension and
evolution.

The most prominent feature of the seismic profiles of this study is a
subhorizontal mid-crustal band of unusually strong reflections (G and
DVBS, Figs. 1 and 2). The strong mid-crustal reflector G (Fig. 1), believed
to be the tabular magma body previously inferred and mapped from
earthquake studies in the Socorro region by Sanford and others (1973),
was identified on the COCORP profiles by Brown and others (1979). The
relationship between magmatic activity and normal faulting, however, was
unclear after the initial contractor processing of the data. The early results
(Brown and others, 1980a; Cape and others, 1983) also failed to identify
normal faults deep within the basement, leaving questions about the style
of extension beneath the sedimentary section and the nature of structures
associated with the Socorro magma body largely unresolved. This new
investigation was motivated by success with reprocessing and reanalysis of
New Mexico (Abo Pass) line 1, where a Cenozoic fault surface could then
be traced to a depth of at least 10 km (de Voogd and others, 1986a), and
by more recent COCORP profiles which suggest a previously unrecog-
nized mid-crustal magma body beneath central Death Valley (de Voogd
and others, 1986b; DVBS, Fig. 1).

The middle crust is of particular interest because it is the locus of a
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Figure 1. True amplitude sections from Death Valley line 11 (top)
and the Rio Grande rift COCORP data; exponential gain applied to
the upper 3 s to partially correct for geometrical spreading; unusually
bright reflections DVBS, G1, G2, and G3 are attributed to partially
molten rocks (Brown and others, 1980a; de Voogd and others, 1986b).
This high reflectivity is more quantitatively illustrated in Figure 2. The
basement also appears quite reflective beneath the flanks of the rift
basin (western part of Socorro line 1A and eastern part of Abo Pass
line 1); however, this seemingly high reflectivity is most likely not due
to the presence of magma, and other explanations such as a much
higher signal-to-noise ratio outside the rift basin and/or constructive
interferences due to fine layering have been discussed by de Voogd
and others (1986a). In the western part of Socorro line 1A, coherent
reflection segments can be correlated at about 7 s to suggest the
presence of a subhorizontal mid-crustal horizon S1 (discussed in text).

major change in mode of extension, between a faulted upper crust and a
sheared and intruded lower crust. It is imaged on reflection profiles and
also thought to be widely exposed in Eocene through Pliocene “core
complexes” (Gans and others, 1985; McCarthy, 1986), where it is seen to
include sharp discontinuities separating brittlely faulted upper-plate rocks
from variably metamorphosed and ductilely deformed rocks in the lower
plate (Crittenden and others, 1980). The existence of a transition from
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Figure 2. Average seismic amplitude versus time curves calcu-
lated from the stacked sections shown in Figure 1 and plotted versus
two-way traveltime; included here for comparison with a cratonic
area where numerous basement structures are imaged, the top left
curve is calculated from Kansas COCORP line 3 (Brown and others,
1983); although the Kansas sections have very good data quality and
show coherent reflected energy down to at least 14 s (~45 km), the
corresponding decay curve is quite smooth and does not indicate
highly reflective zones comparable to the New Mexico or Death Val-
ley mid-crustal events.

brittle to ductile deformation is also expected on the basis of laboratory
and earthquake data. This transition may be a sharp boundary (Meissner
and Strehlau, 1982) or a transitional boundary a few kilometers thick,
perhaps a ductile shear zone (Sibson, 1983; Tullis and others, 1982). Both
the Socorro and the Death Valley magma bodies occur at similar depth,
and within, or at the base of, the laterally continuous zone of reflections
that separates the faulted upper crust from the relatively layered lower
crust. Thus, the magma may have been trapped at the base of a major
rheological boundary. Because both mid-crustal reflecting zones pass,
without apparent offset, beneath faults showing late Cenozoic normal
displacement, the mid-crustal reflective bands are interpreted to be zones
of detachment (Serpa and others, 1988; this paper).

Various geological and geophysical studies have emphasized the
compositional and rehological heterogeneity of the lower crust (for exam-
ple, Fountain and Salisbury, 1981; Kay and Kay, 1981). Maématic and
tectonic processes proposed as mechanisms of crustal evolution are re-
viewed in Kay and Kay (1986). Magmatic underplating and associated
replacement of the mantle lithosphere have been shown theoretically to be
a physically reasonable process to create continental crust (Furlong and
Fountain, 1986). The COCORP results provide new evidence that the
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lower crust in the two regions of Cenozoic extension discussed hereafter is
extensively intruded.

In the following sections, we present a description of the seismic data,
with special emphasis on deep features and on new results from the Rio
Grande rift. The Death Valley profiles are discussed in more detail in
Serpa and others (1988). We will argue that, in both areas, a distinct,
subhorizontal tectonic boundary exists at mid-crustal levels, and that the
deep crustal layering observed on the seismic sections is probably igneous
in origin. Because the emplacement of magmatic intrusions represents a
major input of heat, likely to affect crustal rheology, the relationship

between magmatism and mode of extension is an important topic for
study, and the central theme of this paper.

TECTONIC SETTING AND
PREVIOUS INTERPRETATIONS OF
THE NEW MEXICO COCORP SURVEYS

The Rio Grande rift is a north-northeast-trending succession of en
echelon basins and fault-block ranges that include the Albuquerque-Belen
basin, and the Ladron and Lemitar Mountains (Fig. 3). Crustal extension
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began 27 to 32 Ma (Chapin, 1979) and is continuing at the present time as
suggested by recent fault scarps, seismic activity, high heat flow, contem-
porary uplift, and the presence of an extensive mid-crustal magma body
(Fig. 3; Sanford and others, 1973). Magmatic activity in the Socorro area
results in earthquake swarms and surface deformation (Sanford and others,
1979; Reilinger and others, 1980; Larsen and others, 1986). Shallow dikes
(less than 10 km depth), possibly rising from the top of the main magma
chamber, have been inferred from detailed studies of the microearthquake
data (summarized in Sanford, 1983). In the Socorro area, therefore, there
is substantial evidence that, at various crustal levels, intrusive activity is
associated with current tectonic deformation.

Two major episodes of rifting are documented from stratigraphy and
the ages of volcanics (Chapin and Seager, 1975; Chamberlin, 1981): (1) a
late Oligocene to early Miocene period of rapid extension resulting in large
low-angle and listric normal faults and strongly rotated beds and (2) from
mid-Miocene to present, slower extension resulting in less tilting and
steeper normal faults. East of the Ladron Mountains, the Popotosa deposits
and interbedded volcanics have been uplifted and tilted (10° to 60° dip;
Kelley, 1977) during early stage of rifting. The younger syn-rift basin-fill of
the upper Santa Fe Group overlies the Popotosa separated by an angular
unconformity. The Santa Fe Group mainly consists of Miocene-Pliocene
gravels, arkoses, and tuffs commonly covered by Quaternary alluvial sands
and gravels (Foster, 1978). The subhorizontality of the Santa Fe Group in
the Albuquerque basin (tilts less than 10° or 15°; Kelley, 1977; Chamber-
lin and others, 1983) argues against major listric faulting during late rift
stage. Recent studies (summarized by Baldridge and others, 1984) suggest
that several low-angle faults with normal displacement (for example, the
Jeter fault, Fig. 3) are truncated by younger, steeper normal faults that
offset Miocene strata.

