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Abstract. Reprocessing and synthetic seismic
modeling of COCORP profiles across the eastern
margin of the Rio Grande rift at Abo Pass, New
Mexico, suggest that synthetic and antithetic
Cenozoic normal faults sole into or are truncated
by a northwest dipping listric master fault which
bounds the eastern side of the basin and reaches
a depth of at least 10 km beneath the southern
Albuquerque basin. This fault appears to project
toward the surface position of the Los Pinos
Cenozoic normal fault, which lies basinward of
and trends parallel to a mapped Laramide duplex
thrust zone. The Los Pinos fault may sole into
the older thrust, reactivating this preexisting
compressional structure at depth. A lateral
change in reflection amplitude and frequency is
conspicuous across the eastern rift margin.
Analysis demonstrates that source coupling is the
main cause of a much deteriorated signal below
the rift basin, although complex ray paths and
attenuation by the graben fill may contribute.

Introduction

In 1975-1976 the Consortium for Continental
Reflection Profiling (COCORP) collected 155 km of
deep seismic reflection data both transverse and
parallel to the axis of the Rio Grande rift (RGR)
in the southern Albuquerque basin [Oliver and
Kaufman, 1976; Brown et al., 1979]. Lines 1 and
1A (Figure 1) constitute an east-west transect a-
cross the central Albuquerque-Belen basin. Line
1, the focus of this analysis, begins on the
faulted Cenozoic basin fill and ends to the east
in the Los Pinos mountains. Cross line 2
provides some three-dimensional control on the
fault geometry in the eastern part of the basin.
Data acquisition and the initial processing was
carried out by Petty Ray Geophysical Company.
Those acquisition parameters and contractor pro-
cessing sequence are described by Brown et al.
[1980].

This paper focuses on major issues not fully
addressed by previous studies and which include
the possibility of a master fault underlying the
Cenozoic normal faults, the role of Laramide and
older structures in the rift evolution, the three
-dimensional geometry of normal faults, and the
cause of dramatic changes in reflection ampli-
tudes and frequencies across the eastern rift
boundary. Reprocessing and reanalysis of lines 1
and 2, together with synthetic seismic modeling,
provide substantial new insight into these
issues. Three-dimensional aspects of the data
are quantitatively discussed in interpreting
fault geometry.
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Major findings of the New Mexico COCORP sur-
veys have been reported by Brown et al. [1979,
1980]. The most striking result is an unusually
strong midcrustal reflector which is believed to
be a tabular magma body previously inferred from
unusually strong shear waves reflections noted in
microearthquake studies in the Socorro region
[Sanford et al., 1973; Brocher, 1981b]. Brown et
al. [1980] suggested that closely spaced high
angle normal faults might be responsible for the
structural relief observed on the floor of the
Albuquerque basin. Cape et al. [1983], however,
interpreted migrated versions of the COCORP sec-
tions to indicate that the Cenozoic faults
flatten within the upper 5 or 6 km of the crust.
The above studies have failed to trace faults
beneath a few kilometers depth, raising questions
about the style of extension beneath the
sedimentary section.

In the new structural interpretation presented
herein, shallow Cenozoic faults sole into or are
truncated by a relatively continuous reflector
which is thus interpreted as a Cenozoic fault
surface. To the east, this master fault may co-
incide at the surface with the Los Pinos normal
fault, which is the boundary between the Albu-
querque basin and the Los Pinos-Manzano mountain
range. The Los Pinos fault is basinward from and
parallel to the Paloma and Montosa“faults (Figure
1), which are mapped as Laramide thrusts [Stark
and Dapples, 1946; Kelley, 1977]. The spatial
correlation between late Cenozoic fault scarps
and Laramide thrusts along the east side of the
rift may indicate reactivation at depth of older
compressional structures [Kelley, 1977].

Reflections from beneath the basin have lower
frequencies and are much weaker than those under
the eastern flank. These differences in ampli-
tude and frequency content are correlated with
changes in the surface geology and are shown to
be due mainly to variations in coupling of the
vibrators to the ground. Further signal degra-
dation may also have resulted from selective loss
of the high frequencies within the graben fill by
seismic attenuation and imaging difficulties as-
sociated with ray path distortion through the
structurally disrupted sedimentary section. Thus
the lateral change in seismic character observed
across the rift boundary does not represent
structural or compositional variations at depth
but is due to the masking effects of near-surface
seismic phenomena. A near-vertical blank zone
extending vertically downward from the eastern
edge of the basin appears to be an artifact due
to improper stacking of common midpoint (CMP)
data across an area of large lateral velocity
variations rather than being representative of
some deeply penetrating geological structure,
e.g., intrusion or fault zone, as previously
speculated [Brown et al., 1980].
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Fig. 1. Location map; geology sketched from Kelley [1977], Machette [1978, 1982], and
Machette and McGimsey [1983]. MZM and LPM are the Manzano and Los Pinos mountains,
respectively, which constitute the ranges bounding the southern Albuquerque basin to
the east; LP is the Los Pinos normal fault; P and M are the Paloma and Montosa faults,
interpreted as Laramide thrusts; WJ and EJ are two normal faults prominent on the

COCORP sections and discussed in the text.

Background

The Albuquerque basin belongs to a series of
en echelon north trending grabens or half grabens
that form the Rio Grande depression, a late Ceno-
zoic extensional feature superimposed upon a
north trending tectonic belt deformed during late
Paleozoic and again during the Laramide orogeny
[Chapin, 1979]. The Albuquerque basin is an a-
symmetric graben, roughly 145 km long and 50 km
wide, essentially filled by nommarine Cenozoic
deposits. Rifting in this area started at about
26 Ma, as suggested by the study of bolson sedi-
mentation and age of volcanism [Chapin and
Seager, 1975]. OCORP line 1 crosses the eastern
side of the central graben at Abo Pass, a physio-
graphic constriction between the Manzano and the
Los Pinos mountains (Figure 1).

A set of layered and faulted strong reflectors
defines the structural complexity of the rift
basin (C in Figure 2). This sequence of shallow,
correlatable reflectors, approximately 2 km
thick, is interpreted as the Paleozoic-Mesozoic
sedimentary section which outcrops south of line
2A [Brown et al., 1980] and east of Abo Pass.

