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ABSTRACT

Interpretation of gravity, magnetotelluric, and aeromagnetic data in conjunc-
tion with geologic constraints reveals details of basin geometry, thickness, and spa-
tiotemporal evolution of the southern San Luis Basin, one of the major basins of the
northern Rio Grande rift. Spatial variations of low-density basin-fill thickness are
estimated primarily using a 3D gravity inversion method that improves on previous
modeling efforts by separating the effects of the low-density basin fill from the effects
of pre-rift rocks. The basin is found to be significantly narrower—and more complex
in the subsurface—than indicated or implied by previous modeling efforts. The basin
is also estimated to be significantly shallower than previously estimated. Five distinct
subbasins are recognized within the broader southern San Luis Basin. The oldest and
shallowest subbasin is the Las Mesitas graben along the northwestern basin margin,
formed during the Oligocene transition from Southern Rocky Mountain volcanic
field magmatism to rifting. In this subbasin, sediments are estimated to reach a maxi-
mum thickness of ~400 m within a north—south elongated structural depression.
Other subbasins that likely initially developed during the Miocene are the dominant
tectonic features in the southern San Luis Basin. This includes the Tres Orejas subba-
sin, which formed in the southwestern portion of the basin by the Embudo fault zone
and a hypothesized fault zone along its western margin. This subbasin reaches a max-
imum thickness of -2 km, as indicated by magnetotelluric and gravity modeling. The
Sunshine Valley, Questa, and Taos subbasins occupy the eastern part of the southern
San Luis Basin. The southern Sangre de Cristo fault zone is the dominant tectonic
feature that controlled their development after ~20 Ma. The east-down Gorge fault
zone controlled the western margins of significant parts of these eastern subbasins,
although much of the Taos subbasin may be superimposed on the Tres Orejas sub-
basin. Maximum low-density basin-fill thicknesses are estimated to be 1.2 km for the
Sunshine Valley subbasin, 800 m for the Questa subbasin, and 1.8 km for the Taos
subbasin. Subbasin-forming tectonic activity along the Gorge fault zone and within
the Tres Orejas subbasin ceased by the end of the development of the largely Pliocene
Taos Plateau volcanic field. After that, rife-related subsidence became more narrowly
centered on the eastern margin of the basin, controlled mainly by the linked Embudo
and southern Sangre de Ciristo fault zones.

KEY WORDS: acromagnetic data, gravity modeling, magnetotelluric data, rift
basin, Rio Grande rift.

INTRODUCTION

The San Luis Basin extends for
roughly 250 km north—south through
northern New Mexico and south-cen-
tral Colorado and is one of the north-
ernmost major basins of the Rio Grande
rift (Fig. 1). The present-day geomor-
phic basin is bounded on the west by the
Tusas Mountains in New Mexico and
the San Juan Mountains (in Colorado),
and on the east by the Sangre de Cristo
Mountains (Figs. 1 and 2). The south-
ern boundary is formed by the Picuris
Mountains and Cerro Azul. The south-
ern San Luis Basin is here defined
as the part of the basin within New
Mexico, encompassing the Taos Plateau,
Sunshine Valley, and town of Taos, and
reaching the eastern margin of the Tusas
Mountains.

Despite the critical importance
of rift basins for groundwater sup-
plies in this semiarid region (Robson
and Banta, 1995; Topper et al., 2003),
the general subsurface geometry of
the southern San Luis Basin is poorly
understood. Studies of geometry and
evolution of the southern San Luis
Basin are hampered by a paucity of
deep drill holes and seismic data over
large areas, as well as the burial of
important geologic contacts and faults
by younger volcanic flows, sedimen-
tary rocks, and sediments. The evolu-
tion of rifting in the region has also not
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been fully described at a regional scale, particularly in terms
of the evolution of the rift basin itself. Furthermore, the tem-
poral evolution of the structures bounding the basin and its
subbasins has not been fully described. A previous model
of the basin based on gravity modeling (Keller et al., 1984)
is now obsolete in several areas due to (1) new information
on basin-bounding structures; (2) a better understanding
of rocks that constitute rift-related deposits; (3) better esti-
mates of physical properties; (4) a better understanding of
the geophysical signature of pre-rift and transitional rocks;
and (5) more sophisticated approaches to geophysical mod-
eling (Grauch and Keller, 2004; Drenth et al., 2011, 2013;
Ruleman et al., 2013; Grauch et al., 2015, 2017; Thompson
etal., in press; Turner et al., in press). These more recent con-
cepts, developed locally within or at the edges of the present
study area, await integration into a broader synthesis of the
geometry and development of the southern San Luis Basin.

