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ABSTRACT

The northwestern margin of the Espaiiola
basin, part of the Rio Grande rift in north-
ern New Mexico, is characterized by a zone
>17 km wide of oblique-slip faults that off-
set upper Paleozoic and Mesozoic strata of
the eastern Colorado Plateau from Eocene
and younger sedimentary rocks of the rift.
Along this margin, a reasonably complete
section of pre- and synrift Tertiary sedi-
ments is exposed. Combined interpretations
of seismic reflection, seismic refraction,
gravity, and geologic data acquired along a
profile perpendicular to this boundary de-
fine the geometry of faulting, possible rota-
tion of sedimentary units, and stratigraphy
of rift fill. Vertical separation on the west-
ernmost major fault, assumed to be the
bounding fault between the rift and the Col-
orado Plateau, is <500 m; separation on
other faults in the zone is <200 m. Thus the
northwestern part of the Espaiiola basin
(“Abiquiu embayment”) is a shallow plat-
form rather than a deep rift basin. The em-
bayment is separated from the main Es-
paiiola basin by the east-northeast—striking
Embudo transfer fault, which appears to act
as the northern bounding fault of the main
basin.

Although Tertiary units are progressively
faulted downward toward the axis of the rift,
depth to inferred Precambrian crystalline
rocks becomes shallower and the strati-
graphic thickness of the intervening Paleo-
zoic and Mesozoic units decreases toward
the axis. We interpret pinching out of these
units toward the east as erosional thinning

on the western flanks of the Laramide-age
Sangre de Cristo/Brazos geanticline, which
underlay much of the present rift basin.

Imprecise age constraints suggest that
faulting of the rift margin began 10-7 Ma,
but was not active after 7 Ma, Extension was
apparently transferred to the Embudo fault
zone, which remained active until at least
2.5 Ma and possibly into Quaternary time.
The Embudo transfer zone effectively de-
coupled the Abiquiu embayment from the
main Espafiiola basin. Thus the boundary at
Abiquiu preserves an early stage in the for-
mation of the rift boundary. The shift in ac-
tivity may have resulted from a change in
regional stress field, or from increasing
magnitude of strain, or both. The change in
locus of extension reflects a marrowing of
rift basins through time and an integration
of main bounding structures between adja-
cent basins.

Although we are uncertain whether the
Abiquiu region, which uniquely preserves
an early stage of deformation, is represen-
tative of other areas of continental exten-
sion, our results indicate that the initial
formation of rift basins may occur as high-
angle, planar normal faults distributed over
a broad zone. No evidence from seismic data
or from rotation of beds exists to indicate
that faults become listric with depth, which
is compatible with the small amount of ex-
tension (3.5%) inferred at this boundary.

INTRODUCTION

Detailed descriptions of the structure of
continental rifts are important in evaluating
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models of their structural and tectonic evo-
lution. Major elements of rift models in-
clude half grabens and accommodation
zones (Bosworth, 1985; Rosendahl, 1987).
Half grabens are structural basins hinged on
one side and bounded by major detachment
faults (breakaway faults) on their opposite
sides. Accommodation zones are regions
wherein strain is transferred laterally be-
tween oppositely hinged basins. Structures
may differ greatly between different parts of
a single rift and at different times in the evo-
lution of a rift.

The present work near Abiquiu, northern
New Mexico, was undertaken to better char-
acterize a well-exposed boundary of a major
continental rift and to document structures
associated with the initial stages of crustal
extension. Among the uncertainties regard-
ing continental extension are whether rift-
bounding structures are listric, whether a
single master fault or a broad zone of
smaller faults controls basin geometry, and
whether low-angle bounding faults initially
form with shallow dips or are initiated at
high angle and later rotate to shallower dips.

Although we are uncertain about the ex-
tent to which the Abiquiu region is repre-
sentative of other parts of the Rio Grande
rift or areas of continental extension, our
results suggest that in at least some cases the
initial formation of rift basins may occur as
numerous high-angle, planar normal faults
distributed over a zone 10-20 km wide. No
evidence from seismic data or from the ge-
ometry of strata exists to indicate that faults
are listric at depth, although we cannot rule
out this possibility. Planar fault surfaces are
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o The western margin of the Rio Grande Rift in northern New Mexico: An aborted boundary?

Figure 5. Common mid-point stacked seismic reflection record sections. (A) Uninterpreted section. (B) Interpreted section.” = ' W. Scott Baldridge and others

Light lines are inferred formation boundaries. Heavy lines are refractor locations; numbers are velocities (m/s) from dipping-layer : Figure §
refraction: interpretation. \ Supplement to: Geological Society of America Bulletin, v. 106, no. 12
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Figuare 1. Generalized geologic map of the Espafiola basin (right), showing location within the Rio Grande rift (left). Heavy dashed line
on inset shows approximate axis of subsurface basement ridge bounding San Luis basin on south.

compatible with the small amount of exten-
sion (3.5%) inferred by us at this boundary.

GEOLOGIC SETTING AND
STRATIGRAPHY

The Rio Grande rift extends as a series of
interconnected, asymmetrical basins from
Leadville, Colorado, to Big Bend, Texas,
and Chihuahua, Mexico, a distance of
>1000 km (Fig. 1). The northern rift is a
distinctive tectonic and physiographic fea-
ture separating the Colorado Plateau on the
west from the Great Plains, part of the sta-
ble North American craton, on the east
(Chapin and Seager, 1975; Cordell, 1978;
Baldridge and others, 1983, 1984; Olsen and
others, 1987). The southern rift is physio-
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graphically similar to, and contiguous with,
the Basin and Range province in southern
New Mexico and northern Mexico.

An early phase of crustal extension oc-
curred during middle Oligocene—early Mio-
cene time. Early extensional basins were
generally broader than the present basins,
and bounding faults, where recognized, typ-
ically dip at low angles (Chapin and Seager,
1975; Seager and others, 1984). Early basins
trended northwestward, indicating that rift-
ing occurred in response to northeast-
directed extension (Lipman, 1981; Seager
and others, 1984; Aldrich and Laughlin,
1984). Evidence for northeast-directed ex-
tension during the late Oligocene and early
Miocene is also observed in the Basin and
Range province of Nevada (Zoback and

Thompson, 1978). The preservation of early
Tertiary rocks and of early synrift units
within rift basins indicates that regional
doming did not precede rifting (Chapin,
1979). A later phase of extension occurred
during the late Miocene-Holocene giving
rise to the modern rift basins (Chapin and
Seager, 1975; Baldridge and others, 1980;
Seager and others, 1984). The rift boundary
at Abiquiu, the subject of this work, became
active during the younger phase of rifting.
The Rio Grande rift generally coincides
with a north-trending tectonic zone that was
intensely deformed during late Paleozoic
(ancestral Rocky Mountains) and early Ter-
tiary (Laramide) orogenies (Chapin and
Seager, 1975). Although these early periods
of deformation clearly influenced rifting, the
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Figure 2. Generalized stratigraphy for rocks of the Colorado Plateau and Rio Grande rift
near Abiquiu. Thicknesses are as representative as possible of the Abiquiu area and are
probably maxima. Thickness of the Santa Fe Group sediments exceeds 1000 m in the main
Espaiiola basin (Kelley, 1978; Biehler and others, 1991). Angular unconformity with En-
trada Formation (Jurassic) is shown schematically at base of Rio Grande rift section to
emphasize lowest stratigraphic unit observed in Abiquiu embayment. References: Arm-
strong and Mamet (1974), DuChene (1974), Baars (1974), O’Sullivan (1974), Manley

(1982), and Ingersoll and others (1990).

effect of earlier structure on individual rift
structures is typically ambiguous. In north-
ern New Mexico and southern Colorado, rift
basins are partly superimposed upon Lara-
mide uplifts (Baltz, 1978; Kelley, 1978; this
work).