The base of C is believed to mark the top of the
Precambrian basement. West of vibration point
(VP) 180 (line 1), the structural relief observed
on the seismic section corresponds to the
Hubell-Joyita bench, which is buried under
Quaternary fill in the vicinity of line 1
[Kelley, 1977]. On line 1, the syn-rift basin

fill appears to reach a maximum thickness of
about 2500 m at VP 80. This basin fill mainly
consists of Miocene-Pliocene gravels, arkose, and
tuffs of the Santa Fe Group, commonly covered by
Quaternary alluvial sands and gravels [Foster,
1978]. A detailed discussion of the Cenozoic
stratigraphy of the basin can be found in the
work by Chapin and Seager [1975]. Although Jurdy
and Brocher [1980] used sonic logs to correlate
velocities determined from COCORP refracted
arrivals with geological units, existing deep
drill holes are too distant from the COCORP lines
to provide stratigraphic control on specific
reflecting horizons.

Both listric normal faulting and "domino
style" planar normal faulting have been suggested
from geological field studies in the Albuquerque
basin [e.g., Woodward, 1977; and Chamberlin,
1983]. Line 1 intersects several normal faults
which offset reflectors C (Figure 2) and have
been interpreted as steeply dipping Cenozoic
faults from geological mapping [Kelley, 1977].
The two east dipping normal faults which cross
line 1 at VP 32 and VP 60 (Figure 1) are identi-
fied as the West and East Joyita faults (WJ, EJ),
respectively, of Kelley [1977]. The Los Pinos
normal fault (Figure 1) marks the eastern bound-
ary of the main rift basin [Kelley, 1977].

In the Los Pinos mountains, between VPs 188
and 202, line 1l traverses several outcropping
Precambrian units which have been thrust eastward
against Pennsylvanian strata along two major
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Fig. 2a. Reprocessed section from COCORP Abo Pass line 1l; true amplitude relationship
is preserved from trace to trace; amplitudes are not corrected for geometrical
spreading using a velocity function, but a vertical exponential gain is applied for
display purpose.
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Fig. 2b. Interpretive and schematic line drawings of COCORP Abo Pass line 1 (Figures
2a and 9); as determined from the COCORP data, east dipping normal faults reach the
surface at VPs 32, 60, 100, 109, and west dipping faults at VPs 120, 145, 150; only
faults discussed in the text are labeled (WJ, EJ, LP, P, M). Dashed lines underline
reflections from the Joyita fault planes. The inferred Paleozoic-Mesozoic section
(labeled C) is shaded, as well as a near-vertical zone apparently devoid of continuous
reflections (B); G is inferred to represent the edge of a midcrustal magma chamber
[Brown et al., 1979]; other events labeled are discussed in text.
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Fig. 3.

Comparison between the initial contractor processing (left) and our reprocess-

ing (right); top is a detail of COCORP line 1; key reflections (such as H, L, and EJI,
labeled on figure 2) are identifiable in both versions; both sections are displayed
with the same automatic gain control; bottom part shows the stacking velocities (rms)
used to produce the sections above, contoured every kilometer per second.

faults, the Montosa and the Paloma thrusts.

These thrusts strike roughly N-NE, have near-
surface dips of 40°-50° and a vertical offset of
at least 700 m [Stark and Dapples, 1946; Reiche,
1949]. This fault movement has been inferred to
correlate with similar movements in the Southern
Rocky mountains during the Laramide orogeny (90-
50 Ma) [Stark, 1956; Kelley, 1977]. Interpreta-
tion of previous versions of the COCORP data have
failed to unambiguously relate particular reflec-
tions with these faults. Brown et al. [1980]
suggest that perhaps events H or L (Figure 2) may
represent the subsurface expression of the
Montosa or Paloma thrust, a possibility more
fully addressed here.

Numerous seismic events are observed down to
approximately 12 s (35 km) throughout the whole
body of the New Mexico COCORP surveys. The depth
to Moho of 33-38 km inferred from wide-angle ex-
periments [Toppozada and Sanford, 1976; Olsen et
al., 1979] corresponds to travel times between 11
and 13 s on the COCORP profiles. Prominent
reflections in this depth range are observed on
the COCORP sections, especially beneath the rift
flank on line 1 and within the central graben on
line 2A [Brown et al., 1980], and presumably
represent the crust-mantle transition. As imaging
of these lower crustal events has not been sig-
nificantly improved by our reprocessing and we
have little to add to previous interpretations in
this regard, we focus on upper crustal struc-
tures, and the seismic sections are displayed
only from 0 to 9 s (about 26 km).

Reprocessing

The main goal of the reprocessing was to bet-
ter image reflections from within the basement
below the rift basin. This reprocessing was
carried out on COCORP's MEGASEIS (T.M. Seiscom
Delta) computer system. Improvement in the
stacked section of line 1 (Figure 3) was obtained

primarily by careful velocity analysis and later-
al prestack amplitude balancing. Higher stacking
velocities were used to enhance dipping events
such as EJ1, H, and L (Figure 2) and discriminate
against subhorizontal multiples from the rift
basin. It is a common practice to balance trace
amplitudes before stack. Here, true amplitude
relationships from trace to trace were preserved
by applying surface-consistent amplitude correc-
tions calculated from the unstacked data. This
process corrects for those components of the
amplitude that are unrelated to the subsurface.
Frequency-wave number (FK) analysis of some of
the field records indicate that backscattering of
the seismic signal could be a source of noise.
However, two-dimensional (pie slice) filtering
did not significantly improve the seismic sec-
tion. Other processing steps were not signifi-
cantly changed from the initial contractor proc-
essing (Table 1) since they were deemed adequate.
Detailed refraction statics corrections could
possibly improve the sections. However, such
analysis is hindered by the large near offset
(600 m). Although some improvements were obtain-
ed by this more extensive reprocessing, key re-
flections are identifiable in both the old and
new versions (Figure 3). The interpretation
discussed here results more from a new and more
critical look at these data, paying particular
attention to possible artifacts such as near-
surface effects and side swipe than to previously
overlooked or erroneous aspect of processing.
Although the ‘reprocessing reported here was
extensive (see Table 1), it by no mean exhausted
what might potentially be done. For example,
numerous crossing events of various dips are seen
below the rift basin (Figure 2). Since the con-
ventional CMP stacking tends to filter on the
basis of dip, further improvement of the seismic
section might require prestack partial migration
and dip moveout [Hale, 1984]. Additional diffi-
culties come from three-dimensional and velocity
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TABLE 1.