This study uses gravity, magnetotelluric, and aecromag-
netic geophysical data, along with geologic data and limited
subsurface constraints derived from interpreted drill hole
logs to interpret the configuration of subbasins and major
bounding structures present within the southern San Luis
Basin. The main goal of the study is to determine how the
Rio Grande rift developed and is currently expressed in the
southern San Luis Basin, including the following specific
goals: (1) estimate the thickness of rift-related basin-filling
sediments; (2) determine what the rift-sediment thickness
distribution indicates about basin structure and tempo-
ral pattern of rifting; and (3) delineate major rift-bounding
structures, many of which are concealed from direct obser-
vation.

GEOLOGIC BACKGROUND
Tectonic History Overview

Large portions of the San Luis Basin region were
uplifted during the Ancestral Rocky Mountain and
Laramide orogenies (e.g., Cather, 2004; Kues and Giles,
2004), with erosion removing most preexisting Mesozoic
and Paleozoic sedimentary rocks. Subsequent Cenozoic
extension associated with the Rio Grande rift occurred
along much of the uplifted orogen (Sales, 1983; Kellogg,
1999; Kluth, 2007). Like much of the Southern Rocky
Mountains, a significant portion of the San Luis Basin
region was covered by middle Tertiary volcanic rocks of the
Southern Rocky Mountain volcanic field (SRMVF) (Steven,
1975; Lipman, 2007). The transition from SRMVF mag-
matic activity to Rio Grande rift subsidence occurred over
a period of several million years following Oligocene activ-
ity in the San Juan Mountains volcanic locus (Lipman and
Mehnert, 1975; Thompson and Machette, 1989; Ingersoll
etal., 1990; Thompson et al., 1991; Smith, 2004; Zimmerer
and Mclntosh, 2012). The Sangre de Cristo Mountains and
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Figure 1. Physiography and geography of the San Luis
Basin, Colorado and New Mexico. Red box shows area of
this study and area of Figure 2. Sangre de Cristo fault zone
shown as heavy black line. Inset map shows location of
Figure 1 in relation to the Rio Grande rift (modified from
Hudson and Grauch, 2013).

Sangre de Cristo fault system—major tectonic elements
associated with rifting—did not initially form in the south-
ern San Luis Basin area until ~20 Ma or later (Kelley and
Duncan, 1986). As with other Rio Grande rift basins, the
southern San Luis Basin filled with clastic sediments and
some lava flows during Neogene and Quaternary tectonism.
The following sections introduce several geologic units,
faults, and previous concepts of basin evolution that are criti-
cal to understanding the new interpretations presented here.

Pre-Rift Rocks

Proterozoic rocks crop out in the Sangre de Cristo,
Tusas, and Picuris mountains (Fig. 3). Their configura-
tion under the San Luis Basin is largely unknown due to a
small number of exposures and few borehole penetrations.
Proterozoic rocks in the region include mafic complexes
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Figure 2. Hillshade digital elevation model showing physiographic features and Quaternary faults of the study area. Fea-
tures mentioned in the text are labeled. Selected linework from Figure 3 shown for spatial reference. Locations of profile
models shown. Quaternary faults located away from the Embudo fault zone are from the U.S. Geological Survey (Qua-
ternary Fault and Fold Database of the United States, 2017). Quaternary faults along the Embudo fault zone from map-
ping by the New Mexico Bureau of Mines and Mineral Resources (renamed New Mexico Bureau of Geology and Mineral
Resources in 2001) (Bauer and Kelson, 1997; Kelson and Bauer, 1998; Bauer et al., 2000; Kelson et al., 2001; Kelson and
Bauer, 2003). SSACFZ: southern Sangre de Cristo fault zone.