The Espafiola basin is transitional be-
tween the larger and deeper San Luis and
Albuquerque-Belen basins to the north-and
south, respectively (Kelley, 1978). The
northwestern margin of the Espafiola basin
near Abiquiu bounds a segment of the basin
north of the Jemez volcanic field that is sep-
arated from the main Espanola basin by
the northeast-striking Embudo fault zone

1540

(Dethier and Manley, 1985; Aldrich, 1986).
Because of the semi-isolation of this part of
the basin, it is generally referred to as the
“Abiquiu embayment” (Kelley, 1979). The
Embudo zone transfers extension laterally
from the main part of the Espanola basin to
the adjacent San Luis basin. Dungan and
others (1984) suggested that the Abiquiu
embayment was a western extension of the
San Luis basin. However, a northwest-trend-
ing, subsurface ridge of Precambrian rocks
extends across the rift between Precam-
brian uplifts on the east and west sides of
the rift (Fig. 1), structurally separating the
embayment from the San Luis basin

(Kelley, 1978; Cordell, 1979; Dungan and
others, 1984).

Rocks of the eastern Colorado Plateau
and Rio Grande rift in northern New Mex-
ico consist of upper Paleozoic to Cretaceous
sandstones, shales, siltstones, and conglom-
erates (Fig. 2). Tertiary sediments and sed-
imentary rocks include pre- and synrift
units. Continental sandstones and conglom-
erates of Eocene age (including the El Rito
Formation exposed near Abiquiu) were de-
posited in basins bordering Laramide uplifts
and are distributed widely over parts of the
Colorado Plateau and Rio Grande rift
(Lucas, 1984). The El Rito Formation is
dominantly an alluvial fan unit deposited in
a shallow, south- to southeast-trending,
asymmetrical basin with through-flowing
drainage. Composed of quartzite conglom-
erate and quartzose sandstone facies, the El
Rito was derived mainly from the Laramide
Brazos-Sangre de Cristo uplift to the north
and northeast. Upward-fining deposition
suggests that by the end of El Rito time re-
lief in the region was low (Logsdon, 1981).
Rocks of Oligocene to middle Miocene age
(Abiquiu Formation and Santa Fe Group)
were deposited in broad basins, without
clear indication of faulted margins (for ex-
ample, Ingersoll and others, 1990). Out-
crops of Abiquiu Formation occur, in part,
outside the present rift basins, indicating
that early basins were broader. Up to 470 m
of Santa Fe Group sediments preserved in
the rift basin in and southwest of the
Abiquiu area (Manley, 1982) also reflect
deposition in a broader basin (including the
present eastern margin of the Colorado Pla-
teau) than the present rift basin, but no in-
dication of a faulted margin exists. Late Mio-
cene to Quaternary units (including units of
the upper Santa Fe Group; Ingersoll and
others, 1990) reflect essentially the present
structural geometry of the rift.

DESCRIPTION OF ABIQUIU
EMBAYMENT AND
RIFT BOUNDARY

The Abiquiu embayment (Fig. 1) is
bounded on the west by the Colorado Pla-
teau and on the north by the Tusas uplift
(Kelley, 1978). Near these margins, sedi-
ments generally dip to the south (at <10°) as
well as thicken southward, and they are bur-
ied beneath rocks of the Jemez volcanic field
south of the study area. Near the main basin,
dip directions are more discordant, reflect-
ing basinward transport from other azi-
muths and local deformation near faults.

Geological Society of America Bulletin, December 1994



WESTERN MARGIN, RIO GRANDE RIFT, NEW MEXICO

106°10'W

L —

36°15'N

36°10N

RO

GRANDE RIFT

7\

o

.22 "f"%f“ g
TERTIARY AND MESOQOZOIC EL RITO ABIQUIU SANTA FE GROUP TERTIARY QUATERNARY
QUATERNARY SEDIMENTARY FORMATION FORMATION SEDIMENTS INTRUSIONS ALLUVIUM
BASALT ROCKS (EOCENE) ~27 -18 Ma ~20-5Ma

Figure 3. Generalized geologic map of boundary between the Rio Grande rift and Colorado Plateau in the Abiquiu area. Map compiled from
Kelley (1978), Manley (1982), and Manley and others (1987). Discrepancies in details among these maps could not, in general, be resolved within
the scope of the present work. Locations of SAGE 1990 and 1991 geophysical profiles are shown by heavy lines. Numbers adjacent to the
geophysical profiles are Vibroseis point (VP) locations (solid circle at every 50 VPs) and refraction source points (SP, inverted triangles). Small
squares are K-Ar dates. Fault names are from Gonzales and Dethier (1991). A-D are locations of photographs shown in Figure 4.

Dip directions in the embayment are also
complicated by the presence of large out-
crop areas of eolian sandstones (part of the
Santa Fe Group). Broad areas of coherent,
structurally controlled dip directions (tilt re-
gimes) are not recognized. The embayment
is bounded on the east and southeast by vol-
canic rocks of the San Luis basin, and by the
Embudo fault zone. No well data exist for
the Espafiola basin; on the adjacent margin
of the Colorado Plateau, two wells drilled
for hydrocarbon exploration were spudded
in Chinle Formation but did not penetrate
the Cutler Formation and thercfore are not
particularly useful for stratigraphic control.
Prior to this study, no seismic profiles and
only sparse gravity data (Cordell, 1979) were
available for subsurface control.

Near Abiquiu the rift boundary is charac-
terized by a 17-km-wide zone of northeast-
striking, mainly down-to-the-east oblique-slip
faults that offset Paleozoic/Mesozoic rocks
of the Colorado Plateau from Eocene and
younger sediments and sedimentary rocks of
the rift (Fig. 3). The topographic edge of the
Plateau is taken as the Canones fault zone,
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which juxtaposes Permian and Triassic rocks
(Cutler and Chinle Formations, respec-
tively) west of the fault (Fig. 4A) against pri-
marily Eocene and younger rocks to the
east. The fault zone consists of several
splays, exposing Morrison Formation and
Entrada Sandstone within and locally east of
the main fault (Manley, 1982). This com-
plexity is not resolvable in our seismic data.
East of the Cafiones fault zone, Eocene sed-
imentary rocks angularly truncate Mesozoic
rocks (Fig. 4B) in structure inherited from
Laramide deformation. Stratigraphic thick-
nesses indicate a minimum of 120 m of dip-
slip offset on this fault in the Abiquiu area
(Gonzalez and Dethier, 1991), and up to 670
m at a [ocality ~18 km southwest (Manley,
1984).