Data Processing (Following Demultiplex and Vibroseis Correlation)

Cornell Reprocessing (This Paper)

Initial Contractor Processing

To Produce Section in Figure 2

Others

1, trace editing
deconvolution (operator of 320 ms,
prediction lag of 48 ms)

N
-

P W -
. .

CMP sort
mutes and final dynamic corrections
automatic residual statics

ooV PW

v v v v o

, trace editing
statics corrections
velocity analysis (Figure 3)

deconvolution
F-K filtering
automatic residual statics

,» brute stack , mutes before and after dynamic range stacks
, refraction study (field statics) corrections Kirchoff migration
velocity analysis 5, partial correction for spherical

divergence using a vertical
exponential gain, and
lateral amplitude balancing
stack, film display 6, stack, display

The source consisted of five vibrators generating a 10-32 Hz linear sweep.

pull-down effects. Because the COCORP lines of-
ten run at an angle of 60° or less to the strike
of the structures imaged, three-dimensional
aspects of the data must be considered or side
swipe will not be properly migrated. Two—
dimensionally migrated seismic sections cannot be
treated as geologic cross sections when calculat-
ing the true dip of a structure (Figure 4).

Fault planes, for example, may appear more
listric than they really are. Three-dimensional
factors were, in fact, found to be significant in
this analysis.

Large lateral changes in velocity correspond-
ing to the variation in thickness of the basin
fill undoubtedly cause complex velocity pull-down
effects and ray path distortions that cannot be
handled by conventional time migration schemes
[Peddy et al., 1986; Larner et al., 1981].
Furthermore, CMP smearing associated with these
complex structures will not be corrected by
poststack migration.

Although advanced capabilities such as pre-
stack migration were not available on the
MEGASEIS, synthetic seismic modeling was avail-
able to constrain the interpretation with respect
to the above problems. Synthetic seismic sec-
tions were computed with the AIMS modeling pack-
age (TM Geoquest International). Even though
AIMS is formally two-dimensional, three-
dimensional effects are discussed in the follow-
ing analysis.

Shallow Fault Geometry

Intrarift Cenozoic faulting is evident from
conspicuous offsets of Phanerozoic strata on line
1 (events C, Figure 2). Because they project
upwards toward faults identified on the basis of
basin fill truncation and/or surface geology, a
few weak, dipping events in the upper 3 s of the
seismic section from line 1 are interpreted as
fault plane reflections (e.g., EJ, WJ Figures 2b
and 5). On the seismic section of line 1, these
inferred fault plane reflections have fairly low
apparent dip (less than 20°). When correlated
with overlying offsets in the Paleozoic-Mesozoic
section (C, Figure 2b), these low dips suggest
listric fault geometry. Cape et al. [1983]
interpreted the Joyita faults to be listric,

flattening in the upper 5 km and in particular
"recognized listric faulting in the subsurface by
the seismic expression of the East Joyita

fault." However, line 1 runs at an angle of 60°
to the average strike of the Joyita faults where
these are mapped. As we shall show, proper
consideration of three-dimensional effects leads
to different conclusions.

Cross line 2 provides some constraints on
three-dimensional fault geometry. Line 2 is
roughly parallel to the Joyita faults as mapped
at the surface (Figure 1); thus reflected
arrivals from these fault planes should give
horizontal events on the seismic section from
line 2 if their strike does not change with
depth. There is a weak horizontal reflection at
2 s (about 5 km) on line 2 (WJ2, Figure 5), which
is more clearly seen on the constant velocity
stack displayed in Figure 6. This reflection
ties with dipping reflections associated with the
West Joyita fault on line 1 (WJ1, Figures 2 and
5). It is conceivable that WJ2 could be a side
reflection from the East Joyita fault scarp,
corresponding to a ray traveling in the shallow
low-velocity layer (less than 2.8 km/s).

However, velocity analysis yields a stacking
velocity of 4.6 km/s for event WJ2 (line 2),
consistent with its being from a deeper portion
of the West Joyita fault plane rather than a
surficial arrival.

Reflections WJ1 and WJ2 give us the true dip
and strike of the West Joyita fault at the inter-
section of lines 1 and 2. Assuming a velocity
between 4.5 and 6 km/s along reflector WJ1, the
true dip of the West Joyita fault, as determined
from the relation in Figure 4, is 51° (+/-4°) at
a depth of about 5 km. The surface location of
the West Joyita fault is constrained by offsets
in first arrivals to lie between VPs 31 and 33 of
line 1 (Figure 7a). Reasonable fault plane geo-
metries that are consistent both with the known
surface location of the West Joyita fault and
with its true dip (about 51°) calculated at the
intersection of lines 1 and 2 are drawn in Figure
7b. The above analysis indicates that the West
Joyita fault is a northeast striking structure
that might be planar or slightly listric, in that
latter case having a surface dip of about 55°,
flattening to only 47° in the upper 5 km (Figure
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Fig. 4a. Migration and strike-dip correction for
side reflections from a dipping plane; the dip-
ping reflective surface and the seismic section
are treated as planes (locally a reasonable
approximation); seismic rays are approximated by
straight lines (homogeneous medium); 6 is the
angle between the strike of dipping surface and
the seismic line (55° between the West Joyita
fault and line 1); 6 is the true dip of the dip-
ping surface, measured from the horizontal; a is
the apparent dip measured on the seismic section
(before migration); if the strike of the dipping
structure is unknown, the true dip and strike can
be calculated if the reflector is imaged on an
additional seismic line (index 2) nonparallel to
the first seismic line (index 1): sin§ =
tana;/sin®; = tan®,/sinf,, and 6, + 6, + B = 180°
give tan®; = sinB/[(tana,/tana;) + cosB].

7b). This conclusion is further supported by the
synthetic modeling discussed in the next section.
Note that if line 1 were treated in a two-
dimensional fashion, the 33° apparent dip of the
West Joyita fault plane reflection (WJ1l, Figure

90

6 = 565°
(WJ fault) 0

0

TRUE DIP (,°) 80
Fig. 4b.