The Socorro-Magdalena cauldron complex (Fig. 3), a series of 8
overlapping cauldrons, formed early in the history of rifting (27 Ma) and
produced voluminous outpourings of silicic ash-flow tuffs. Cauldron col-
lapse and resurgent doming were followed by a period of volcanic quies-
cence, during which the cauldron was buried by conglomerates and
sediments of the Popotosa Formation. Volcanic activity was renewed 12
to 7 Ma, when rhyolitic domes, flows, and tuffs were emplaced. The most
recent deposits are predominantly coarse basin fill but include basaltic
lava flows as young as 4 m.y. (Chapin and others, 1978). Most of the faults
mapped in the vicinity of this extrusive complex are normal faults, younger
than the cauldrons, with a dominant trend N10°-25°W, and down-to-the-
west motion (Osburn and others, 1981). Older faults are likely to exist
buried beneath younger volcanic units.

Although the most obvious features of the Socorro region are related
to late Cenozoic extension, older structures are conspicuous. Major
northeast- and east-southeast—trending crustal lineaments of pre-Cenozoic
origin are the most prominent regional structures in the Precambrian rocks
(Chapin and others, 1978). Two of these, the Morenci and Capitan linea-
ments, intersect in the Socorro area. In general, voluminous volcanic
centers (for example, Datil Mogollon, Jemez) are located where the rift
intersects these transverse shear zones. The Socorro-Magdalena cauldron
complex lies along the Morenci lineament (Chapin and others, 1978).

COCORP surveys in the Socorro area (Fig. 3) consist of an east-west
transect in the Albuquerque-Belen basin (lines 1 and 1A), supplemented
by a cross line (line 2) that provides some three-dimensional information, a
north-south profile (line 2A) that extends line 2 to the south, across the
Socorro mid-crustal magma body, and two short lines heretofore unpub-
lished (lines 3 and 4) that constitute a north-south profile in the La Jencia
basin and Lemitar-Chupadera Mountains, and that transect the Socorro
cauldron.

Extensive Tertiary faulting is conspicuous on the seismic sections.
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Previous interpretations of the east-west transect (lines 1 and 1A; Brown
and others, 1980a) confirm the existence of a shallow bench (Hubell-
Joyita bench, in Kelley, 1977) beneath the southeastern portion of the
Albuquerque basin. The thickness of the syn-rift basin fill varies greatly
along the COCORP profiles from 0 (Precambrian outcrops; Fig. 3) to
1,500 m at Vibration Point (VP) 80 of line 1 or 4,000 m at VP 170 of line
1A (Fig. 4a; Brown and others, 1980a). Substantial basement topography
is also indicated by gravity (Cordell, 1978) and aeromagnetic data (Cor-
dell, 1976). The western and eastern boundaries of the main rift basin (Fig.
3) are crossed by line 1A around VP 420, and line 1 around VP 185,
respectively. The section from line 1A (Fig. 4a) clearly demonstrates that
the western edge of the Albuquerque basin is at the Comanche fault
(Brown and others, 1980a), inferred to be a Laramide thrust (Kelley,
1977). The Ladron Mountains (Fig. 3) is a west-tilted uplifted block.

To the east, a marked lateral change in seismic character is observed
on line 1 across the surface location of the Los Pinos fault (Fig. 4a), the
basin-bounding fault (Kelley, 1977). The near-vertical zone, apparently
devoid of continuous reflections, that bounds the eastern side of the basin
has been shown by de Voogd and others (1986a) to be most likely an
artifact of processing data which span the large lateral contrast in shallow
seismic velocities across the Los Pinos fault, rather than being representa-
tive of some deeply penetrating geological structure, for example, an intru-
sion or a fault zone. Cape and others (1983) interpreted migrated versions
of lines 1 and 1A to indicate that shallow (upper S or 6 km) listric faults
may be the dominant structures of the rift basin but could not constrain
deeper extension. Based on reprocessing and synthetic seismic modeling of
line 1, de Voogd and others (1986a) suggested that synthetic and antithetic
Cenozoic normal faults sole into or are truncated by a northwest-dipping
listric master fault (labeled H, Figs. 4a and 4b) which bounds the eastern
side of the basin and projects toward the surface position of the Los Pinos
fault. This master fault can be traced to a depth of at least 10 km beneath
the basin (VP 1 of line 1). It will be argued here that this fault may
continue westward and underlie the entire southern Albuquerque basin.

REPROCESSING OF THE NEW MEXICO COCORP DATA

The New Mexico surveys originally received only the basic process-
ing treatment that was available under the contractor arrangements in
effect during COCORP’s early years (1975-1980). The initial interpreta-
tion of line 1A by Brown and others (1980a) also relied upon reprocessed
sections from Digicon, which were superior to the initial processing for the
sedimentary section. Reprocessing on Cornell’s MEGASEIS (TM Seiscom
Delta) substantially improved the New Mexico stacked sections (Figs. 4, 5,
and 6). Most of this improvement is attributed to pre-stack processing (FK
filtering and deconvolution; Figs. 7 and 8) and subsequent careful velocity
analysis. Data-acquisition parameters and initial contractor processing se-
quences are described in Brown and others (1980a) and summarized in
Table 1 along with the reprocessing sequence.

For all of the seismic data reproduced in this paper, the vertical axis is
two-way traveltime, and the horizontal scale is chosen so that the sections
are 1:1 for a seismic velocity of S km/s. To alleviate the difficult task of
reducing large seismic sections into prints suitable for publication, the .
sections in Figures 4a and 4c have a coherency filter applied after stack
(Zheng and Brown, 1988). All interpreted events, however, are also clear
on the sections before such filtering, and selected details of the unfiltered
seismic sections are shown in Figures S and 6.

The following describes a few aspects of the data analysis and reproc-
essing that were deemed essential in the new interpretation presented in
this paper. Events brought out in reprocessing are generally identifiable as
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Figure 4c. Socorro lines 3 and 4; events A and B are interpreted as fault-plane
reflections; the apparent north dip of A beneath VP 70 may be a velocity pulldown
effect; event S4 is more evident on the shot-point gather shown in Figure 7.

Figure 4b. Abo Pass cross-line 2, combined with Socorro line 2A; event labeled H2 correlates

with series of reflections H on line 1 (Fig. 4a).
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Figure 8. Shot-point gather from line 1A before and after FK
filtering; deconvolution after FK filtering provided much improve-
ment; trace spacing is 134 m, and near offset is 670 m. Surface waves
and aliased energy were removed by a frequency-wavenumber (FK)
domain filter developed at Cornell by C. Caruso (unpub. data). This
FK filter was designed to minimize the aliasing problems and reduce
the artifacts that result from simple pie-slice filters (Embree and oth-
ers, 1963). Filtering parameters were selected from FK plots of shot-
point gathers. Note reflection F, also labeled on stacked section in
Figure 4a and discussed in text.