A series of faults east of the Cafiones
fault zone, including the Garcia and Cer-
rito Blanco fault zones (Fig. 3), offsets
progressively younger units of the rift
downward to the east. These faults are
prominent, in part, because they juxtapose
lithologically distinct units. Along part of
its length (Fig. 3), the Garcia fault zone is

intruded by a well-exposed basalt dike,
which forms a resistant ridge. The Garcia
and Cerrito Blanco faults dip 60°~70° to
the east (Gonzalez and Dethier, 1991;
also, our observations). The plane of the
Cerrito Blanco fault, consisting of a gouge
zone 1.5-2 m wide, is particularly well ex-
posed (Figs. 4C and 4D). Offset across
these and other faults of the boundary
zone is dominantly normal slip. Average
fault-plane lineations rake 77°-86° and,
with the exception of the Garcia fault
zone, indicate a slight component of left
lateral slip (Gonzalez and Dethier, 1991).
The Garcia fault zone has a slight right-
slip component of offset. Other faults,
which may have comparable or greater off-
sets, are also present between these prom-
inent faults.

In general, fault offsets seem to increase
south of the geophysical line, indicating that
the rift basin deepens beneath the Jemez
volcanic field (Manley, 1984; Gonzales and
Dethier, 1991). Off-line effects complicate
the geological interpretation of the seismic
and gravity data presented herein.
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Figure 4. Photographs of rift boundary near Abiquiu (locations shown in Fig. 3). A. Exposure of Cutler and Chinle Formations west
of Caiiones fault zone. Contact between formations is at base of prominent ledges approximately two-thirds of the distance above base
of outcrop. This exposure is the eastern topographic edge of the Colorado Plateau. B. Angular unconformity on eastern side of Cafiones
fault zone, with El Rito Formation over Entrada Sandstone. Tilting of Mesozoic rocks resulted from Laramide deformation (see text). Note
person at right center, for scale. C. The Cerrito Blanco fault offsets rocks of the Santa Fe Group (right) downward against the Oligo-
cene—early Miocene Abiquiu Formation (left). Fault surface dips ~60°E. Rocks of the Santa Fe Group on the downthrown block are more
resistant to erosion because of extensive mineralization and cementation (SiO,, Mn, Fe) of the hanging wall by fluids moving along the
fault zone. Slickensides and fracture data suggest that a minor component of left slip has also occurred along this fault. D. The Cerrito
Blanco fault is characterized by a gouge zone 1.5-2 m wide. View is toward north.

GEOPHYSICAL DATA (Fig. 3) by participants of the Summer of Arco Oil and Gas Company’s seismic crew
Applied Geophysical Experience (SAGE) using Vibroseis' techniques. The western
Seismic program of the Institute of Geophysics and
Planetary Physics (IGPP) at Los Alamos
Reflection and refraction seismic data National Laboratory (Jiracek and others, Vibroseis is a registered trademark of the

were acquired along a 16-km-long line 1991; Baldridge and Jiracek, 1992) and the Continental Oil Company.
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TABLE 1. SEISMIC RECORDING PARAMETERS

1990 data
Source: 3 Vibroseis trucks
Sweeps 10 s, sum of 10 sweeps, 15 s records,
8-58 Hz nonlinear sweep (3 db/oct}
Recording:
Recorder Gus 1000 system
Channels 200, split spread, gap = 4

Group interval
Source interval
Geophone array

33.5 m (110 ft)
33.5 m (110 ft), between groups
12 geophones (10 Hz) over 67 m

Refraction records:
Source locations SP 1 at VP 1000.5, SP 2 at VP 1087.5,

SP 3 at 1168.5, SP 4 at 1240.5

Channels 272 at 33.5 m (110 ft) interval
Sweeps 20 s, sum of 10 sweeps, 35 s record,
6-32 Hz linear sweep
1991 data
Source: 2 Vibroseis trucks
Sweeps 12 s, sum of 12 sweeps, 15 s record,
6-96 Hz nonlincar sweep
(0.2 db/Hz)
Recording:
Recorder Gus 1000 system
Channels 108, split spread, gap = 4

Group interval
Source interval
Geophone array

33.5 m (110 ft)
33.5 m (110 fr), between groups
12 geophones (10 Hz) over 67 m

Refraction records:
Source locations SP 5 at VP 2000.5, SP 6 at VP 2060.5,
SP 7 at 2120.5, SP 8 at 2180.5, SP 9
at 2255.5

268 at 33.5 m (110 ft) intcrval

12 s, sum of 12 sweeps, 18 s record,
6-56 Hz linear sweep

Channels
Sweeps

and eastern halves of the line were acquired
during the 1990 and 1991 field seasons, re-
spectively, and the two data sets were
merged into a single profile and processed
by SAGE participants (Fig. 5%). Examples of
the raw and processed reflection data are
displayed in the shot-gather shown in Fig-
ures 6A and 6B. Recording parameters are
presented in Table 1, and the seismic reflec-
tion processing sequence in Table 2. Data
were not migrated, in part because only low
dips were observed in this section. The lo-
cations of reflectors with low dips would not
significantly change. Also, diffracted energy
at faults was not a problem. A disadvantage
of migration processing is that it may create
additional noise.

Seismic reflection and refraction data
were interpreted using a simultaneous trav-
eltime inversion procedure to derive a ve-
locity model that optimally fits the observed
data. The model includes lateral and vertical
velocity variations and the configuration of
reflecting interfaces, which incorporate fault
offsets. The simultaneous inversion tech-
nique (Wang, 1993) uses ray-trace calcula-
tions to derive traveltimes for a starting
model, which is iteratively adjusted until a
satisfactory fit between observed and theo-

?Loose insert: Figure 5 is on a separate sheet
accompanying this issue.
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TABLE 2. SEISMIC REFLECTION PROCESSING
SEQUENCE

Cross-correlation with pilot sweep
3-trace mix (1991 data only)

CMP sort

60 Hz notch filter (1991 data only)
Spiking deconvolution

Bandpass filter 15-20-70-80 Hz
AGC

Semblance velocity analysis

NMO correction, 25% stretch mute
10. CMP stack, offsets = 61 m to 1220 m
11. 5-trace mix

12. Bandpass filter 5-10-50-60 Hz

13. Display, 500 ms AGC

el IR okl a i

AGC = Automatic gain control.
CMP = Common mid-point.
NMO = Normal moveout.

retical traveltimes for both reflected (verti-
cal incidence common mid-point [CMP]
data) and refracted (wide-angle) arrivals is
achieved. The traveltime fit for the final
model is displayed in Figure 7A. Raypath
coverage for the final model is illustrated in
Figure 7B by representative raypaths for re-
flected and refracted phases. Figure 7C
shows the interpreted seismic velocity
model, including inferred stratigraphic units
and faults that were delineated by the seis-
mic data and the derived compressional
wave velocities.

Near the western end of the line, two ma-
jor “groups” of reflectors were imaged at
0.2-0.3 s and 0.7-0.8 s (Fig. 5A). Each
group of reflectors appears to compose a
separate stratigraphic interval. The upper
group of reflectors becomes deeper toward
the eastern end of the line, whereas the
lower group becomes slightly shallower to
the east. Hence the vertical distance be-
tween these two groups of reflectors de-
creases toward the eastern end of the line,
where they closely approach each other.

Refraction data (Fig. 6C) provide good
constraints on P-wave interval velocities
(Fig. 7). In addition, a good correlation ex-
ists between refracting and reflecting
boundaries (Fig. 5B). Despite having veloc-
ities from the refraction data, seismic time
sections were not depth-converted because
of the possibility of distortion. Instead, we
converted depth-related data to time and
plotted them on the seismic section
(Fig. 5B).