2) would "migrate" to a dip of 40°. 1If such a
two-dimensionally migrated section were treated
as a geologic cross section, after correction for
strike using the relation between apparent and
true dip derived for geologic cross section
[e.g., Ragan, 1973, pp. 1-6] (Figure 4b), an
erroneous "true" dip of 43° would be found.

According to Figure 5, reflections from the
East Joyita fault plane should arrive at about
1.2 s on line 2. A series of north dipping re-
flectors (R in Figure 5) represent the synrift
sequence on line 2, yielding a true dip of 10°-
15° to the northwest. Underlying the basin fill
R, two sets of strong and continuous dipping
events (C2 and EJ2, Figure 5) cross each other
below VP 80 (line 2). The north dipping package
C2 ties with sequence C on line 1. EJ2 is some-
what more planar and less cyclic than C2. If C2
is the Mesozoic-Paleozoic sequence (C on line 1),
EJ2 is reasonably identified as the East Joyita
fault plane reflection. The apparently poor tie
between reflections EJ1 and EJ2 seen on Figure 5
may be due to three-dimensional effects. Several
authors indicate a change in the strike of the
East Joyita fault in the vicinity of line 2
[Kelley, 1977; Machette, 1978]. Reflections from
the East Joyita fault cannot be recognized on the
southern part of line 2 probably because such
events would arrive at 1-1.2 s and thus be hidden
by sequence C. If in its northern portion line 2
runs closer to the East Joyita fault (Figure 1),
side reflections from the East Joyita fault plane
will appear earlier and possibly before C2. This
happens around VP 70 where event EJ2 starts
arriving before C2. Thus the apparent dip of the
inferred East Joyita fault reflection on line 2
may reflect its convergence with the northern end
of line 2 (Figure 1); alternatively, EJ2 could
represent a tilted block of Mesozoic-Paleozoic
strata obscuring a possible reflection from the
East Joyita fault.

Reflections both from the West and East Joyita
fault planes (WJ1, EJ1, Figure 2) can be traced
to a depth of about 6 and 7 km, respectively,
where these faults appear to cross a relatively
continuous horizon (H, Figure 2). At that
depth, these faults have true dips of at least

90
e = 36°
(reflector H)
d Y
'
g H
a
a

9
TRUE DIP (»,°) 0

Summarizes how side swipe affect dips on a seismic section; p is the two-

dimensionally migrated dip (sinp = tana); after correction using relation between

apparent and true dip of geologic cross section, the dip is y, related to u by tanp =

tany sinf; the shaded areas correspond to the values of interest for reflector WJ and
H, respectively; note that a two—dimensionally migrated seismic section cannot be

treated as a geological cross section.
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Fig. 5. The western portion of line 1 (to the left) is tied with the northern portion
of line 2 (to the right); events WJ1 and WJ2 are interpreted as reflections from the
West Joyita fault (WJ) that strikes almost parallel to line 2; reflection H dips to
the northwest; package C2 is inferred to represent the Mesozoic-Paleozoic sequence on
line 2, tying with series of reflections C on line 1; R represents the low-velocity
graben fill; EJ2 may be a side reflection from the East Joyita fault scarp.

30°, indicating that the Joyita faults are not as (about 3 s) is less clear, but some possibilities
listric as suggested by Cape et al. [1983], who are discussed in the next section.

infer that they become essentially flat within 5

km depth. The West Joyita fault can be shown to An Intrabasement Master Fault

be planar or close to planar in the vicinity of

the COCORP survey, whereas the amount of curva- Refracted arrivals (Figure 8) show offsets at
ture of the East Joyita fault cannot be deter- VPs 182, 193, and 202 that are attributable to
mined from these data alone. What happens to the the Los Pinos, Paloma, and Montosa faults, re-
Joyita faults at depths greater than 7 or 8 km spectively. Stacked sections including only

o1 T
wJ2
s 5
3.6 KM/S 5.5 KM/S

Fig. 6. Constant velocity stacks of Abo Pass line 2; the section to the right was
stacked with a velocity (5.5 km/s) higher than the stacking velocity of event WJ2 (4.6
km/s) in order to further attenuate the inferred multiple shown on the left.
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Fig. 7. Amount of curvature of the West Joyita
fault plane. .
(a) Shot point gather from line 1, showing the
surface location of the West Joyita fault; the
vertical arrow between VPs 34 and 35 points to
the corresponding break in the arrival refracted
at the interface between the 2.2 and 3.5 km/s
layers; trace spacing is 100 m, with a
near-offset of 600 m; from this record, and in
agreement with adjacent shots, the depth to the
2.2-3.5 km/s interface is calculated to be 210 m;
this constrains the surface position of the West
Joyita fault to lie between VPs 31 and 33; note
also a strong reflection at 3.4 s that
corresponds to H (Figure 2).

(b) Geometries of the West Joyita fault plane
permitted by our analysis; the dotted line
indicates the maximum amount of curvature
allowed.

: Eastern Boundary of the Albuquerque Basin

source-receiver offsets of less than 2300 m seem
to indicate the existence of weak west dipping
events that might correspond to the shallow parts
of the Paloma-Montosa fault zone (Figure 9), be-
low the Los Pinos mountains.

Two distinct, though discontinuous, series of
reflections can be traced below the rift basin
between 2 and 4.5 s over a horizontal distance of
about 18 km (labeled H and L, Figure 2). The
surface projection of H and L is ambiguous; if
dips beneath VPs 140-160 were extrapolated, these
structures should project to the surface near VPs
200 and 230, respectively. Yet from geological
mapping (M.N. Machette, written communication,
1984) as well as the COCORP section itself, there
is little indication of west dipping structures
in the near-surface east of the Montosa fault,
aside from a small NE trending fault scarp east
of the Manzano mountains (Figure 1) [Machette,
1978]. Both series of events H and L can be
identified on cross line 2 (Figure 5) and thus
can be shown to dip to the northwest. H strikes
N49°E (+/-4°) and dips 29° (+/-4°) to the
north west at a depth of 7 km where lines 1 and 2
intersect, assuming an average velocity of 6 km/s
at that depth. This strike is significantly
different from the overall trend of the
Albuquerque basin and bordering uplifts (N20°E).
However, it is quite consistent with the strike
of the Los Pinos fault immediately south of the
COCORP profiles (Figure 1).