NO FILTER X

individual reflections on shot-point gathers, and it should be noted that
study of shot-point gathers (that is, unstacked data; Figs. 7, 8, and 9) was a
critical factor in the interpretation. Both “true amplitude” (Fig. 1) and
gain-balanced sections (Fig. 4) were produced (Table 1). To generate the
“true amplitude” sections of Figure 1, no FK filter was applied, and true

1557

fault ?

Figure 7. Shot-point gather
from Socorro line 4 shown at dif-
ferent processing stages; source at
VP 42 into VP’s 47 to 94 (Fig. 4);
trace spacing is 134 m; horizontal
arrows point to possible reflections
brought out by the reprocessing;
event S4 is discussed in text.

(a) Before correlation; note
numerous flat events that cannot be
real seismic arrivals because of their
constant arrival time across the
spread; these noise bursts have an
average dominant frequency of
25-28 Hz. No similar noise was en-
countered on the other New Mex-
ico profiles.

(b) Correlated tape released by
the contractor.

(c) After recorrelation at Cor-
nell; here, noisy parts of the records
were zeroed or filtered before
correlation.

(d) After recorrelation and de-
convolution. Although 7¢ does not
appear much better than 7b, subse-
quent processing such as deconvo-
lution gave better results when
using recorrelated records as in the
case of 7c.

TABLE 1. PROCESSING AND REPROCESSING SEQUENCES FOR THE COCORP
RIO GRANDE RIFT SEISMIC DATA

Initial contractor
processing

Cornell reprocessing
(Figs. 4, 5,6)

Trace editing and amplitude balancing

FK filtering
(except Abo Pass lines 1, 2)

Bandpass filiering

Deconvolution Deconvolution (parameters

varied along profiles)
Static corrections
Velocity analysis: generally higher
stacking velocities
Mute before

dynamic corrections

Mute before and afier
dynamic corrections

Automatic residual statics

Final stack
bandpass filtering

Coherency filtering
(Figs. 4a and 4¢)

Migration atiempted with
poor results (see text)

Note: the source d of 4 or § vib 8 a 10- 10 32-Halincar sweep. Except for line 4, where about
one-third of the uncorrelated shot records were found to be contaminated by recording noise bursts of unknown origin
(Fig. 7), we used data that were demultiplexed and d by the in 1977.

amplitude relationships from trace to trace were preserved by applying
surface-consistent amplitude corrections calculated from the unstacked
data. Predictive deconvolution applied before stack was particularly help-
ful in the deeper part of the sections where signal-to-noise ratio is quite
low. Besides suppressing multiples and compressing the seismic wavelet,
deconvolution can significantly reduce both random and some coherent
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noise, resulting in a much improved seismic section as has been shown
with other COCORP data (Zhu and Brown, 1986). Figure 7 shows an
example where a deep event (S4) is revealed much more clearly after
deconvolution. Subsequent processing steps such as velocity analysis or
residual static calculations were substantially aided by the pre-stack
deconvolution.

The sections shown here are not migrated, because the conventional
time-migration schemes available for this study cannot properly handle
laterally complex structures (Larner and others, 1981; Peddy and others,
1986) and deep seismic data in general (Warner, 1987). Instead, synthetic
sections were computed with the AIMS modeling package (TM Geoquest
International) to evaluate migration and velocity pull-down effects and to
constrain the interpretation.

Because the seismic lines are often subparallel to mapped faults (Fig.
3), reflections coming from out of the plane of section (side swipe) are
likely to be present in the data. Only at one location, the intersection of
lines 1 and 2, could strike and dip of structures be estimated (de Voogd
and others, 1986a), and the strikes estimated from the seismic data were
consistent with the trends of faults mapped at the surface. In this paper,
when reflections are correlated with mapped structures, as is the case for
most upper-crustal events, “true” dips are estimated from the seismic data
by extrapolating at depth the strikes mapped at the surface.

Reflections are more prominent and continuous on the reprocessed
sections (Figs. 4, 5, and 6), and features are imaged that were not apparent

%;:gg ‘. | a'o
3

on the initial sections (for example, W3, M3 in Fig. 5; F in Fig. 6).
Although many of the reflections discussed hereafter may exist in the
initial sections, the reprocessed sections place both better and new con-
straints on the tectonic interpretation of the data.

MID-CRUSTAL MAGMA ACCUMULATION
The Socorro Magma Bodies

The prominent series of reflections observed between 7 and 8 s
throughout most of the Rio Grande rift survey (labeled G1, G2, and G3;
Figs. 1 and 4) correspond in depth (18 to 22 km) with an unusually strong
S-wave reflector previously inferred to be an extensive sill-shaped magma
body (Sanford and others, 1973, 1977). Therefore, events G are inter-
preted as being reflections from the top of the Socorro magma body
(SMB) (Brown and others, 1979). Since the initial work of Sanford and
others (1965 and 1973), numerous geophysical studies have supported
their interpretation and provided some constraints on depth (18-22 km),
thickness (less than 1 or 2 km), and lateral extent (at least 1,700 km?
Rinehart and others, 1979) of this zone of partially molten material (for a
review, see Sanford and others, 1983). The New Mexico COCORP sur-
veys provide detailed information on the geometry of the main body and
associated structures. Brocher’s study (1981b) of the amplitude and fre-
quency content of the COCORP reflections indicates a partially molten,
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multilayered intrusion. Only one or two magma layers are required to
explain events seen on most of line 2A. A series of magma pods (each 30
to 40 m in thickness) rather than a few continuous layers, however, best
explain the extreme lateral variation in frequency dependence of the reflec-
tivity at the eastern edge of the intrusion on line 1 (Brocher, 1981b). The
following is a description of structures associated with the magma body, as
they appear on the reprocessed sections.

Reflections are attributed to the SMB on the basis of their depth and
unusually high amplitude relative to reflections from similar depths (10 dB
higher or more, estimated from unstacked data). Such reflections are read-
ily seen on true amplitude displays of shot-point gathers (Fig. 9) and on the
stack sections (Figs. 1 and 4). These reflections are more or less continuous
between VP 10 of line 1 and VP 250 of line 1A, and along all of line 2A.
The southernmost lobe of the SMB is imaged on line 3 between VP’s 1 and
95. No bright reflections readily attributable to the SMB are observed on
line 4. Reflections from the SMB are particularly strong and continuous on
line 2A (Figs. 1 and 4b). As line 2A runs parallel to the average strike of
most mapped geological features (Fig. 3), raypath distortion due to shal-
low structural complexity is probably less severe than on line 1A, resulting
in better imaging of the middle and lower crust. Dipping structures, such as
those inferred in the upper crust along line 1A, will produce subhorizontal
reflections on a profile parallel to their strike.

The COCORP data confirm previous inferences from microearth-
quake S-wave reflection points that the top of the SMB is fairly flat, with a
maximum relief of less than 0.5 km (Rinehart and others, 1979). Both the
earthquake data and COCORP line 2A indicate that the SMB dips about
6° to the north. The apparent relief on reflector G1 (line 1A, Fig. 4a) is a
velocity pull-down effect due to the varying thickness of the overlying
low-velocity graben fill. The SMB does not appear to be offset by any of
the faults imaged in the upper crust, an aspect discussed below.