Rocky Mountain Geology, v. 54, no. 2, December 2019 99

Downloaded from https://pubs.geoscienceworld.org/uwyo/rmg/article-pdf/54/2/97/4907139/05402097 .pdf
bv LISGS | ibrarv Beniamin Drenth



Benjamin J. Drenth, V.J.S. Grauch, Kenzie J. Turner, Brian D. Rodriguez, Ren A. Thompson, and Paul W. Bauer

(such as the Moppin Complex in the Tusas Mountains),
metasedimentary and metavolcanic rocks, and granitic/
gneissic plutons (Bauer and Williams, 1989; Williams, 1991;
Bauer, 1993; Jones et al., 2009, 2011).

Pre-rift sedimentary rocks crop out in the Paleozoic
Taos trough situated in a portion of the Sangre de Cristo
Mountains east and southeast of Taos (Baltz and Myers,
1999, and references therein). These consist of mainly fine-
grained siliciclastic rocks with minor limestone, and may
reach a maximum thickness of -2 km (Miller et al., 1963).
The Paleozoic rocks may extend under the southern San Luis
Basin (Baltz and Myers, 1999), although deposition may
have been limited or nonexistent west of the Picuris-Pecos
fault zone (introduced below) that was active during forma-
tion of the Taos trough (Woodward et al., 1999; Bauer et al.,
2016). Mesozoic sedimentary rocks crop out in the region
(e.g.» Thompson et al., 2015), although none are known to
exist within the southern San Luis Basin.

The Eocene El Rito Formation, representing ero-
sion from Laramide uplifts (Logsdon, 1981; Maldonado,
2008), primarily crops out in the western Tusas Mountains.
Thicknesses as much as 135 m have been mapped in isolated
parts of the northeastern Tusas Mountains (Wobus and
Manley, 1982; Manley et al., 1987), although these rocks
may be part of the Los Pinos Formation (introduced below)
(e.g., Aby et al., 2010). The El Rito Formation, and other
unknown pre-rift Tertiary sedimentary rocks, may exist
under parts of the southern San Luis Basin, particularly near
the Tusas Mountains.

Oligocene (SRMVF) magmatism (Steven, 1975;
Lipman, 2007) is both pre-rift and transitional (discussed
below) in the southern San Luis Basin region. Pre-rift
andesitic flows, volcaniclastic deposits, and tuffs from the
San Juan Mountains volcanic locus are at least 400 m thick
in the northern Tusas Mountains near the state border
(Manley, 1982a). However, these rocks thin abruptly to the
southeast, with only 20-30 m of tuffs present near the south
side of Broke Off Mountain (Manley, 1982b; Wobus and
Manley, 1982). The Carpenter Ridge Tuff, dated at 27.73
+ 0.05 Ma (Lipman and Mehnert, 1975; Turner et al., in
press), is the youngest tuff of the San Juan Mountains vol-
canic locus preserved in the southern San Luis Basin region.
Other Oligocene volcanic rocks crop out at the Brushy and
Timber mountains and form part of a horst of pre-rift rocks
that extends in the shallow subsurface northward into south-
ern Colorado (Lipman and Mehnert, 1979; Thompson et
al., 1986; Thompson and Schilling, 1988; Thompson and
Machette, 1989).

Transitional Rock Units
Late Oligocene to Miocene volcanic and volcaniclastic

rocks that record the shift from volcanism and associated
sedimentation of the SRMVF to earliest extension-related

sedimentation and volcanism are considered transitional
rocks, rather than entirely pre-rift or syn-rift deposits. The
transition occurred over a period of several million years and
overlapped significantly in space and time across the region
(e.g., Turner et al., in press). The style, magnitude, and tec-
tonic significance of basin formation and sedimentation
during this time are uncertain and subject to debate.

In the Sangre de Cristo Mountains, the Questa caldera
of the Latir volcanic locus formed as the ~25.4 Ma Amalia
Tuff erupted (Lipman et al., 1986; Lipman and Reed,
1989; Tappa et al., 2011; Zimmerer and McIntosh, 2012).
This tuff represents one of the last expressions of SRMVF
magmatism across the Southern Rocky Mountains region
(Steven, 1975; Lipman, 2007). The mapped boundary of
the Questa caldera is truncated by the southern Sangre de
Cristo fault zone at the San Luis Basin margin near Questa
(Fig. 3), suggesting that the western margin of the caldera
lies under the basin (Cordell et al., 1985; Lipman and Reed,
1989). The Amalia Tuff was deposited across much of the
region, as indicated by exposures in the Tusas Mountains
(e.g., Aby et al., 2010). Distal deposits are less than 100 m
thick, and most are much thinner. An upper-crustal silicic
batholith formed as part of the Latir volcanic locus and has
been interpreted as the source of a gravity low (Fig. 4) over a
large part of the Sangre de Cristo Mountains (Cordell et al.,
1985; Lipman, 1988).