H is a relatively strong series of reflection
segments correlatable over a horizontal distance
of 12 km, with an average stacking velocity of
approximately 6 km/s. Its amplitude is highly
variable, possibly because of focusing effects
induced by the thick low velocity graben fill.

[y

SECONDS

<."fc<

= 5.21"
5 &,”’;

N

Fig. 8. Shot point gather for source at VP 160
showing the location of the Los Pinos, Paloma,
and Montosa faults, labeled LP, P, and M,
respectively.
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Near-range stack of COCORP Abo Pass line 1; only traces with source to

receiver spacing less than 2300 m were used to produce this section (average fold 10),
otherwise processed like the section in Figure 2, except for automatic gain control

(AGC) applied after stack for display purposes.

Note west dipping event (labeled K)

beneath VPs 160-200; after migration, this event projects to the surface at VP 230.
Below VPs 160-180, a near-vertical zone apparently devoid of continuous reflections was
conspicuous on previous versions of this section (Brown et al, [1980]; labeled B,

Figure 2) but is not seen on this stack.

L, somewhat less continuous and less strong than
H, also dips to the northwest but more steeply.

Reflections H and L lack continuity, appearing
broken up in several places, which might initial-
ly lead to the conclusion that they represent
prerift features subsequently disrupted during
Cenozoic extension. However, because of large
lateral velocity contrasts between basement rocks
and basin fill, velocity pull-down effects and
ray path deflection might also give a segmented
appearance to reflectors H and L even if they
were continuous horizons. Two—-dimensional normal
incidence ray tracing was used to evaluate this
possibility.

A two-dimensional model was postulated from
the thickness on the seismic section of the in-
ferred Mesozoic-Paleozoic sequence (C, Figure 2)
and the velocity estimates deduced by Brocher's
[1981a] study of COCORP refracted arrivals.

These velocities were chosen instead of interval
velocities computed from stacking velocities,
since small errors in stacking velocities can
lead to large errors in interval velocities
[Al-Chalabi, 1974]. The instability of such
estimates is compounded by the structural
complexity, e.g., various dips, encountered on
line 1.

Zero-offset (single fold) synthetic seismic
sections were used to quantitatively illustrate
migration and velocity pull-down effects. Wave-
forms were not modeled. A 10-32 Hz Klauder wave-
let was used to produce the synthetics. As dis-
cussed in the next section, the high-frequency
part of the sweep is poorly generated in or
transmitted through the basin fill. Therefore
the seismic data have a somewhat broader wavelet
than the synthetics. The synthetic section from
our preferred model (Figure 10a) is shown super-

imposed on the actual seismic section (Figure 11)
and can also be compared to the same section
shown unmarked in Figure 2a.

The model in Figure 10a postulates that re-
flector H is continuous and truncates the Joyita
fault planes. Yet its seismic image is segmented
(Figures 1l and 12a). The apparent offsets in
reflector H are due to velocity pulldown associ-
ated with varying thicknesses of graben fill.

The severity of this pulldown is obvious from the
disrupted reflection from the flat reference
horizon (R, Figure 11b). As much as 400 ms of
velocity pull-down can be expected when correlat-
ing events across the eastern side of the basin.

The model in Figure 10b assumes that the
normal faults offset the deeper reflector H. The
amount of offset across H is chosen equal to the
observed offset of the prerift section on the
seismic data (C, Figure 2). The seismic response
of this model also shows a relatively complex
reflection geometry (Figure 12b). Careful
comparison of the synthetics in Figures 12a and
12b with the actual data (Figure 11) indicates
that the first model is more likely, i.e., that
the Joyita faults terminate into a continuous
reflector. According to the second model, there
should be a large offset in H beneath VPs 80 and
130 (areas circled in Figures 12a and 12b). The
seismic section shows no such offset. Rather
reflection H appears continuous like the
synthetics in Figure 1l2a.

The model in Figure 10c postulates that the
East Joyita fault truncates reflector H. In ad-
dition, a west dipping interface K is introduced
such as to match reflection K observed below VPs
160-200 (Figures 2 and 9). This interpretation
is further suggested by an event that appears to
extend reflection EJl to the east (D, Figures 2
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Fig. 10. Models for Abo Pass line 1
corresponding to synthetics shown in Figures 11
and 12; dotted lines represent horizons not shown
in synthetics for clarity; however, rays were
refracted across these interfaces as well.
Velocities are taken from a study of COCORP
refracted arrivals [Brocher, 198la] and do not
necessarily represent rock units. - Velocities
(km/sec) are indicated on model in Figure 10a.
Small velocity contrasts (a few percent) were
arbitrarily introduced to get reflections from
the faults at depth. (a) Model in which the
Joyita faults sole into or are truncated by a
continuous reflector H; this model appears to
provide a good fit to the data; a horizontal
reference reflector (R) is added at the arbitrary
depth of 12 km to illustrate velocity pull-down
effects. (b) Model in which the Joyita faults
disrupt the underlying reflector H postulated in
Figure 10a; the amount of offset across H is
chosen equal to the observed offset of the
prerift section on the seismic data. (c) Model
in which the East Joyita fault truncates H;
interface K is located such as to match a fair
west dipping reflection (K, Figures 2 and 9)
observed below VP 180.

Eastern Boundary of the Albuquerque Basin

and 9); however, event D matches diffraction
curves for about 6.2 km/s at 7 km depth, indicat-
ing that D is a diffraction, most likely from the
intersection of the East Joyita fault and H as
shown in the model of Figure 10a. Furthermore,
modeling shows that D is in the wrong place to be
an extension of the East Joyita fault plane
(Figure 11). Thus reflections from the East
Joyita fault plane are not seen eastward of VP
166 (Figure 12a). The model in Figure 10c and
12¢ also shows that reflection K is unlikely to
correlate with H.

The above modeling demonstrates that time de-
lays and ray path distortion due to near-surface
structural complexity explain the segmented
appearance of reflection H (Figure 2). Thus a
relatively continuous horizon (H) may underlie
the southeastern part of the Albuquerque basin.
It seems to project to the east side of the basin
in an area where both Cenozoic normal faults and
Laramide thrusts are mapped.