The margin of the SMB is imaged on four different profiles (lines 1, 2,
1A, and 3; Fig. 3). To the west, on line 1A, the SMB appears to split into a
broad zone of subhorizontal reflections (VP’s 200-250, Fig. 4a). To the
east (line 1, VP’s 1-50; Figs. 4a and 9), it corresponds to a series of
complex seismic events of various dips and curvatures at about 7 s. Similar
features are observed to the north (line 2-2A) and to the south (line 3, Fig.
9). Several of the shot-point gathers in Figure 9 show two continuous
events at similar arrival times but having different normal moveout, attrib-
utable to differences in reflectors dip. Apparently dipping events are im-
aged at the edges of the bright reflection series G that define the SMB on
the seismic sections. These dipping events could be explained by features
out of the plane of section (side swipe), by complex ray paths, or by
multiples generated in shallower structures. All shot-point gathers were
examined to look for dipping events such as those shown in Figure 9, but
these were found only at the margins of the SMB. In particular, they do
not necessarily correlate with the location of the overlying low-velocity
troughs capable of generating complex raypaths resulting in multiple arriv-
als having different moveout. Therefore, at the margin of the SMB,
dipping features may exist that merge with, splay off, or are truncated by
the SMB. These reflectors that appear to be connected with the SMB are
similar to features imaged on the Death Valley data and interpreted (this
paper) as the intersection of a mid-crustal intrusion and an upper-crustal
magma conduit. Therefore, dipping events as those shown on Figure 9 and
observed at several locations at the’ margin of the SMB may represent
magma-migration paths. Unlike the Death Valley data (discussed in a
section below), however, there is no evidence for faults merging with the
SMB. Rather, we will argue that faulting appears to be restricted to the
upper 13 km of the crust in the Albuquerque basin.

Small intrusive bodies may be present above the southern end of the
main mid-crustal body (Sanford and others, 1977) in an area which cor-
responds to one of the largest and most dense clusters of seismic activity in
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the region (Sanford, 1983). Microearthquakes give a large data base which
has been used to map these shallower bodies (Johnston, 1978; Wallace,
1978; Frishman, 1979; Roach, 1982). These authors propose “anomalous
regions” containing thin discontinuous dikes of magma and corresponding
to a very small volume of molten material. Such near-vertical features of
limited lateral extent would correspond to point diffractors and therefore
might not be imaged on COCORP profiles. A relatively high amplitude
event at about 4 s on line 3 (D, Fig. 4c) first interpreted as a shallow
magma chamber (Brown and others, 1980b) is now thought to be a
surface-wave side swipe. This artifact was essentially removed by deconvo-
lution and stacking with our revised velocities and is not as prominent on
the reprocessed section. Thus, none of the shallow bodies inferred above
the SMB could be identified on the COCORP data.

The SMB appears to be truncated and to step downward on line 2
(S2, Fig. 4b) and line 3 (S3, Fig. 4c). Events S2 and S3, although of small
lateral extent, have a high seismic amplitude, comparable to that of G, and
they occur approximately a second later than G (that is, possibly 2 or 3 km
deeper). Lines 1 and 1A (Figs. 3 and 4a) show that the eastern edge of the
SMB trends north-northeast, about 45° away from line 2 (Fig. 3). There-
fore, S2 may be a side swipe from the edge of the magma layer, and the
apparent down-faulting of the margin of the SMB on line 2 is most likely
an artifact. The southernmost lobe of the main sill (Fig. 3) can be corre-
lated with a bright reflection only beneath VP’s 1-95 of line 3 (G3, Fig.
4c). This is in slight disagreement with the outline of the SMB proposed by
Sanford and others (1977) (Fig. 3). This apparent discrepancy may be
explained if event G3 comes from a reflector slightly off the plane of
section, a likely candidate being the margin of the SMB as drawn in Figure
3. A weaker but more or less continuous reflection can be traced south of
VP 95 (line 3) and on line 4 (S4, Figs. 4c and 7) between 6 and 7 s. This
weak, subhorizontal reflection S4, which extends beneath the Socorro
cauldron and correlates in depth with the mid-crustal horizon defined by
the SMB, is underlain by a bright event at 7.7 s (S3, Fig. 4c). As S3is 1 s
deeper than G3, the mid-crustal reflective zone appears to be offset by at
least 3 km across the cauldron. This apparent offset could be a structural
offset. It might also be a velocity pull-down effect if, as found by Ward and
others (1981), the velocity above S3 is 0.7 km/s lower than that above
G3. Since no comparable offset affects lower crustal reflections M3 (Fig.
6), we conclude that G3 correlates with S4, and S3 represents either a
deeper reflector, possibly from a small magma body, or a side swipe from
one of the small upper crustal intrusions mentioned above. No vertical
offset of series of reflections G could be documented from the above
examination of the seismic data.

The Death Valley Bright Spot

Although the existence of partially molten rocks beneath Death Val-
ley is not as well constrained as in the Socorro area, the Death Valley
COCORP profiles (Fig. 10) provide new insight into the relationship
between magmatic processes and normal faulting. The most striking fea-
ture seen on these profiles is a 30-km-long, subhorizontal zone of unusu-
ally strong reflections between 5.5 and 6.5 s (approximately 15 km) on the
northern end of line 11 (labeled DVBS on Figs. 1 and 11). This amplitude
anomaly (or seismic “bright spot”™) is remarkably similar to reflections G
just described on the Socorro profiles (Fig. 1). On the basis of the strong
amplitudes (Fig. 2), relatively broad band reflectivity, the similarity be-
tween the Death Valley and the Rio Grande rift bright spots, and the
evidence for young volcanism in Death Valley (Wright and Troxel, 1984),
the Death Valley bright spot is reasonably suggested to represent partially
molten material at mid-crustal depth (de Voogd and others, 1986b). De-
tails of data acquisition, processing, and analysis of the Death Valley pro-
files can be found in Serpa and others (1988).
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Figure 10. Location of COCORP Death Valley lines 9 and 11;
geology sketched from Wright (1974); stipple indicates ranges; white
indicates young basins; diagonal lines indicate approximate extent of
Death Valley bright spot; MP is Mormon Point turtleback.

A dipping reflector (C, Fig. 11) can be traced between the inferred
magma body and a 690,000-yr-old basaltic cinder cone. Thus, the Death
Valley profiles may image, perhaps for the first time, the upper-crustal
plumbing system associated with a deep basaltic intrusion. In addition, the
seismic data show that C is a normal fault (Wingate Wash fault; Serpa and
others, 1988). Therefore, magma from the mid-crustal intrusion may have
traveled to the surface, 690,000 yr ago and, possibly, 1.5 m.y. ago, along a
moderately dipping fault (C) or the intersection of normal fault C with the
southern Death Valley strike-slip fault zone.