The Upper Oligocene to Upper Miocene Los Pinos
Formation consists of volcaniclastic sediments derived
from the San Juan and Latir volcanic loci (Butler, 1946,
1971; Lipman, 1975a, b; Manley, 1981). Locally, the Los
Pinos Formation reaches a thickness of 350 m near Broke
Off Mountain in the northeast Tusas Mountains (Manley,
1982b). The Los Pinos Formation has been regarded as
either an early expression of basin filling (e.g., Lipman and
Mehnert, 1975; Chapin and Cather, 1994), or as erosional
products local to magmatic centers (Ingersoll et al., 1990;
Ingersoll and Cavazza, 1991; Large and Ingersoll, 1997;
Ingersoll, 2001; Smith et al., 2002). Interbedded with the
Los Pinos Formation are basaltic rocks of the ~26 Ma to
~19 Ma Hinsdale Formation (Lipman, 1975b; Lipman and
Mehnert, 1975; Thompson et al., 1991; Thompson and
Lipman, 1994).

The > 34.5 Ma to < 18.6 Ma Picuris Formation consists
mainly of volcaniclastic sedimentary rocks and records the
transition from pre- to early rift sedimentation (Baltz, 1978;
Rehder, 1986; Aby et al., 2004; Bauer and Kelson, 2004).
The Picuris Formation crops out along the southern margin
of the basin near the Embudo fault. Its distribution in the

Figure 3, next page. Simplified geology and physiography of
the study area (Bauer and Williams, 1989; Lipman and Reed,
1989; Anderson and Jones, 1994; Green and Jones, 1997; Read
et al., 2004; Koning and Mansell, 2011). Locations of profile
models shown. SSdCFZ: southern Sangre de Cristo fault zone.

100

Downloaded from https://pubs.geoscienceworld.org/uwyo/rmg/article-pdf/54/2/97/4907139/05402097 .pdf
bv LISGS | ibrarv Beniamin Drenth

Rocky Mountain Geology, v. 54, no. 2, December 2019



Tectonic evolution of the southern San Luis Basin, New Mexico

106°15' W

106°00' W

105°45' W 105°30' W

36°45'N

36°30'N

36°15'N

 st " A

T

T

36°30'N 36°45'N

36°15'N

-

SR

106°15' W

surficial deposits

Servilleta Basalt

106°00* W

105°45' W 105°30' W

Explanation

10 0 10
km
SYN-RIFT ROCKS TRANSITIONAL ROCKS

intrusions related to
Latir volcanic locus

| PRE-RIFT ROCKS
- pre-rift volcanic rocks - Paleozoic sedimentary rocks

- granitic rocks

rocks of the San

Downloaded from https://pubs.geoscienceworld.org/uwyo/rmg/article-pdf/54/2/97/4907139/05402097 .pdf

bv LISGS | ibrarv Beniamin Drenth

rocks of the Latir canic | — fault
Pliocene intermediate to volcanic locus Juan volcanic locus - Hondo Group LN
felsic volcanic rocks - Hinsdale F " El Rito Formation Questa
necate rormation Mesozoic sedimentary - Vadito Group o. caldera
. . N . ) [ .
Los Pinos Formation Picuris Formation ~ [Mz] rocks B ofic complexes margin
Rocky Mountain Geology, v. 54, no. 2, December 2019 101



Benjamin J. Drenth, V.J.S. Grauch, Kenzie J. Turner, Brian D. Rodriguez, Ren A. Thompson, and Paul W. Bauer

subsurface basinward of the Embudo fault zone is largely
unknown, although it may be present at least as far north
as the Rio Pueblo de Taos, a tributary of the Rio Grande
in New Mexico (Fig. 3) (Bauer etal., 2016; Grauch et al.,
2017).