Gravity

Gravity data (Fig. 8A) were obtained
along the same profile as the seismic survey,
using locations surveyed for the seismic
source (Vibroseis points [VP]) (Fig. 3). De-
tails of data collection and reduction proce-
dures are given in Bichler and others (1991).

The regional anomaly across this profile is
gently concave upward, with about 6 mgal of
variation. The anomaly is due to deeper and
three-dimensional sources that are not re-
lated to the shallow structure imaged in this
work; hence it is not interpreted here.

INTERPRETATION AND RESULTS
Nature of Rift Boundary

A prominent group of reflectors at 0.7
0.8 s near the western end of the profile is
laterally continuous across the entire pro-
file, becoming shallower (to ~0.6 s) near the
eastern end. We infer that these reflectors
correspond to the Pennsylvanian section,
principally Madera Group, based on the
lithologic character and thicknesses of units
exposed on the Plateau and on the relatively
high velocity (about 5.2 km/s) derived from
the refraction modeling for this layer. The
Madera Group consists mainly of cherty
limestone, sandstone, and conglomerate
(DuChene, 1974); in contrast, the overlying
Cutler Formation is mainly sandstone and
conglomerate with interbedded shale (Baars,
1974; Manley, 1982). Thus it is likely that the
Madera Group has a substantially higher ve-
locity than the Cutler Formation, yielding a
large acoustic impedance contrast at the
boundary between them. The estimated
thicknesses of these units (Fig. 2) suggest
that the Madera Group occurs ~800 m be-
low the surface at the western end of the
profile. This depth is in reasonable agree-
ment with the observed time to the reflec-
tors, assuming a velocity for the Cutler and
Chinle Formations of 2.4-3.0 km/s
(Fig. 5C). The upper surface of the Precam-
brian is not a distinct, separate reflector, be-
cause its acoustic impedance is not much
different from that of the Madera Group. In
general, the Precambrian basement does
not seem to have coherent reflectors with-
in it.

A second group of reflectors, which ex-
tends from the surface to ~0.4 s near the
western end of the line, may correspond to
the El Rito Formation and to the underlying
Mesozoic section (especially, Chinle Forma-
tion and Entrada Sandstone). Exposures of
Entrada east of the Cafiones fault zone in-
dicate that Chinle is present in the shallow
subsurface. The uppermost reflectors are as-
sumed to correspond to the El Rito Forma-
tion, which is expected to have a velocity
contrast with the overlying Abiquiu Forma-
tion. Because the El Rito Formation is not
very thick (~120 m, Fig. 2), much of the

1543



BALDRIDGE AND OTHERS

EAST EAST
VP2040.5
77 97
bt e e b '; - 771‘9*7!!
TRACE SPACING = 33.5m E;\‘Z{m‘ [@%\LTEIAGE SPACING ='13 S5m
i il
e T
=
iy a
7 | g :
w t N N
= X > g
= =
7 500 T 500 ;
< <
= £
| ]
&
1000 1000
SAGE 91 REFRACTION DATA  \po1505
2260 2220 2140 2100 2060 LOCATION 2020
“EAST. Y 3 4 : TN B TRACE SPACING = 33.5 mu \wEST
. ) el il IO i 45 ) K MR T
=t SR It om0 ; 2km
! ( e I I L
0.5 i ! il APPROXIMATE SCALE
! I /
—_ ) A
" I it
Ll i
s 10 T
= ; il
; N
|
1.5~
QD SRR, o) N A I MMM e s
SN KBS ) ' il NSRRIl e Dl sl 9
R RO COEN s o) B  X h We OmmP EE MRS TIN5 o TR s momy T A S
2.0%%‘ e s OO e e o D i, T o (BRI,

Figure 6. Examples of seismic data from SAGE 1991. VP locations (Fig. 3) are shown at the top of the record sections. A. Unprocessed
reflection shot gather from VP 2040.5. B. Processed (spiking deconvolution and band pass filter) reflection shot gather from VP 2040.5.
Prominent reflection at 650—750 ms two-way traveltime corresponds to Madera Formation. C. Refraction (long offset) record section from

SP 8 (VP 2180.5, Fig. 3).

series of cyclic reflections must correspond
to the underlying Chinle Formation. In the
seismic interpretation (Fig. 5B), we have
somewhat arbitrarily designated the base of
the reflectors as the contact between the
Chinle Formation and the underlying Cutler
Formation. This seismic definition of the
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boundary may not correspond exactly to the
lithologic definition. However, the aggre-
gate thickness of the stratigraphic interval
between the upper and lower packages of
reflectors, assuming a velocity of ~3000 m/s,
is ~900 m, which is in very close agreement
with the combined thickness of Chinle and

Cutler (990 m) estimated from surface ex-
posures (Fig. 2).

Near the middle of the profile, corre-
sponding approximately to the Cerrito
Blanco fault, this group of reflectors thins
and deepens eastward and closely ap-
proaches the lower group of reflectors. The
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Figure 7. Simultaneous inversion of SAGE 1990-1991 reflection and first arrival refraction data. A. Observed (vertical bars equal two
standard deviations of estimated picking error) and calculated (lines) traveltimes. Triangles are shot locations. B. Raypath diagram,
showing representative reflection and refraction raypaths and interface configuration. Depth is relative to 2 km elevation datum.

eastward thinning of this group of reflectors
and of the section between the upper and
lower groups of reflectors strongly suggests
that the uppermost Paleozoic (Cutler For-
mation) and Mesozoic (Chinle Formation)
section thins dramatically toward the east-
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ern end of the profile. We infer that thinning
was accomplished by erosion prior to, or in,
early Eocene time. This interpretation im-
plies that the Eocene El Rito Formation was
deposited over an older, deformed terrain
that was beveled by erosion and is supported

by the angular contact between the Entrada
Sandstone and overlying El Rito Formation
observed east of the Cafiones fault zone
(Fig. 4B). An erosional unconformity with
eastward thinning of underlying units would
explain the apparent absence of units strat-
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Figure 7. (Continued). C. Derived velocity model and geological interpretation. Dashed interfaces are poorly constrained due to limited
raypath coverage. Depth is relative to 2 km elevation datum. Numbers are velocities in kilometers per second. Vertical exaggeration is

approximately 4:1.

igraphically higher than Entrada along our
profile, despite the presence of Todilto,
Morrison, and Dakota 3 km to the
southwest.

Modeling of the gravity data was per-
formed in a forward sense only, with itera-
tive, trial-and-error adjustment of bound-
aries as required to fit the data (Fig. 8B).
Gravity calculations were performed using
polygonal prisms of infinite strike length,
with density either constant or a linear func-
tion of depth (Murthy and Rao, 1974). Den-
sities (in kg/m>) were estimated from seis-
mic P-wave interval velocities (which could
be associated with particular stratigraphic
units; Fig. 7) from the relationship p(v) =
310 X v**° (Gardner and others, 1974),
where v is in meters per second. This rela-
tionship works well for clastic sediments in
the Espafola basin area (Biehler and others,
1991). Values for physical properties and as-
sumed stratigraphic thicknesses used in the
gravity modeling are presented in Table 3.
The model was adjusted to fit the observa-
tions to within about 0.5 mgal (1.4 mgal
maximum error).