BASEMENT FAULTING
Rio Grande Rift

In the Rio Grande rift, Cenozoic normal faulting is evident from
offsets across Phanerozoic strata on lines 1, 1A, and 3 (Fig. 4). Originally
interpreted as depositional contacts deformed by progressive differential
subsidence across steep normal faults (Brown and others, 1980a), J and K
(Fig. 4a) have also been interpreted as fault-plane reflections (Cape and
others, 1983). The shallow faults interpreted by Cape and others, however,
leave open the question of how the underlying basement accommodates
extension. Presumably, a deeper set of faults must exist. Here, we focus on
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deep features (such as H and F; Figs. 4a, 6, and 8) revealed by the
reprocessing as possible clues to the nature of this deeper extension. Re-
processing and synthetic seismic modeling of line 1 (de Voogd and others,
1986a) suggest that synthetic and antithetic Cenozoic normal faults may
sole into a northwest-dipping listric detachment (H, Figs. 4a and 4b)
which bounds the eastern side of the basin and reaches a depth of ~10 km
beneath the southern Albuquerque basin.

The original section of line 1A shows no indication of an extension of
a master fault such as H to the west. Reprocessing of line 1A, however,
revealed a prominent package of reflections between 3 and 6 s (F, Figs. 6
and 8) beneath the northern extension of the Ladron horst. Although their
arrival time and apparent dip vary along line 1A, these reflections are
correlatable on the reprocessed section from line 1A and may be traced
(Fig. 4a) from beneath the Sierra Lucero to the west to about VP 110. East
of VP 110, the data quality deteriorates for a 5-km-wide zone, possibly due
to traffic noise as line 1A crosses a major highway, and to drop in fold
across the Rio Grande River (around VP 100). Consequently, deep events
cannot be unambiguously traced between lines 1A and 1. Additional
difficulties in interpreting this transect come from the complexity of the
shallow structures and the resulting velocity pull-down effects and ray-
path distortions.

A two-dimensional model for line 1A (Fig. 12a) was derived from
the depth to Precambrian basement, and shallow velocities were estimated
from Brocher’s (1981a) study of COCORP refracted arrivals. In the cen-
tral part of the basin, a large, buried intra-graben horst is interpreted as the
northward extension of the Ladron Mountains (Fig. 3), an uplifted block
of Precambrian basement. Dips of about 30° have been mapped around
the Ladron. Because of three-dimensional effects, the relief on this horst at
the location of the COCORP transect may not be as extreme as suggested
by the seismic section from line 1A (Wu, 1986). Zero-offset (single-fold)
synthetic seismic sections were used to quantitatively illustrate migration
and velocity pull-down effects. The model in Figure 12a postulates that
reflector F is continuous and subhorizontal beneath the basin. Yet its
seismic image (Fig. 12b) shows substantial velocity pull-down beneath VP
160 and a broad antiformal shape beneath the Ladron. Comparison of the
synthetics in Figure 12b with the actual data (Fig. 4a) shows that velocity
pull-down effects alone can explain the discontinuous appearance of series
of reflections F on the seismic section. In particular, reflections H and F are
correlatable without the large offsets observed in the Phanerozoic section
and responsible for the Precambrian basement topography. The lack of
vertical offset of low-angle to subhorizontal reflectors that underlie the rift
basin beneath 8 and 13 km (H, F, line 1A; Figs. 4a and 6) precludes
substantial displacement along steeply dipping normal faults. Therefore,
despite some ambiguity in the interpretation of line 1A due to the lack of
three-dimensional control and the resulting uncertainty on true dip of
some key reflectors, low-angle normal faults (such as H or F) appear to
accommodate extension within the basement.

Similarities in the location and orientation of Tertiary features with
earlier Laramide trends suggest that rifting may have reactivated older
structures (Chapin and Seager, 1975). The ramp-like geometry of fault
F-H is reminiscent of compressional structures. Similar geometries have
been documented on the basis of seismic data for extensional structures
possibly, but not necessarily, reactivating compressional structures (All-
mendinger and others, 1983). The low-angle Cenozoic normal fault in-
ferred here to underlie the southern Albuquerque basin projects to the
surface in the vicinity of the Paloma and Montosa thrusts (Fig. 3), suggest-
ing possible reactivation of these Laramide structures, although this is not
required by the COCORP data (de Voogd and others, 1986a).

Both the inferred fault system H-F and the SMB appear to merge
with the prominent layering observed beneath the western rift margin
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Figure 11. “True-amplitude” section of Death Valley line 11; exponential gain applied to the upper 3 s to partially correct for geometrical
spreading; coherency filter applied for display purposes; the unusually strong mid-crustal reflector beneath VP’s 340-640 and labeled DVBS is
interpreted as a magma body; prominent mid-crustal reflections are also evident to the south (DVMB); events C and D are interpreted as normal
faults; C is also inferred to be a magma conduit; note the abrupt vertical change in reflectivity at the base of the crust; lower-crustal reflections
are also present in the northern half of the profile on gain-balanced displays but are not seen on this “true-amplitude” section because of the high

reflectivity of the mid-crust.

and the edge of the Colorado Plateau. Within this layering, a strong
reflector stands out on the true amplitude section of line 1A (S, Figs. 1
and 4a). S1 may represent either a continuation or splay of fault system F,
or the westward extension of the mid-crustal boundary seen in refraction
data (Olsen and others, 1979) and discussed in a section below.
Structures attributable to Cenozoic rifting are also conspicuous on
Socorro line 3 (Fig. 4¢). Line 3 crosses the northern margin of the Socorro
cauldron around VP 110. This coincides with a marked deterioration of
the quality of the seismic data (Fig. 4c). Although the lack of continuous
reflectors beneath the cauldron margin can be attributed to intense struc-
tural deformation during the late Cenozoic volcanic episodes (7- to
12-m.y.-old rhyolite at Socorro Peak; Chapin and others, 1978), this
change in seismic character also coincides with a sharp decrease in fold, a
change in the surface conditions, and the proximity of a highway. The
general degradation in data quality evident on the southern portion of the
stacked section of line 3 (Fig. 4c) is also observed on shot-point gathers.
This results in a gradually poorer signal-to-noise ratio to the south rather
than clear truncation of reflectors. Average amplitude versus traveltime

decay curves calculated along line 3 within and outside the Socorro caul-
dron are remarkably different (bottom-left plots of Fig. 2). The traveltime
at which amplitude ceases to decrease can be interpreted as an indication
that the transient source-generated energy has decreased sufficiently to
allow the background noise to dominate the record. The depth corre-
sponding to this time is therefore a guide to signal penetration (Mayer and
Brown, 1986). Only strong reflections, if any, will be seen beneath that
depth. The curve calculated between VP’s 110-125 of line 3 (Fig. 2)
shows a relatively short time to approximately ambient noise, contrasting
with the continued decay of the seismic energy to the north. The relative
lack of reflections on the southern end of line 3 therefore may well be
attributable to lack of signal penetration rather than geologic homogeneity.