Syn-Rift Rocks

This paper regards that the onset of the Rio Grande
rift is related to the establishment of the Sangre de Cristo
fault system and the Embudo fault zone. Exposures of early
rift deposits are largely either eroded or covered by younger
volcanic flows and sedimentary deposits, so estimates on
the timing of rift inception have come from estimates on
the timing of uplift of the Sangre de Cristo Mountains.
Interpretation of apatite fission track data in the study area
is complicated by thermal resetting associated with ~25 Ma
magmatism of the Latir volcanic locus (Kelley and Duncan,
1986). However, the apatite fission-track data that are con-
sidered reliable, combined with similar data from a broader
region and regional stratigraphic arguments, suggest that the
segment of the Sangre de Cristo Mountains adjacent to the
southern San Luis Basin was uplifted sometime after 20 Ma
(e.g., Kelley and Duncan, 1986; Smith, 2004).

Syn-rift sediments that accumulated within subsid-
ing basins of the Rio Grande rift are classified as the Santa
Fe Group (Spiegel and Baldwin, 1963; Ingersoll et al.,
1990; Brister and Gries, 1994; Chapin and Cather, 1994).
Although transitional rock units are known to be present
within many Rio Grande rift basins, the Santa Fe Group
is commonly assumed to be volumetrically dominant,
based largely on borehole data and geophysical modeling
(e.g., Keller et al., 1984; Brister and Gries, 1994; Kluth and
Schaftenaar, 1994; Grauch and Keller, 2004; Drenth et al.,
2013).

Interbedded with the uppermost Santa Fe Group sedi-
ments are numerous flows of the regionally extensive -5.2
to 2.9 Ma Servilleta Basalt, the volumetrically dominant
unit of the mainly Pliocene Taos Plateau volcanic field
(Lipman and Mehnert, 1975, 1979; Dungan et al., 1984,
1989; Appelt, 1998; Read et al., 2004; Cosca et al., 2014;
Bauer et al., 2015; Turner et al., 2018; Thompson et al., in
press; Turner et al., in press). The flows vary considerably
in cumulative thickness, from zero at many outcrops of pre-
rift rocks to roughly 200 m in the south-central part of the
Taos Plateau, although their thickness is not constrained in
most of the study area due to a paucity of drilling. Older, rift-
related basalts between the ages of the Hinsdale Formation
and Servilleta Basalt are interpreted to be present in the
subsurface of the southern San Luis Basin near the town of
Taos (Grauch et al., 2017), and are likely present but unde-
tected elsewhere within the basin. Large dacitic volcanic
domes and andesitic shield volcanoes of the Taos Plateau
volcanic field are less volumetrically significant than the

Servilleta Basalt, but form high-relief mountains (Lipman
and Mehnert, 1979) and serve as useful landmarks (see Fig.
3). Notable examples include San Antonio Mountain, Ute
Mountain, Guadalupe Mountain, Cerro de la Olla, Cerro
Montoso, Cerro Negro, and Tres Orejas (e.g., Thompson et
al., in press).

Faulting

Numerous faults have been mapped in the southern San
Luis Basin and along its margins. Some have demonstrable
Quaternary displacement (Personius and Machette, 1984;
Machette et al., 1998; Kelson et al., 2004), and are corre-
lated with major basin and intrabasin structural boundar-
ies. Fault segments with Quaternary displacement generally
exist along (or near) the eastern and southeast margins of
the basin (Quaternary fault and fold database, https://earth-
quake.usgs.gov/hazards/qfaults/).

The dominantly west-down Sangre de Cristo fault
system is the major basin-bounding structure that juxtaposes
basin-fill deposits in the hanging wall against the precipi-
tous Sangre de Cristo Mountains. The Sangre de Cristo fault
system is divided into northern, central, and southern zones,
with the southern zone extending from southern Colorado to
the area southeast of Taos, thus forming the eastern margin
of the southern San Luis Basin (Figs. 2 and 3) (Personius and
Machette, 1984; Menges, 1990; Ruleman and Machette,
2007; Ruleman et al., 2013).