The model was constrained by thicknesses
of formations and locations of major faults
(Figs. 2 and 3). The inferred configuration
of units in Eocene time was the starting
point for the gravity model. The El Rito For-
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mation was assumed to be horizontal and
constant in thickness. Based on seismic ob-
servations (Figs. 5 and 7), the Cutler For-
mation was assumed to thin by 40% near the
eastern half of the profile, and the Chinle to
pinch out near the middle of the profile. Off-
sets on faults were then adjusted to provide
a best fit to the observed gravity. For pur-
poses of modeling, faults were assumed to
dip 60° eastward, in accordance with limited
surface observations (see above).

Good qualitative agreement is achieved
with the short wavelength, low amplitude
anomalies associated with the normal faults.
West of the Garcia fault (and especially west
of the Cafiones fault) gravity coverage is in-
adequate to resolve uncertainties in the
model, which, based on surface geology
(Fig. 3), are most likely due to three-dimen-
sional effects. Some disagreement between
seismic and gravity models is apparent at the
western end of the profile (Figs. 7 and 8),
where limited ray coverage significantly re-
duces resolution of the velocity model (due
to trade-off between velocities and depth
to interfaces). We prefer the interpreta-
tion implied by the gravity data for this
section.

The eastern end of the profile requires
substantial normal faulting, with a total ver-
tical separation of ~0.3 km over the three

eastern faults. However, because these
faults are near the end of our seismic profile,
they are not well observed in the seismic
records. Constraints imposed by the gravity
data imply a westward dip of ~3° on the
Mesozoic contacts during the Eocene. A
small, shallow body of high-density material
(2350 kg/m?) is required near the eastern
end of the profile. We infer that this body
corresponds to the basaltic tuff ring exposed
at the surface (Fig. 3). This same feature
results in a high velocity zone and traveltime
anomaly (velocity “pull-up”) in the seismic
reflection section (near VP 2120, Fig. 5). In
the middle part of the section, seismic and
gravity models are in good agreement, de-

TABLE 3. PHYSICAL PROPERTIES AND
STRATIGRAPHIC THICKNESSES USED IN
GRAVITY MODEL

Unit Velocity Densit;z* Thicknesst
(m/s) (kg/m°) m
Precambrian 5800 « 2700 N.D}
Madera Group 5400 2650 280
Cutler Formation 3500 2380 600
Chinle Formation 3000 2290 300
El Rito Formation 2500 2190-2320 150
Abiquiu Formation 2000 2070-2235 <400
Santa Fe Group 1200 1820 <200

*Determined from seismic interpretation.
TFrom gravity interpretation.
¥No data.
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Figure 8. A, Observed, regional, and calculated gravity along Abiquiu profile (Fig. 3). The
regional gravity (dashed line) is represented by a polynomial of degree 3, fitted to the
difference between the observed Bouguer anomaly (+ symbols) and gravity calculated from
the density cross section in B. The sum of the calculated and regional anomalies is the solid
line in A. B. Gravity model based on geologic and seismic constraints (see text). Density is
in kilograms per cubic meter. Depth is relative to 2 km elevation datum; Z is in kilometers.

Vertical exaggeration is approximately 4:1,

spite the fact that the final interpretations
were independently derived.

The resulting gravity model (Fig. 8C) is a
two-dimensional representation of structure
in an area with some significant three-
dimensional structure. Lack of off-line grav-
ity coverage defined by seismic data and the
presence of adjacent geologic complexity
(for example, the Jemez volcanic field to the
south) prevent construction of a full three-
dimensional model. Despite these limita-
tions, the two-dimensional model is a rea-
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sonable fit to both the geologic and seismic
data and appears to yield a satisfactory rep-
resentation of the overall structure.

Our integrated geologic model is shown
in Figure 9A. Both seismic and gravity data
suggest that the Cafiones fault zone, sepa-
rating exposures of Paleozoic/Mesozoic sed-
imentary rocks of the Plateau from Tertiary
rocks of the rift, has <500 m of vertical sep-
aration where it is crossed by our profile.
Vertical offsets across all other faults appear
to be <100-200 m. Thus the Paleozoic/

Mesozoic section is present at shallow
depths, overlain by only a thin Tertiary sec-
tion. Finally, the apparent rotation of Pale-
ozoic and Mesozoic formations, which is not
mirrored by the Eocene El Rito Formation,
is the result of pre-Eocene westward dip on
the western flank of an inferred Laramide
uplift, rather than of rotation about a hori-
zontal axis parallel to fault planes. Thus, our
study provides no evidence that basin-
bounding faults are listric at depth. Yet, be-
cause the amount of extension is small
(3.5%, see below) and hence any expected
rollover of strata is minor, faults could still
be listric and not detected in this study.

Implications for Laramide Structure

The western margin of the Laramide (ear-
ly Tertiary) Sangre de Cristo/Brazos ge-
anticline was known from previous studies
to underlie the Espafiola basin (for example,
Baltz, 1978). This interpretation was based,
in part, on two related observations. First,
the Eocene section angularly overlies Meso-
zoic and older units in outcrop. For exam-
ple, the angular unconformity between En-
trada Sandstone and El Rito Formation
near Abiquiu (Fig. 4B) indicates that signif-
icant post-Jurassic deformation was present
prior to deposition of the El Rito Forma-
tion. Moreover, the high dip of the Entrada
in outcrop suggests that small-scale struc-
tures exist at depth in the pre-Eocene units
that could not be resolved by our geophysi-
cal surveys. Rotating the El Rito back to a
presumed originally horizontal position re-
sults in a strike of N36°E and dip of 36°NW,
indicating that the axis of deformation is
oblique to the geophysical line.

Second, successively younger Mesozoic
units pinch out to the north along the north-
western margin of the Espafiola basin
(Fig. 10). The El Rito Formation, which was
deposited in a sedimentary basin between
the Sangre de Cristo/Brazos uplift and the
Nacimiento uplift to the west, is a prominent
post-Laramide, prerift datum. Southwest of
Abiquiu (Fig. 10), the El Rito Formation
overlies Cretaceous rocks. Directly west of
Abiquiu, along the seismic profile, El Rito
Formation overlies rocks of Jurassic age
(Fig. 4B). A few kilometers to the north,
El Rito overlies Triassic rocks. North of
Abiquiu, El Rito directly overlies crystal-
line rocks of Precambrian age, with no in-
tervening Paleozoic or Mesozoic section
(Manley, 1984; Manley and others, 1987).
Thus the El Rito Formation overlies an
erosional surface that cuts down-section
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Figure 10. Western margin of the Sangre
de Cristo/Brazos geanticline. Dashed line is
location inferred from outcrops by Baliz
(1978). Short dashed line near Santa Fe
shows position of edge of Paleozoic/Meso-
zoic section from Biehler and others (1990),
inferred from seismic and drill-hole data.
Heavy solid line at Abiquiu shows location
of SAGE seismic profile (this work). Colo-
rado Plateau section thins dramatically to
the east along the profile. Mesozoic rocks
are not present east of Abiquiu. We infer
that the Paleozoic section also does not ex-
tend much farther to the east (position sug-
gested by short dashed line), but the exact
location of this erosional edge is not deter-
mined by the present work.

to the northeast. The exact location of the
western boundary of the Sangre de Cristo/
Brazos uplift lies beneath the Espafiola
basin and cannot be determined from sur-
face exposures.