If H is not substantially offset, if at all,
by the overlying Cenozoic normal faults, as the
modeling suggests, then any Cenozoic extensional
faulting must be accommodated along H, above H,
or H must be a younger feature. Thus three
alternative explanations for H seem plausible: H
is a Cenozoic normal fault, a Laramide thrust, or
a Laramide thrust reactivated as a Cenozoic
normal fault. The geometry implied by the first
model above (Figure 10a) suggests that H may be
either the deeper extension of the Los Pinos
normal fault, into which the shallow faults of
the Hubbell bench sole or truncate, or that H may
be the extension of the Laramide fault system
corresponding to the Paloma and Montosa faults.
If the latter is correct, it implies that Ceno-
zoic extension in this area follows older
Laramide structures.

Modeling is consistent with L being a multiple
of H, generated within the low-velocity basin
fill. However, it is conceivable that L is a
splay of the same fault system as H. Other weak
west dipping events observed below VPs 160-210
(e.g., K, Figure 9) may also represent splays of
this fault system. The multicyclic reflection
character of H (and L) is similar in many res-
pects to reflections observed from the Wind River
thrust, a Laramide compressional feature in west-
ern Wyoming [Smithson et al., 1979], as well as
to reflections associated with the Sevier Desert
Detachment, a major extensional structure in west
central Utah [Allmendinger et al., 1983]. The
duplex zone mapped at the surface between VPs 190
and 206 [Myers, 1977; Myers et al., 1981] may
continue at depth as a broad shear zone of inter-
laced lithology, giving rise to a layered reflec-
tion appearance. Synthetic seismic modeling
shows that the laminated or anastomosing geometry
of mylonites can produce prominent multicyclic
reflections similar to those observed in deep
seismic reflectien profiles [Fountain et al.,
1984]. However, the narrow bandwidth of the data
(less than two octaves) precludes further dis-
cussion of reflection seismic character.

Change in Seismic Character Across
the Eastern Rift Boundary

A dramatic lateral change in seismic character
is observed around VP 188 on the seismic stacked
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the seismic data shown unmarked in Figure 2a.

velocity effects.

sections which corresponds to a major change in
surface geology (Figure 1). Visual inspection of
correlated field files from line 1 indicates that
there is little lateral change in seismic charac-
ter within a given recording for any individual
shot: however, the overall appearance of the re-
cords varies dramatically depending on the loca-
tion of the vibrators (Figure 13a). Records
corresponding to sources within or at the edge of
the rift basin are very different in character
from records corresponding to shot points east of
the Montosa fault. VPs 188-202 lie on Pre-
cambrian outcrop at Abo Pass. West of VP 179, at
least 6 m of Pleistocene pediment gravel cover
the Cenozoic basin fill. Precambrian basement is
covered to the east by gently dipping Pennsyl-
vanian strata. VPs 179-188 are located on an
alluvial fan covering the Los Pinos fault. The
shot point gather from VP 197 (Figure 13a) is
typical of recordings with sources within the
rift basin. For these recordings, most of the
seismic energy lies between 15 and 20 Hz (Figure
13). The high-frequency part of the sweep is
essentially not transmitted into the ground. The
shot point gather from VP 198 (Figure 13a), whose
source is east of the Montosa fault, exhibits a
spectrum richer in high frequencies with an
average energy about 14 dB higher than for VP
197. It is important to note that these changes
correspond to source location, not receiver loca-
tion. For example, the receivers in Figure 13a
straddle the fault zone yet show no significant

of the model in Figure 10a superimposed on

Offsets observed along H must be due to

change in seismic character within the record.
This source-location dependent behavior can only
be explained by a coupling phenomena.

Nonlinear effects (distortion) can occur
depending upon whether a vibrator is resting on
relatively consolidated or unconsolidated materi-
al [Edelmann, 1982]. Overdriving a vibrator
against a "hard" surface can increase generation
of harmonics, thus enriching the high end of the
spectrum. The relative amount of energy input
into the earth also depends upon the material
properties of the ground upon which the vibrators
are operating [Edelman, 1982]. Nowhere along the
COCORP Abo Pass survey could we observe such a
drastic change and correlate it with different
receiver locations. Thus primary differences
between shot point gathers are attributed to
source location alone.

In general, the higher frequencies appear
either not to have been generated in or transmit-
ted through the basin fill. In the rift basin,
Figure 13b shows an attenuation of 30 dB within
less than two octaves, after only 2 s of two-way
travel time. Power spectra calculated over time
windows corresponding to increasing depths do not
indicate any substantial additional attenuation
below 2 s (approximately 4 km). Thus the gross
seismic character along line 1 is fully estab-
lished by 2 s travel time, which confirms that
near-surface effects are primarily if not totally
responsible for lateral variations in the gross
appearance of the seismic section.
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the horizontal reference interface R.
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Detail of synthetics; synthetics in
Figures 12a, 12b and 12c¢ correspond to the models
postulated in Figures 10a, 10b, and 10c, respec-

tively. Critical differences among the syn-
thetics are circled. (a) Best fit. (b) Here, the
offsets observed across H are larger than those
observed on the actual data, suggesting that H is
not offset by as much as the shallow sedimentary
sequence, if at all. (c) Does not match the
seismic data below VPs 110-140.

Amplitude decay curves were calculated from
unstacked data at various locations along line 1
(Figure 13c). Recorded seismic energy can be
considered as the sum of three terms: reflected
signal (S), source-generated noise (Ng), and
ambient noise (Na) . S and NS both decay with
time, whereas N, has essentially a constant
power during the time scale of a given shot.
Although seismic energy recorded east of the rift
boundary may not quite decay to ambient level
within the first 20 s, energy decay curves
from the basin to the west show a sharp decrease
in amplitude during the first 4 s and are virtu-
ally flat after 10 or 12 s (Figure 13c). This
observation suggests that source generated energy
propagates much further beneath the flank of the
rift basin, whereas it is not generated in or
transmitted through the graben fill. Thus ampli-
tude decay curves are consistent with the infer-
ence that signal-to-noise ratio of the data is
much deteriorated below the basin when compared
with traces shot east of the Paloma-Montosa fault
zone.