South of Taos, the west-down and generally north-
striking southern Sangre de Cristo fault zone changes to a
more southwesterly strike and transitions (Bauer and Kelson,
2004) to the Embudo fault zone, a portion of which forms
the southeastern margin of the southern San Luis Basin. The
Embudo fault zone is up to 9 km wide and includes steeply
dipping left-lateral, down-to-northwest oblique slip faults,
and represents the transfer zone between the San Luis and
Espafola basins (Muehlberger, 1979; Bauer and Kelson,
1997; Kelson et al., 1997; Kelson and Bauer, 1998; Machette
et al., 1998; Bauer et al., 2000; Kelson et al., 2001; Kelson
and Bauer, 2003; Bauer and Kelson, 2004; Bauer et al.,
2016; Grauch et al., 2017). Faulting started about 18—11 Ma
along fault segments now concealed within the basin in the
vicinity of the modern Rio Pueblo de Taos, and subsequently
migrated southeastward to its current location (Grauch et
al., 2017).

The north-striking, strike-slip Picuris-Pecos fault zone
intersects the southern Sangre de Cristo fault zone and the
Embudo fault zone near their intersection (Fig. 3). The
Picuris-Pecos fault zone has a complex slip history (e.g.,
Bauer and Kelson, 2004; Bauer and Ralser, 1995; Cather et
al., 2011 and references therein) that is largely pre-rift, but
with at least some activity synchronous with rifting (e.g.,
Bauer and Kelson, 2004). North of the Embudo fault zone,
the syn-rift Los Cordovas faults (Figs. 2 and 3) are mostly

102

Downloaded from https://pubs.geoscienceworld.org/uwyo/rmg/article-pdf/54/2/97/4907139/05402097 .pdf
bv LISGS | ibrarv Beniamin Drenth

Rocky Mountain Geology, v. 54, no. 2, December 2019


https://earthquake.usgs.gov/hazards/qfaults/
https://earthquake.usgs.gov/hazards/qfaults/

Tectonic evolution of the southern San Luis Basin, New Mexico

north-striking, west-down normal faults that cut Servilleta
Basalt and Santa Fe Group (Personius and Machette, 1984)
and may be a northern manifestation of the Picuris-Pecos
fault zone (Bauer and Kelson, 2004; Grauch et al., 2004;
Bauer et al., 2016; Grauch et al., 2017).

Several intrabasin faults cut the Servilleta Basalt. These
include the northeast-down Red River and east-down
Sunshine Valley faults (Winograd, 1959; Personius and
Machette, 1984; Ruleman et al., 2013; Bauer et al., 2015;
Thompson et al., in press). An additional syn-rift structure,
the Gorge fault zone, is inferred at different places along the
Rio Grande corridor. It corresponds to multiple east-down
and west-down, northwest- and northeast-trending scarps
between the approximate latitudes of the Guadalupe and
Ute mountains (Ruleman et al., 2013; Bauer et al., 2015).
That definition of the Gorge fault zone may be consistent
with a proposed fault zone along the Rio Grande corridor
that extends north from approximately the latitude of Taos
(Dungan et al., 1984; Bauer and Kelson, 2004).

Faults along the western margin of the southern San
Luis Basin and in the Tusas Mountains locally cut basalts
of the Hinsdale Formation, and are dominantly northeast-
striking, southwest-down structures (Barker, 1958; Manley,
1982a, b; Manley and Wobus, 1982b; Wobus and Manley,
1982; Manley and Wobus, 1985; Manley et al., 1987;
Koning et al., 2007; Aby, 2008; Aby et al., 2010; Turner et
al., 2018). The Las Tablas fault (Aby et al., 2010) and the
Strong faults (Aby, 2008) may have Quaternary slip. No
significant faults are mapped in the immediate vicinity of
Cerro Azul at the southwestern margin of the southern San
Luis Basin (Figs. 2 and 3; Koning et al., 2016).