Two faults are interpreted on line 3 (Fig. 4c). Two reflections (la-
beled A and B in Fig. 4c) can be traced within the basement and project
upward toward the truncations and offsets of layered reflections that define
the two faults in the Phanerozoic section. Reflection A projects upward 2
or 3 km north of the beginning of line 3, toward the surface location of the
La Jencia fault. Event B projects to the surface at VP 40 of line 3. No fault
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Figure 12. Synthetic seismic modeling of portion of line 1A; (a)
input model; the position of H is constrained by detailed modeling of
line 1 (de Voogd and others, 1986a); (b) normal-incidence seismic
section of the above model; R is a flat reference horizon introduced in
the model to illustrate velocity pull-down effects beneath the rift basin.

is mapped at this point, although faulting is indicated by the offset of
shallow reflectors. The La Jencia fault displaces alluvial deposits of Holo-
cene to middle Pleistocene age (Machette, 1982) along the western margin
of the La Jencia basin (Fig. 3). Machette has suggested that the La Jencia
is a major range-bounding fault that may offset Miocene rocks by as much
as several thousand meters. From the surface geology, the strike of the La
Jencia fault is at an angle of 50° with the seismic line; therefore, the true
dip of the inferred fault plane reflection A is approximately 35° (see Fig. 5
of de Voogd and others, 1986a). Tertiary strata are vertically offset by at
least 1 km. Although the strike of reflector B cannot be determined with-
out additional seismic profiling, the seismic data from line 3 suggest that
two listric normal faults, the La Jencia fault and a previously unrecognized
fault farther to the east, mark the western edge of a large tilted block which
may include the Socorro-Lemitar range.

Analysis of line 4 is limited by complex terrane, rugged topography,
shortness of profile, and unusual recording noise (Fig. 7). Although the end
of line 3 and the beginning of line 4 are only 4 km apart, events cannot be
unequivocally traced between the 2 seismic sections (Fig. 4c). Because of
low signal-to-noise ratio, however, this lack of reflection continuity be-
tween the two profiles does not prove that the northeast-trending trans-
verse shear zone that is mapped (Chapin and others, 1978; Fig. 3) between
these profiles corresponds to a near-vertical feature that disrupts the whole
crustal column. Reflections from Moho depth, evident along line 3 (Fig:
5), may also exist on line 4 (Fig. 4c), although much weaker. As discussed
above, a somewhat continuous reflection at 6.5 s on line 4 (S4, Figs. 4c
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and 7) is correlated to the mid-crustal reflective horizon which includes the
SMB. The shortness of lines 3 and 4, however, makes it difficult to inter-
pret features imaged on the seismic sections in a regional perspective.

Within the Socorro cauldron complex (that is, south of VP 110 of
line 3), no faults with large vertical displacement are observed on the
seismic data (Fig. 4c). The voluminous rhyolitic extrusive activity ending 7
Ma may have obscured earlier rift structures. The “domino-style™ struc-
tures documented by Chamberlin (1983) in the Lemitar Mountains are
most likely too shallow (a few hundred meters to a kilometer) to be
imaged on the COCORP profiles. Two normal faults, with small down-to-
the-south displacement, are inferred from offsets in the seismic data to
surface near VP’s 45 and 70 of line 4 (Fig. 4c). They appear to correspond
to the young normal faults mapped by Osburn and others (1981).

The north edge of the Socorro cauldron also coincides with the south
margin of the SMB as inferred from the COCORP data. On line 3 (Fig.
4c), the SMB stops abruptly beneath VP 100. An unusually bright deep
reflection is observed between VP’s 100 and 130 (S3, Fig. 4c), and may
represent a deeper magma body, as discussed in a previous section. The
lateral continuity of upper crustal reflections A and B (Fig. 4c) and deep
reflection series M3 (Fig. 5) argue against a steep fault being responsible
for the vertical offset between events G3 and S3 (Fig. 4c). Lower crustal
reflections are prominent on line 3 and may also exist at a similar depth on
line 4 (Fig. 4c).

The relationship between upper-crustal late Cenozoic normal faulting
and the SMB is unclear, The east-west transect (lines 1, 1A) that provides
the most information on fault geometry shows no identifiable reflection
between about 13 km and the 20-km-deep SMB. On the north-south
profile (line 2A), strong reflections (labeled P and N in Fig. 4b) parallel the
SMB at depths of about 15 km and 28 km over a lateral distance of at least
20 km. This prominent layering may indicate that within this zone, dis-
tributed ductile pure shear accommodates extension.

Death Valley

A different situation may prevail in Death Valley, where faults ap-
pear to terminate along a prominent subhorizontal zone of reflections at
mid-crustal depth (DVBS and DVMB on Fig. 11). The inferred mid-
crustal magma body (DVBS) lies within this zone. In this paper, we briefly
review the evidence presented in detail by Serpa and others (1988) for
deep-fault geometry beneath the central Death Valley basin (COCORP
lines 9 and 11, Figs. 11 and 13) in order to later compare these results with
the Rio Grande rift data.

Central Death Valley has been interpreted as a pull-apart basin
formed by oblique extension between the en echelon southern Death
Valley and northern Death Valley—Furnace Creek strike-slip fault zones
(Burchfiel and Stewart, 1966; Wright and Troxel, 1973; Stewart, 1983).
COCORP surveys in that area (Fig. 10) show that the mountain blocks
appear to be tilting and translating along a series of widely spaced, moder-
ately dipping faults which can be traced from the surface to mid-crustal
depth (15-16 km), where they sole into, or are truncated by, a subhorizon-
tal detachment (that is, the lower boundary to a set of faults) (Serpa and
others, 1988). Beneath this zone of decoupling, the lower crust exhibits a
subhorizontal structural and/or compositional fabric (Fig. 11). The in-
ferred magma body is emplaced within the mid-crustal band of reflections.

Both the surface geology (Wright and Troxel, 1973; Wright and
others, 1981) and the seismic data indicate two distinct levels of faulting.
Shallow faults (less than 4 km deep) appear to terminate near the top of
the crystalline basement and, thus, are interpreted to be the result of the
collapse of the layered rocks above the tilting crystalline fault blocks (for
example, A in Fig. 13). These shallow faults may sole into low-angle faults
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Figure 13. Simplified line drawings of Death Valley lines 9 and 11
(adapted from Serpa and others, 1988).

that mark the top of the basement (for example, B in Fig. 13). A deeper set
of faults bound crystalline basement blocks. Reflector E (Fig. 13) is inter-
preted to be the subsurface continuation of normal faults mapped along
the western side of the Black Mountains (Fig. 10).

Two prominent dipping reflections (C and D, Figs. 11 and 13) can be
traced between about 3 and 15 km depth but do net correlate directly with
mapped faults. Because they truncate layered reflections, C and D are
interpreted as normal faults (Serpa and others, 1988). Fault zone C ap-
pears to bound the southeastern side of the central Death Valley basin (line
9, Fig. 13). Reflections attributed to this fault zone can be traced between
1.5and 5 s, after migration at 6 km/s, on two intersecting and overlapping
profiles (COCORP lines 9 and 11; Fig. 13).