Below and slightly west of the surface posi-
tion of the Los Pinos fault is a deeply penetrat-
ing, near-vertical zone apparently devoid of con-
tinuous reflections (B, Figure 2). Brown et al.

Eastern Boundary of the Albuquerque Basin

[1980] speculated that this zone might represent
a major high angle fault zone (Los Pinos fault?)
or a vertical intrusion at depth, while caution-
ing that it may also be an artifact of processing
data which span such a large contrast in geology.
The dramatic contrast in reflection strength and
amplitude documented above is probably not a
major factor in defining this zone, since the
zone is imaged primarily by data collected from
shot points uniformly west of the Los Pinos
fault. However, ray path distortion within a CMP
gather will smear reflections from portions of
structures underlying a large lateral contrast in
seismic velocities (such as across the Los Pinos
fault), leading to a degraded stacked section
[Peddy et al., 1986]. Since the signal-to-noise
ratio of most of the individual field records is
fairly high, a viable alternative to sophisticat-
ed processing such as ray path statics is the
generation of stacked sections which include only
a limited range of the data, thus limiting CMP
smearing by reducing the fold. Indeed, though a
"blank zone" is quite prominent on previously
published sections [e.g., Brown et al., 1980],
and also somewhat on Figure 2 (zone B), this is
not the case on the near-range stack of Figure 9,
despite the marked change in seismic character
across the rift boundary. The segmented
appearance of some weak events across zone B
(e.g., S, Figure 9) is consistent with raypath

Station No.
204 25| 205 252
¥ vy v

seconds

Fig. 13a. Example of two records from subsequent
vibrator points, only 100 m apart; near offset is
600 m; receivers spacing is 100 m. Note the
striking overall difference in character and
frequency content that is quantitatively illus-—
trated by the average power spectra plotted below
the corresponding records; these spectra were
calculated between 0 and 6 s.
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distortion and velocity pull-down effects
illustrated above by synthetic modeling. Thus
our analysis indicates that the blank zone B is
most likely an imaging artifact, although this
does not rule out the presence of an intrusion or
a structural dislocation at depth, such as a
strike-slip boundary.

Discussion

Low-Angle Extensional Faulting at Depth
Below the Albuquerque Basin

An increasing number of studies have identi-
fied large-scale low-angle normal faults or de-
tachments in the Basin and Range province [e.g.,
Allmendinger et al., 1983]. Above such exten-—
sional features, faulted blocks are shown to have
various degrees of tilt and can be bounded by
both listric and planar normal faults [Wernicke
and Burchfiel, 1982]. With the exception of the
Jeter fault, low-angle normal faults have not yet
been recognized from surface geology in the
Albuquerque basin [Chamberlin et al., 1983].

Extension of the Hubell bench is interpreted
to occur along fairly planar or only slightly
listric Cenozoic normal faults which sole into or
are truncated by a northwest dipping master fault
(Figure 10a). This fault may be the Los Pinos
fault or a reactivated Paloma-Montosa thrust.

Its apparent dip on line 1 increases from 10° to
20° between VPs 10 and 150 (H, Figure 2). Assum—
ing a constant strike of N49°E as determined
above at VP 80, these apparent dips give true
dips of 18° and 38°, respectively, indicating
that H is fairly listric. However, if H
corresponds to the Los Pinos fault, its strike at
VP 150 should be close to N30°E (Figure 1),
yielding a true dip of omly 27° below VP 150.
Whether this fault continues westward and
underlies the whole southern Albuquerque basin is
unclear, the quality of the COCORP data to the
west being too poor to resolve this question.

Whereas the eastern rift boundary is associat-
ed with uplifts and major faults, structures on
the west side of the basin are more subdued. The
bordering uplifts are lower and more irregular,
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Fig. 13b. Average power spectra below and out-

side the rift basin, computed for times greater
than 2 s (approximately 4 km); both plots are
scaled relative to their respective maximum
value.
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Fig. 13c. Average amplitude versus time decay
curves were computed from unstacked traces, after
muting of the refracted arrivals and applying
normal move out corrections; the value at which
the curves flatten is taken as an estimate of the
ambient noise; the curve to the left corresponds
to VPs 160-180 (i.e., below the rift basin) and
shows a rapid decay of the energy in the top 4 s,
the curve being virtually flat after 10 or 12 s;
the curve to the right corresponds to VPs 205-
225, located east of the rift basin; here, source
generated energy propagates much further as in-
dicated by the slower decay of the amplitude
which does not quite reach ambient level within
20 s.

with little or no faulting at their margins
[Relley, 1979]. Detailed gravity data in the
Albuquerque basin reflect the pronounced east-
west asymmetry of the rift [Birch, 1982]. Gentle
gravity gradients to the west contrast with large
and steep gravity gradients along the eastern
rift boundary. Modeling indicates that flexures
rather than faults fit the data along portions of
the western edge of the basin [Birch, 1982]. The
large gravity gradients which mark the eastern
rift boundary might be interpreted as the result
of steeply dipping normal faults, but that is not
consistent with recent studies of gravity and
well data [Birch, 1982]. Cape et al. [1983]
modeled the borders with listric faults. A low-
angle, ramplike, buried master fault is also com-
patible with the gravity data to the east
[Cordell, 1979].

Recent studies conclude that crustal scale
flexure and uplift of the footwall are major
features associated with normal faulting [Zandt
and Owens, 1980; Jackson and MacKenzie, 1983].
The footwall is isostatically uplifted as a re-
sult of unloading by normal faulting. Thus the
present interpretation of a major west dipping
normal fault is consistent with the pronounced
topographic asymmetry of the Albuquerque basin.

Reactivation of Preexisting Structures

In a crude sense, both Pennsylvanian and
Laramide structures, as well as the more recent
rift, appear to follow Precambrian trends defined
from gravity and aeromagnetic data [Cordell,
1978]. The prominent northwesterly and north-
easterly fault directions follow regional base-
ment fabrics defined by aeromagnetic and gravity
data [Cordell, 1976], suggesting that the Ceno-
zoic trends may be inherited from Paleozoic or
Precambrian structures. Structural and strati-
graphic evidence for major pre-Miocene deforma-
tion along the basins that now form the RGR is
reviewed by Chapin and Seager [1975] and Chapin
and Cather [1981]. Tweto [1979] suggests that in
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Colorado, the RGR follows westerly Precambrian
structural trends. Baars [1982] used the Penn-
sylvanian strata as diagnostic evidence that the
rift may have had a history going back to Pre-
cambrian times. However, there are also some
differences between Laramide and Cenozoic trends,
indicating that maybe only portions of the RGR
are following preexisting structures or zones of
weakness wherever these are appropriately located
[e.g., Reed 1983].