These relationships are compatible with
an inferred erosional thinning of the section
beneath the Eocene along the Abiquiu seis-
mic line, which we interpret to represent an
erosional unconformity cutting out Paleo-
zoic/Mesozoic rocks on the western flank of
the Laramide uplift. In previous SAGE
work, we also observed pinching out of the
Mesozoic section against the Precambrian
in the subsurface west of Santa Fe in the
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southern Espafiola basin (Fig. 10). This
relationship was also interpreted as an
erosional unconformity on the flanks of
the Sangre de Cristo/Brazos geanticline
(Biehler and others, 1991). The western
margin of the uplift lies near the center of
the Espaifiola basin, westward of the position
inferred by Baltz (1978). Thus the thinning
to the east of Paleozoic/Mesozoic strata ob-
served in the profiles at Santa Fe and at
Abiquiu provides tighter controls on the
edge of the Laramide Sangre de Cristo/
Brazos uplift. Reconstruction of the pre-
Eocene configuration of this boundary,
made by restoring vertical offset on faults,

suggests that, prior to rifting, ~1 km of relief
existed on the upper surface of the Precam-
brian over the length of our profile
(Fig. 9B).

DISCUSSION AND CONCLUSIONS

The rift boundary at Abiquiu consists of
a zone of faults distributed over a distance
of at least 17 km. Vertical offsets on indi-
vidual faults, including the bounding Caf-
ones fault zone, do not exceed 500 m, and
the total vertical offset across the 17-km-
wide zone is ~1.1 km (Fig. 9). Thus the
Abiquiu embayment is a shallow platform
rather than a well-defined deep rift basin,
at least at the latitude of our seismic pro-
file. The fact that pre- and early-rift sed-
imentary rocks were never deeply buried
beneath younger rift fill explains the good
exposures of Jower and middle Tertiary
sedimentary rocks. The small amount of
offset on faults and the lack of rotation of
fault blocks indicate that overall extension
of this zone is minor (~0.6 km, or 3.5%,
determined from Fig. 9).

Two related questions arise from our
work: First, how and when did this boundary
develop, and second, why is extension and
offset relatively minor here, when offset is so
much greater in parts of the Espafiola basin
farther south (Biehler and others, 1991)?
We suggest that the rift boundary at Abiquiu
is an incipient boundary that ceased to
develop.

Age of Rift Boundary at Abiquiu

Constraints on the timing of the develop-
ment of the rift boundary at Abiquiu are as
follows:

(1) Basaltic dikes are oriented parallel
to, and in places intrude, faults of the
boundary zone. The Cerrito de la Ventana
dike, the southernmost part of which in-
trudes the Garcia fault zone, is dated at 9.8
+ 0.4 Ma (Bachman and Mehnert, 1978).
Also, Window Rock dike, part of the Rio
del Oso dike swarm (Galusha and Blick,
1971) 12 kin to the southeast, is 9.7 = 0.3
Ma (Baldridge and others, 1980). No slick-
ensides are reported in these dikes, nor
other indicators of synkinematic intrusion;
thus faulting could significantly precede
intrusion. Nevertheless, because of the
close spatial association of dikes (and of
temporally and compositionally related
early Jemez basalt flows) with faults over a
>25-km-wide zone of the Abiquiu embay-
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ment, we prefer the interpretation that
intrusion of the dikes was approxi-
mately contemporaneous with, or closely
followed, extension throughout the
embayment.

This conclusion is at variance with that of
Gonzalez and Dethier (1991), who inferred
the presence of a single geomorphic surface
(T4) preserved beneath western and eastern
flows of El Alto basalt (3.2-2.8 Ma, Fig. 2).
Their inference was based on the presence
of gravels, interpreted as axial stream grav-
els from the ancestral Rio Chama, on the T4
surface. They thus concluded that the T4
surface was offset by the Garcia and Cerrito
Blanco fault zones. However, identification
of these gravels is based on only poor expo-
sures. We think it is more likely that the age
of the Garcia fault, at least, is best indicated
by the age of the intruded dike and that
flows of El Alto basalt were erupted at dif-
ferent elevations on a terrane already
faulted.

(2) A late Miocene geomorphic surface,
capped by flows of the Lobato Formation
(Cerro Pedernal, 7.8 Ma; Mesa Escoba, 7.9
Ma; Polvadera Mesa, 7.8 Ma) in the north-
ern Jemez volcanic field, is offset across
splays of the Cafiones fault zone (Manley,
1982; Gonzalez and Dethier, 1991). Younger
flows (El Alto Formation, ca. 2.8 Ma) cover
faults of this same zone without structural
offset (Manley, 1982). Thus major develop-
ment of the boundary of the Colorado Pla-
teau occurred at 7.8-2.8 Ma.

(3) A fault scarp offsetting flows of Lo-
bato basalt (10.1 + 0.3 to 9.6 = 0.3 Ma) in
the northern Jemez volcanic field appears to
be covered by a flow dated at 9.9 * 0.5 Ma
(W.S. Baldridge and D. T. Vaniman, unpub.
data). Therefore, faulting was essentially
contemporaneous with volcanism at ca.
10 Ma.

Thus although unambiguous temporal
constraints (for example, dated basalt
flows) on observable fault offsets yield
only broad constraints (ca. 10.1 to >2.8
Ma), it seems likely that the dikes and ma-
jor basaltic magmatism in the northern Je-
mez volcanic field were coeval with the
main extensional phase affecting the rift
boundary. This association of volcanism
and faulting is supported by the fact that
the Garcia fault zone is intruded by a dike.

The youngest Lobato volcanism is ca.’

7.8 Ma (Manley, 1982). Therefore, we con-
clude that the rift boundary at Abiquiu
was actively extending from ca. 10 Ma to
slightly <8 Ma but has been essentially in-
active since, except for minor late Pleisto-
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cene faulting (Gonzalez and Dethier,
1991). Needless to say, better constraints
are required to more closely define the
timing of tectonic activity at this boundary.

Moreover, no evidence,. gither from the
magmatic or the sedimentary record, exists
to suggest that extension along this
boundary occurred earlier than ca. 10 Ma.
For example, except locally near magmatic
centers, “early rift” sedimentary rocks in the
Abiquiu area (including the Abiquiu For-
mation) broadly consist of volcaniclastic
aprons spread over the pre-existing topog-
raphy, with no evidence of syndepositional
faulting (Ingersoll and others, 1990). Expo-
sures of Santa Fe Group sediments along
the Canones fault zone southwest of
Abiquiu (Manley, 1982) indicate deposition
in a broad basin without evidence for a
faulted margin. Therefore, we see no evi-
dence in this area for development of fault-
bounded rift basins prior to the late Mio-
cene (ca. 10 Ma).