A critical issue for the present study is the relationship between fault
zone C and the mid-crustal detachment. Both events are clearly seen on
several shot-point gathers along the profile (de Voogd and others, 1986b;
Serpa and others, 1988). The shot gather in Figure 14 shows two reflected
arrivals that can be traced across the 10-km spread length at similar arrival
times (between 5 and 6 s) but having different normal moveout. The
moveout of these two events was modeled using an average velocity of 3.8
km/s for the basin fill and 6.1 km/s for basement rocks (Fig. 14). The
moveout of the upper event (DVBS) is consistent with it being from a
subhorizontal horizon at a depth of 15 km, possibly with a slight dip to the
south. The underlying seismic event has no significant moveout and
matches arrival from a north-dipping (about 20° dip) reflector merging
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with the horizontal reflector beneath VP 495, but trending at 60° from the
strike of the seismic line. Therefore, these two reflections are reasonably
identified as DVBS and fault/conduit C, respectively. The above study
suggests that fault C does not extend beneath reflector DVBS, but rather
appears to sole into the mid-crustal intrusion. This result supports the
interpretation of Serpa and others (1988) that the molten intrusion is part
of a regional zone of detachment which constitutes the lower boundary of
the upper-crustal fault blocks.

MID-CRUSTAL BOUNDARY

The reflections identified with the top of magma bodies (G and
DVBS in Fig. 1) have been shown to merge into much weaker, subhori-
zontal reflections at approximately the same depth (for example, S1, S4 in
Fig. 4, and DVMB in Fig. 11). Therefore, in both the Rio Grande rift and
Death Valley, correlatable if not continuous reflective horizons exist at
mid-crustal depths, possibly extending well beyond the margins of the
magma bodies. These horizons separate two distinct crustal domains: the
upper crust is characterized by reflections from inferred faults of various
dips; in contrast, reflections from the middle and lower crust are generally
subhorizontal. This relatively abrupt change from moderately dipping
(15°-40°) events to subhorizontal events does not appear to be an artifact
of the technique. For example, dips up to 40° should be recordable down
to an unmigrated depth of 10 s provided that the seismic profile is more
than 25 km long (Lynn and Deregowski, 1981). Furthermore, a few
dipping events are recorded at times greater than 7 s in the Death Valley
(Serpa and others, 1988) and perhaps the New Mexico data (this paper),
and dipping reflections from lower-crustal levels have been observed on
other seismic profiles (Lynn and others, 1983; Jones and Nur, 1984;
Matthews and Cheadle, 1986; Moss and Mathur, 1986). The COCORP
data therefore indicate that the crust of these two regions is divided into a
brittle upper crust apparently decoupled from a ductile middle and lower
crust. The mid-crustal horizons, where magma appears to accumulate, lie
at the base of basement fault blocks (in Death Valley), or a few kilometers
below (in the Rio Grande rift).

Refraction profiling has established that distinct upper- and lower-
crustal layers (respective P-wave velocities of 6.0 and 6.4 km/s) exist in this
part of the Rio Grande rift (Toppozada and Sanford, 1976; Olsen and
others, 1979). The boundary between these two crustal columns of differ-
ent physical properties is between 18 and 20 km depth. It may correspond
to weak reflections such as S1 (Figs. 1 and 4a) or S4 (Fig. 4c). The magma
body coincides with a thin low-rigidity zone which top coincides, in depth,
with this increase in crustal velocity (Olsen and others, 1982). Magma in
the Socorro area may thus be accumulating just below a major crustal
discontinuity (Sanford and Einarsson, 1982). No refraction data are avail-
able for Death Valley. A subhorizontal mid-crustal reflecting zone, how-
ever, is traced on the COCORP profiles throughout most of the Death
Valley area and may here also correspond to a regionally extensive crustal
boundary (Serpa and others, 1988).

In extensional terranes, the maximum depth of seismicity has been
taken as evidence for the depth of the brittle-ductile transition (Meissner
and Strehlau, 1982; Sibson, 1983; Smith and Bruhn, 1984). Instrumental
studies of the seismicity of the Rio Grande rift, with special emphasis on
the Socorro area, indicate a sharp cutoff in the number of hypocenters
between 11.5 and 14 km (4 to 5 s two-way traveltime). Most of the
earthquakes occur between 6.5 and 11.5 km (2.5 to 4 s), and none is
observed deeper than 13 or 14 km (Sanford and others, 1983; Jaksha and
Sanford, 1986). This suggests a rheological boundary at about 13 km
depth, which is also the maximum depth of faulting interpreted from the
COCORRP profiles. A relatively shallow brittle-ductile transition has also
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Figure 14. Shot-point gather from
Death Valley line 11 interpreted to
show the intersection between the mid-
crustal magma body (DVBS) and the
Wingate Wash fault zone (C) (Figs. 10
and 11). The approximate shape of the
basin in the input model is taken from
the interpretation of°Serpa and others

" (1988). I’ and O’ are the surface projec-
tions of points I and O, respectively,
that lie on fault plane C. Serpa and :
others concluded that the trend of fault C
zone C strikes at about 60° from the
seismic line, but the AIMS modeling
package available to us is only two di- A
mensional. Therefore, the input model
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about 15 km depth).
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been proposed by Jiracek and others (1987) on the basis of modeling of
magnetotelluric data. No similar data sets are available for Death Valley.

The two magma bodies discussed here occur at similar depths and
within laterally correlatable if not continuous zones of reflections that
separate the faulted upper crust from the relatively layered lower crust.
The magma may thus have been trapped at the base of the brittle upper
crust. The observation of a brittle-ductile transition at mid-crustal depths is
consistent with previous models for crustal processes in the Basin and
Range province (Eaton, 1982; Smith and Bruhn, 1984; Gans, 1987). In
contrast, in other zones of continental extension where deep seismic reflec-
tion data are available (Matthews and Cheadle, 1986; Keen and others,
1988), large, low- to moderate-angle normal faults persist as single zones
of displacement through the entire lithosphere. Wernicke (1986) suggested
that the formation of decoupling horizons in the crust is not necessary to
accommodate changes from brittle to ductile rheology. The presence of
magmatic intrusions may be the key factor that controls the existence and
depth of decoupling horizons into which faults may sole. Therefore, differ-
ences in style of continental extension could be explained by differences in
heat flow and magmatic activity.

DEEP CRUSTAL LAYERING AND THE MOHO
On the Death Valley gain-balanced seismic sections discussed by

Serpa and others (1988), a deeper reflecting horizon is observed beneath
the inferred mid-crustal detachment at a depth of ~30 km (between 10
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and 11 s) and is interpreted to be the reflection Moho. The “true ampli-
tude” sections of line 11 shown in Figures 1 and 11 give a somewhat
different impression of the base of the crust. The series of subhorizontal
events that characterize the lower crust in this area end abruptly at about
11 s. Beneath the relatively reflective lower crust, the upper mantle appears
seismically transparent. The boundary between these two regions is quite
sharp along most of line 11 (Fig. 11). Although a cessation of coherent
reflections at some characteristic traveltime has been observed in other
COCORP data (Mayer and Brown, 1986), the amplitude decay curve of
line 11 (top right plot of Fig. 2) shows this decrease in seismic energy to be
unusually large and abrupt (a step down of at least 3 dB). Absence of
returned seismic energy after a certain depth can be due to insufficient
signal-to-noise ratio or to geologic homogeneity. The magnitude and
abruptness of the decrease in average seismic amplitude at 11 s on line 11
suggest that it is not the result of insufficient signal penetration. Rather, it
indicates that, beneath Death Valley, the base of the crust may be a sharp
boundary.