In various places, the recognition of spatial
relations between Cenozoic structures and Meso-
zoic or older structures or zones of weakness in-
dicates that preexisting structural fabrics are
likely to influence or even control any sub-
sequent deformation of the continental crust, but
the question of reactivation of a specific fault
is difficult to assess [Allmendinger et al.,
1982, 1986]. Some low-angle normal faults in the
Basin and Range province are probably reactivated
thrusts [Royse et al., 1975]. However, in other
cases there is no conclusive evidence for reacti-
vation of older structures. For example, detail-
ed palinspastic reconstructions of the Sevier
Desert detachment, based on deep seismic reflec-
tion data and all geological data available,
indicate that it might be either mostly, if not
entirely, a new Cenozoic normal fault [Sharp,
1984] or a reactivated Mesozoic thrust, both
alternatives appearing equally plausible at the
moment [Allmendinger et al., 1986]. 1In the
Mormon mountains of southern Nevada, Miocene
normal faults appear to truncate Mesozoic
thrusts, and Wernicke [1981] concludes that pre-
existing thrust faults need not control the geo-
metry of low-angle normal faults.

At the surface, the Los Pinos fault closely
follows, and possibly locally joins, the Paloma
and Montosa thrusts [Kelley, 1977, p. 44]. The
possibility that the Cenozoic Los Pinos fault may
converge at depth toward these Laramide thrusts
is consistent with the COCORP data, though equi-
vocal. Just north of the Albuquerque basin, a
similar spatial relationship has been suggested
between the Laramide thrust and the Neogene
normal fault that bounds the Sangre de Cristo
uplift [Sales, 1983], though low-angle normal
faulting at depth is not documented along the San
Luis basin. Sales interprets the postcompres—
sional normal fault as a large gravity fault a-
long which the uplift is downdropped toward the
root zone of the thrusts that raised the uplift.
The low-angle Cenozoic normal fault inferred to
bound the southeastern Albuquerque basin projects
to the surface in the vicinity of the Paloma-
Montosa fault zone, suggesting possible reactiv-
ation of these Laramide structures. However, the
strike of the Cenozoic master fault beneath the
Hubell bench is significantly different (N49°E)
from the average trend (N20°E) of the Laramide
uplifts on the east side of the basin.

Basement Stratigraphy

To the east of the rift boundary, between 1.0
and 12 s on line 1, the Precambrian basement is
characterized by a high density of strong, con-
tinuous events of varying dips. On Figure 2a,
those reflections appear as bright as events
attributed to the Socorro magma body (G, Figure
2b [Brown et al., 1980]). As discussed earlier,
the signal-to-noise ratio of the data is much
higher outside the graben. Average seismic

amplitudes on the eastern end of line 1 are about
14 dB higher than beneath the basin, possibly
contributing to the impression of strong reflec-
tions. Also, the strong S wave reflector dis-
covered and interpreted as evidence for magma by
Sanford et al. [1973] and mapped by various seis-
mic methods does not extend east of VP 40 of line
1 [Rinehart et al., 1979; Brocher, 1981b]. The
relatively high seismic amplitudes observed to
the east are therefore not attributed to the
presence of magma. Constructive interferences
due to fine layering may contribute to the high
reflectivity of the crust outside the rift.

Although the nature of the impressive layering
of the basement to the east is uncertain, some
inferences can be made from the extensive Pre-
cambrian outcrops that emerge from the Cenozoic
graben fill. At least 1.4 km of Sevilleta
rhyolite lies on top of a 2.2-km-thick series of
quartzite and schist in the Los Pinos-Manzano
mountains area [Muehlberger et al., 1967]. These
metavolcanic and metasedimentary rocks have been
intruded by granitic plutons of various sizes
during at least two episodes of magmatism, 1570
and 1350 Ma. Transposed layering and low-angle
faults have been inferred in the Precambrian
rocks [Callender, 1983].

The Manzano-Los Pinos mountains as well as
most of New Mexico belong to the 1650-1720 Ma
Proterozoic province defined by Condie [1982].
Possibly being part of the same terrane, the
basement imaged on the eastern end of line 1 may
be similar to the basement imaged in the Hardeman
County (Texas) and Oklahoma COCORP surveys
[Brewer et al., 1981]. 1In particular, the strong
3-4 cycle event labeled P (Figure 2) may be
compared to the layering observed on the southern
Oklahoma lines (horizons A and B of Brewer et
al. [1981]).

Conclusions

A dramatic lateral change in seismic character
is conspicuous across the eastern rift margin.
Major differences in amplitude and frequency con-
tent of the data correlate with source location
alone and not with receiver location suggesting
that variations in source coupling associated
with surfacial geology is mainly, if not totally,
responsible. Complex ray paths and anelastic
attenuation by the graben fill may also contrib-
ute to the much deteriorated signal below the
rift basin. A near-vertical zone, apparently
devoid of continuous reflections, that seems to
bound the eastern side of the basin is most like-
ly an artifact of processing data which span the
large lateral contrast in shallow seismic veloci-
ties across the Los Pinos fault. Neither a deep
intrusion nor a near-vertical structure is re-
quired to explain this blank zone.

In spite of this imaging unevenness, reproces-—
sing and synthetjc seismic modeling of line 1
shed new light on the geometrical relationship
between basement structures and shallow Cenozoic
normal faults. Three-dimensional geometric
analysis of the COCORP data indicates that the
Joyita faults may be planar or slightly listric,
but do not flatten with depth as dramatically as
suggested by Cape et al. [1983]. Synthetic
seismic sections indicate that the shallow normal
faults do not offset an underlying northwesterly
dipping horizon. This horizon, traced to a depth
of at least 10 km, is interpreted as a Cenozoic
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master fault bounding the southeastern side of
the Albuquerque basin. This fault may be a new
Cenozoic feature or a Laramide thrust, reacti-
vated at depth during Cenozoic extension.
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