Age of Embudo Fault Zone

The major fault bounding the main Es-
pafiola basin on the north may be the Em-
budo fault zone, 20 km southeast of Abiquiu
(Dungan and others, 1984). The relative
sense of horizontal displacement seems to
be right slip on the western part of the zone
(Aldrich, 1986) and left slip on the eastern
part (Dungan and others, 1984). Change in
the sense of slip is accommodated by exten-
sion of the crustal block south of the fault
zone (Aldrich, 1986). Along with strike-slip
offset, stratigraphic evidence argues for a
significant (at least several hundred meters)
but unknown amount of down-to-the-south
offset (Dethier and Manley, 1985; Aldrich,
1986; Aldrich and Dethier, 1990). Activity
on the Embudo fault zone may in part be
coeval with that of the Abiquiu margin but
apparently continued more recently. Al-
drich and Dethier (1990) suggested that the
Embudo fault may have been active as
early as 10 Ma and that its dominant offset
was dip slip. Right-lateral strike slip offset
along the eastern part of the zone com-
menced after deposition of the young-
est sediments of the Santa Fe Group
(Chamita Formation), ca. 6-4.5 Ma
(Manley, 1979) but did not affect upper
Puyé sediments, younger than ca. 2.5 Ma
(Dethier and Manley, 1985; Aldrich, 1986;
Aldrich and Dethier, 1990). Dungan and
others (1984) suggested that offset on the
Embudo continued into the Quaternary,
based in part on geomorphic evidence.

Shift of Fault Activity?

On the basis of the age relations summa-
rized above, we suggest that rifting com-
menced at the margin of the Abiquiu em-
bayment in the late Miocene, ca. 10 Ma.
However, extension and fault offset may
have essentially ceased after 7-8 Ma, and
extension transferred to the Embudo fault
zone. This idea is compatible with greater
offsets (hence extension) to the east in the
Espafiola and Taos basins. The Embudo
zone remained active until at least 2.5 Ma
and possibly into the Quaternary. The Em-
budo transfer zone effectively decoupled the
Abiquiu embayment from the main Es-
pafiola basin. In addition, the shift in activity
may reflect a narrowing of rift basins
through time (Manley, 1984) and an inte-
gration of the major basin-bounding struc-
tures between the San Luis and the main
Espanola basins. The shift closely correlates
in time with a major reorientation of the
direction of regional extension from north-
northeast to west-northwest (Zoback and
others, 1981; Aldrich and others, 1986) that
occurred over a broad region of the western
United States ca. 10 Ma. The change in lo-
cus of activity may have occurred in re-
sponse to the change in the regional stress
field, or simply to the magnitude of local
extension as the rift basins continued to
develop.

Sediment dispersal patterns do not defin-
itively document the shift in extension from
the boundary west of Abiquiu to the main
Espafiola basin, because these patterns
dominantly reflect major changes in source
arcas rather than the detailed structure of
the basin. From late Oligocene through
middle Miocene, sedimentation in the
Abiquiu area reflected the growth of several
partially overlapping volcaniclastic aprons
to the north and northeast of the Espaiiola
basin (Ingersoll and others, 1990). Between
10 and 5 Ma, sedimentation throughout the
basin was dominated by uplift of the Sangre
de Cristo range, hence sediments were also
derived mainly from the east side of the ba-
sin. Because the earlier volcanic source
arcas were largely eroded away, those sed-
iments that were deposited in the Abiquiu
embayment area were derived from the east,
and portions of the area underwent erosion.
The Rio Grande became established as a
throughgoing drainage 3-5 Ma (Manley,
1979), dominating sediment transport
throughout the basin about the time that ac-
tivity shifted from the margin at Abiquiu to
the Embudo fault zone.
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In conclusion, the boundary at Abiquiu
preserves an early stage in the formation of
the late Miocene~Holocene rift boundary,
indicating that extension occurred over a
broad (>17 km wide) zone with no single
master fault. Faulting was high angle (60°-
70°), with no evidence that fault planes are
listric or merge with a detachment fault at
depth. Our work suggests an evolution in the
structural development of the northwestern
margin of the Espafiola basin, as well as an
ongoing integration of structures as rift ba-
sins became narrower with continued exten-
sion. These results may be typical of the in-
itial stages of formation of other extensional
basins.

ACKNOWLEDGMENTS

We gratefully acknowledge the Arco Oil
and Gas Company for donating the services
of the Field Acquisition Survey Team
(FAST), which conducted the seismic survey
on which this work is based. We especially
thank S. Raeuchle, R. Withers, and others at
Arco who made this collaboration possible.
We express our appreciation to the mem-
bers of the FAST crew—L. Hix, L. Forgey,
G. Clark, R. Dart, W. Davis, and J. John-
son—and to their contractors for their skill-
ful and professional execution of the field
work and their great patience with the stu-
dents and faculty of SAGE. We thank
J. Darnall and M. Verhoeks of Arco, who
aided with lectures, data processing, and
interpretation. We thank R. Bridges and
T. Kneale of Advance Geophysical Corpo-
ration for loan of Micromax computer systems.

We express our sincere appreciation to
C. F. Keller of the IGPP for his unflagging
support and encouragement of the SAGE
program. We also acknowledge the efforts
of J. Tallent of the U.S. Army Corps of En-
gineers, P. Garcia and E. Duda of Rio Ar-
riba County, and F. Martinez of the New
Mexico Highway and Transportation De-
partment for their assistance with permits
and logistics. We have benefited from infor-
mal discussions with K. Manley and from
reviews of this manuscript by K. Carter, R.
Raynolds, T. A. Cross, and an anonymous
reviewer.

Finally, and perhaps most important, we

Geological Society of America Bulletin, December 1994

appreciate the diligence of the students of
SAGE 1990 and 1991 and have profited
from our interactions with them. Coauthors
K. Eckhardt, D. Evans, and C. Schultz are
former SAGE students.

This work was supported by IGPP, the
Los Alamos National Laboratory, the Re-
search Experiences for Undergraduates
Program of the National Science Founda-
tion, and the Industrial Affiliates Program of
SAGE.

REFERENCES CITED

Aldrich, M. J., Jr., 1986, Tectonics of the Jemez Lineament in the
Jemez Mountains and Rio Grande rift: Journal of Geo-
physical Research, v. 91, p. 1753-1762.

Aldrich, M. J,, Jr., and Dethier, D. P., 1990, Stratigraphic and
tectonic cvolution of the northern Espafiola basin, Rio
Grande rift, New Mexico: Geological Society of America
Bulletin, v. 102, p. 1695-1705.

Aldrich, M, J., Jr., and Laughlin, A. W., 1984, A model for the
tectonic development of the southeastern Colorado Plateau
boundary: Journal of Geophysical Research, v. 89,
p. 10207-10218.

Aldrich, M. J., Jr., Chapin, C. E., and Laughlin, A. W., 1986, Stress
history and tectonic development of the Rio Grande rift,
New Mcxico: Journal of Geophysical Research, v. 91,
p. 6199-6211.

Armstrong, A. K., and Mamet, B. L., 1974, Biostratigraphy of the
Arroyo Pefiasco Group, lower Carboniferous (Mississip-
pian), north-central New Mexico: New Mexico Geological
Society Guidebook 25, p. 145-157.

Baars, D. L., 1974, Permian rocks of north-central New Mexico:
New Mexico Geological Society Guidebook 25, p. 167-169.

Bachman, G. O., and Mehnert, H. H,, 1978, New K-Ar dates and
the late Pliocene to Holocene geomorphic history of the
central Rio Grande region, New Mexico: Geological Society
of America Bulletin, v. 89, p. 283-292.

Baldridge, W. S., and Jiracck, G. R., 1992, SAGE program ex-
plores the Rio Grande rift: Eos (Transactions, American
Geophysical Union), v. 73, p. 145, 148-149.

Baldridge, W. S., Damon, P. E., Shafiqullah, M., and Bridwell,
R. J,, 1980, Evolution of the central Rio Grande rift, New
Mexico: New potassium-argon ages: Earth and Planetary
Science Letters, v. 51, p. 309-321.