In the Rio Grande rift, correlatable and often continuous subhorizon-
tal events form a reflective band between 11 and 12 s (about 33 to 36 km).
Below this zone, there is a marked absence of reflections. The dipping
event seen on line 3 (W3, Fig. 5) migrates above this zone. As depths to
Moho of 33 to 38 km (11-13 s) are given by wide-angle explosion
seismology (Toppozada and Sanford, 1976; Olsen and others, 1979), the
base of the series of reflections labeled “M” (Figs. 4 and 5) is inferred to
represent the crust-mantle boundary. Lateral variations in the seismic
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Figure 15. Cross section across southern Albuquerque basin; drawn to scale from the COCORP data; arrival times were approximately
converted to depth using velocities determined from COCORP refracted arrivals and well data for the sedimentary section; constrained by the
synthetic seismic model of Figure 12; dotted blocks represent pre-rift strata. Plotted to the right are maximum shear stress versus depth curves
for quartz rheology, adapted from Meissner and Strehlau (1982), for an average strain rate of 10-15 s~! (Morgan and Golombek, 1984), and for
two geoethermal gradients, 24° and 30°/km (~70 and 90 mW/m?, respectively); the approximate depth of the brittle-ductile transition inferred
from the COCORP data (10 to 15 km) falls between the respective maxima of these curves.

character of reflection series M may not be significant considering the
complexity of the overlying structures and the narrow bandwidth of the
deep data. No demonstrable offset is observed along M.

The reflection Moho is most prominent on lines 2A and 3 (Figs. 4b,
4c, and 5). On line 3, lower-crustal reflections are continuous beneath the
transverse shear zone and across the edge of the 7-m.y.-old Socorro caul-
dron. These observations suggest that the reflection Moho observed on line
3 is a young feature, evolving on a short time scale in response to tectonic
and magmatic processes. Similarly, on line 2A (Fig. 4b), the Moho does
not dip to the north like mid-crustal reflections G2 or P but rather appears
subhorizontal. Models where the Moho is an intrusive boundary, possibly
the result of magmatic underplating or ponding at the base of the crust,
predict a sharply defined, subhorizontal Moho (Fyfe, 1974; Herzberg and
others, 1983). These types of models have been shown to be consistent
with the seismic reflection data available from extensional terranes, al-
though other models for the origin of the Moho, such as a metamorphic
boundary or a shear zone, cannot be ruled out (Klemperer and others,
1986).

In the Death Valley and Rio Grande rift data, subhorizontal reflec-
tions observed between 14 km and Moho depth do not show offsets
matching displacements documented along the upper crustal Cenozoic
normal faults. Therefore, the deep layering, best observed on Death Valley
line 11 (Fig. 11; Serpa and others, 1988) and Socorro line 2A (Fig. 4b),
must have formed during Cenozoic extension, or represent older features
which were significantly reactivated during Cenozoic extension. Similar
observations have been made on the Basin and Range COCORP data
(Klemperer and others, 1986; Hauge and others, 1987; Potter and others,
1987), where this deep layering may represent intrusions or shear zones
related to Cenozoic extension. Pervasive subhorizontal layering in the
middle and lower crust has been observed beneath several core complexes
and shown to represent zones of mylonite (Reif and Robinson, 1981;
Robinson, 1982; Hurich and others, 1985). In other areas, diabase sills

have been drilled (Harrison and others, 1985; Potter and others, 1986).
Relic sedimentary layering is also a possibility, supported by the metased-
imentary origin of some deep crustal xenoliths in the southern Rio Grande
rift (Padovani and Carter, 1977). No xenoliths data are available in the
vicinity of the COCORP profiles, however, and a recent worldwide com-
pilation of xenoliths data indicate that the lower continental crust is domi-
nated by mafic rocks (Griffin and O’Reilly, 1987). On line 2A, event M2,
attributed to the base of the crust, is the deepest of a series of strong and
continuous reflections that extend from 4 to 12 s and that sandwich a layer
of magma; therefore, intrusive activity is a likely cause of the reflectivity of
the pervasive subhorizontal fabric seen on line 2A. Shot-point gathers from
line 1A (Fig. 9) also show that the bright reflection G1 attributed to
magma is, in places, sandwiched between less strong but continuous reflec-
tions. The conformity between the trend of overlying reflecting segments
(for example, P on line 2A, Fig. 4b) and the magma body may suggest that
the sill follows a “stretch™ crustal fabric, and zones of mylonites may also
contribute to the reflectivity of the lower crust. The spatial association
between reflective lower crust and magmatic intrusions, however, is direct
evidence of the potential importance of underplating in crustal growth and
evolution (Serpa and de Voogd, 1987).

CONCLUSIONS -

Fundamental differences appear to exist between upper and middle
or lower crust in the Rio Grande rift and in Death Valley, two active
continental rift zones where COCORP deep seismic reflection data are
available. Evidence for basement penetrating faults is revealed on the
reprocessed Socorro sections, including a low-angle master fault traceable
to mid-crustal depth beneath the Albuquerque basin. A generalized model
of the crust in the vicinity of the New Mexico profiles is proposed in Figure
15 and summarizes the results of this study. This model is based on the
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COCORP data but is also supported by published geophysical and geolog-
ical observations.

In both rifts, a mid-crustal boundary, prominent on the seismic sec-
tions, does not appear to be cut by any of the faults mapped at the surface
or inferred from the seismic data. It is suggested that major faults do not
continue into the lower crust but rather sole into subhorizontal shear zones
in the mid-crust. In these two areas, therefore, the mid-crust is a structural
boundary, perhaps a brittle-ductile transition. The middle and lower crust
exhibits a subhorizontal structural and/or compositional fabric. In Death
Valley, and perhaps also in the Rio Grande rift, décollement or decoupling
of the upper crust occurs on a regional scale. The locally unusually strong
reflectivity of the mid-crustal boundaries is thought to be due to magma
accumulation along the zone of decoupling. .

The Rio Grande rift and Death Valley COCORP data are compati-
ble with models of crustal extension where brittle upper crust is underlain
by lower and middle crust characterized by laminar flow and intrusion.
The prominent layering observed in the middle and lower crust includes at
least one layer of magma, thereby supporting the suggestion that magmatic
intrusions are the likely cause of the strong subhorizontal reflections ob-
served in the deep crust of many extensional terranes. This reflective
crustal column stops, uniformly and often rather abruptly, at the approxi-
mate Moho depth defined by refraction experiments. The data support
models where the reflection Moho is a young feature, related to Cenozoic
magmatism and extension. The magmatic activity documented by this
study is a major component of lower-crustal extension and evolution.
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