Baldridge, W. S., Bartov, Y., and Kron, A., 1983, Geologic map of
the Rio Grande rift and southeastern Colorado Plateau,
New Mexico and Arizona: Washington, D.C., American
Geophysical Union, scale 1:500 000.

Baldridge, W. S., Olsen, K. H,, and Callender, J. F., 1984, Rio
Grande rift: Problems and perspectives: New Mexico Geo-
Jogical Society Guidebook 35, p. 1-12.

Baltz, E. H., 1978, Resume of Rio Grande depression in north-
central New Mexico, in Hawley, J. W., compiler, Guidebook
to Rio Grande rift in New Mexico and Colorado: New Mex-
ico Geological Saciety Circular 163, p. 210-228.

Biehler, S., and 12 others, 1991, A geophysical model of the Es-
pafiola basin, Rio Grande rift, New Mexico: Geophysics,
v. 56, p. 340-353.

Bosworth, W., 1985, Geometry of propagating continental rifts:
Nature, v. 316, p. 625-627.

Chapin, C. E., 1979, Evolution of the Rio Grande rift—A sum-
mary, in Riecker, R. E,, ed., Rio Grande rift: Tectonics and
magmatism: Washington, D.C., American Geophysical
Union, p. 1-5.

Chapin, C. E., and Seager, W. R., 1975, Evolution of the Rio
Grande rift in the Socorro and Las Cruces areas: New Mex-
ico Geological Society Guidebook 26, p. 297-321.

Cordell, L., 1978, Regional geophysical setting of the Rio Grande
rift: Geological Society of America Bulletin, v. 89,
p. 1073~ 1090.

Cordell, L., 1979, Gravimetric expression of graben faulting in
Santa Fe County and the Espaiiola basin, New Mexico: New
Mexico Geological Society Guidebook 30, p. 59-64.

Dethicr, D. P., and Manley, K., 1985, Geologic map of the Chili
quadrangle, Rio Arriba County, New Mexico: U.S. Geolog-
ical Survey Miscellaneous Field Studies Map MF-1814,
scale 1:24 000.

DuChene, H. R., 1974, Pennsylvanian rocks of north-central New

Mexico: New Mexico Geological Society Guidebook 25,
p. 159-165.

Dungan, M. A., Muehlberger, W. R., Leininger, L., Peterson, C.,
McMillan, N. J,, Gunn, G., Lindstrom, M., and Haskin, L.,
1984, Volcanic and sedimentary stratigraphy of the Rio
Grande gorge and the late Cenozoic geologic evolution of
the southern San Luis valley: New Mexico Geological So-
ciety Guidebook 35, p. 157-170.

Galusha, T., and Blick, J. C., 1971, Stratigraphy of the Santa Fe
Group, New Mexico: Bulletin of the American Museum of
Natural History, v. 144, article 1, p. 1-128.

Gardner, G. H. F., Gardner, L. W., and Gregory, A. R,, 1974,
Formation velocity and density—The diagnostic basis for
stratigraphic traps: Geophysics, v. 39, p. 770-780.

Gonzalez, M. A., and Dethier, D. P., 1991, Geomorphic and neo-
tectonic evolution along the margin of the Colorado Plateau
and Rio Grande rift, northern New Mexico: New Mexico
Bureau of Mines and Mineral Resources Bulletin 137,
p. 29-45.

Ingersoll, R. V., Cavazza, W., Baldridge, W. S., and Shafiqullah,
M., 1990, Cenozoic sedimentation and paleotectonics of
north-central New Mexico: Implications for initiation and
evolution of the Rio Grande rift: Geological Society of
America Bulletin, v. 102, p. 1280-1296.

Jiracek, G. R., Baldridge, W. S, and Hix, L. J,, 1991, SAGE—A
unique geophysical experience: Geophysics: The Leading
Edge of Exploration, March, p. 45-49.

Kelley, V. C., 1978, Geology of Espafiola basin, New Mexico: New
Mexico Bureau of Mines and Mineral Resources Map 48,
scale 1:125 000.

Kelley, V. C., 1979, Geomorphology of Espanola basin: New Mex-
ico Geological Society Guidebook 30, p. 281-288.

Logsdon, M. J., 1981, A preliminary basin analysis of the Ei Rito
Formation (Eocene), north-central New Mexico: Geologi-
cal Society of America Bulletin, v. 92, part I, p. 968-975.

Lucas, S. G., 1984, Correlation of Eocene rocks of the northern
Rio Grande rift and adjacent areas: Implications for Lar-
amide tectonics: New Mexico Geological Society Guide-
book 35, p. 123-128.

Manley, K., 1979, Stratigraphy and structure of the Espafiola ba-
sin, Rio Grande rift, New Mexico, in Riecker, R. E., ed., Rio
Grande rift: Tectonics and magmatism: Washington, D.C,,
American Geophysical Union, p. 71-86.

Manley, K., 1982, Geologic map of the Cafiones quadrangle: U.S.
Geological Survey Miscellaneous Field Studies Map MF-
1440, scale 1:24 000.

Manley, K., 1984, Brief summary of the Tertiary geologic history
of the Rio Grande rift in northern New Mexico: New Mex-
ico Geological Society Guidebook 35, p. 63-66.

Manley, K., Scott, G. R., and Wobus, R. A., 1987, Geologic map
of the Aztec 1° X 2° quadrangle, northwestern New Mexico
and southern Colorado: U.S. Geological Survey Map [-1730.

Murthy, I. V. R., and Rao, D. B., 1979, Gravity anomalies of two-
dimensional bodies of irregular cross-section with density
contrast varying with depth: Geophysics, v. 44, p. 1525-1530.

Olsen, K. H., Baldridge, W. S., and Callender, J. F., 1987, Rio
Grande rift: An overview: Tectonophysics, v. 143, p. 119-139.

O'Sullivan, R. B., 1974, The Upper Triassic Chinle Formation in
north-central New Mexico: New Mexico Geological Society
Guidebook 25, p. 171-174.

Rosendahl, B. R., 1987, Architecture of continental rifts with spe-
cial reference to east Africa: Annual Review of Earth and
Planetary Sciences, v. 15, p. 445-503.

Seager, W. R, Shafiquliah, M., Hawley, J. W., and Marvin, R. F.,
1984, New K-Ar dates from basalts and the evolution of the
southern Rio Grande rift: Geological Society of America
Bulietin, v. 95, p. 87-99.

Wang, B., 1993, Improvement of seismic travel-time inversion
methods and application to observed data {Ph.D. thesis]:
West Lafayette, Indiana, Purdue University, 221 p.

Zoback, M. L., and Thompson, G. A., 1978, Basin and range rifting
in northern Nevada: Clues from a mid-Miocene rift and its
subsequent offsets: Geology, v. 6, p. 111-116.

Zoback, M. L., Anderson, R. E., and Thompson, G. A., 1981,
Cainozoic evolution of the state of stress and style of tec-
tonism of the Basin and Range province of the western
United States: Philosophical Transactions of the Royal So-
ciety of London, v. 300, p. 401-434.

MANUSCRIPT RECEIVED BY THE SOCIETY SEPTEMBER 9, 1993
REVISED MANUSCRIPT RECEIVED APRIL 19, 1994
MANUSCRIPT ACCEPTED APRIL 21, 1994

Printed in US.A.

1551