Previous Basin Models and Concepts of Evolution

The San Luis Basin can be crudely approximated as
a half graben, with the west-down Sangre de Cristo fault
system acting as the master fault system on the eastern
margin (e.g., Lipman and Mehnert, 1979; Brister and Gries,
1994; Kluth and Schaftenaar, 1994). A strong gravity gra-
dient corresponding to the southern Sangre de Cristo fault
zone reflects the abrupt westward thickening of the basin fill
(Cordell, 1978; Cordell and Keller, 1984; Keller et al., 1984;
Cordell et al., 1985; Bauer and Kelson, 2004; Grauch and
Keller, 2004). Gravity lows associated with the eastern part
of the basin (Fig. 4) are attributed to thick accumulations of
low-density, rift-related sediments in a north—south trending
set of subbasins immediately west of the southern Sangre de
Cristo fault zone. The western margin of this set of subbasins
has traditionally been conceptualized as an east-down fault
zone corresponding to a large gravity gradient subparallel to
the Rio Grande (Fig. 4) and lies along the eastern margin of
the horst of pre-rift Oligocene volcanic rocks at Brushy and
Timber mountains (Cordell, 1978; Lipman and Mehnert,
1979; Cordell and Grauch, 1985; Grauch and Keller, 2004).

The location and sense of motion of the east-down fault zone
are largely consistent with concepts of the Gorge fault zone
developed by others (Dungan et al., 1984; Bauer and Kelson,
2004; Grauch and Keller, 2004; Ruleman et al., 2013;
Thompson et al., in press). In that model, the portion of the
basin west of the horst is dramatically shallower than the
portion to the east, with an abrupt separation formed by the
cast-down fault zone and horst (e.g., Lipman and Mehnert,
1979). However, another concept of basin geometry infers
a more gradual shallowing of the basin west of the east-
down fault zone and horst (Keller et al., 1984; Grauch and
Keller, 2004). In this alternate view, a prominent northeast-
trending gravity gradient west of the Rio Grande, the Olla-
King gravity gradient (Fig. 4) of Grauch and Keller (2004),
is produced by an east-down fault zone at the western basin
boundary.

Sediment thickness estimates for the southern San Luis
Basin are widely divergent. Early thickness estimates for the
subbasins immediately west of the southern Sangre de Cristo
fault zone were > 5 km, with thicknesses of < 300 m pres-
ent west of the Rio Grande corridor and the horst of pre-rift
Oligocene volcanic rocks (Lipman and Mehnert, 1979). The
3D gravity model of Keller et al. (1984) estimated thick-
nesses as large as ~4 km near the southern Sangre de Cristo
fault zone adjacent to the western edge of the Questa caldera,
and a more gradual westward thinning toward the basin-
bounding structure inferred at the location of the Olla-King
gravity gradient (Grauch and Keller, 2004). More recent
modeling suggests low-density sediment thicknesses of ~1.2
km in Sunshine Valley (Ruleman et al., 2013), < 1 km near
the western edge of the Questa caldera (Bauer et al., 2015;
Grauch et al., 2015), and ~1.8 km a short distance northwest
of Taos (Grauch et al., 2017). In the vicinity of the southern
Sangre de Cristo fault zone-Embudo fault zone transition,
the modeled thickest part of the basin lies 57 km west of
the southern Sangre de Cristo Mountains fault zone (Grauch
etal., 2017). At Sunshine Valley and near Questa, the thick-
est sediment accumulations are interpreted to lie directly
adjacent to the range front fault zone. The different pattern
in the Taos embayment was interpreted as evidence of a post
6 Ma southeastward shift of the southern Sangre de Cristo
fault zone to its present position; prior to 6 Ma the master
faults of the Taos subbasin were located 5-10 km basinward
of the present-day range front (Grauch et al., 2017).

Other parts of the southern San Luis Basin have histori-
cally received less attention, particularly those along the west-
ern basin margins. A gravity low in the area of Tres Orejas
mountain (Grauch and Keller, 2004) was interpreted to reflect
a 2- to 2.5-km-thick accumulation of low-density sediments
(Keller et al., 1984). The gravity low may be caused by a rift-
related subbasin, by a pre-rift Tertiary basin, or by a north-
western prong of the Paleozoic Taos trough (Baltz and Myers,
1999; Grauch and Keller, 2004). The latter scenario would
require that significant thicknesses of Paleozoic sediments
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Figure 4. Isostatic residual gravity anomalies, interpolated onto a 1-km grid. Warm colors indicate higher densities (highs);
cool colors indicate lower densities (lows). Red dots are gravity station locations. Selected linework from Figure 3 shown
for spatial reference. Locations of profile models shown. Hachured pattern indicates areas where pre-rift rocks crop out.
Dashed red line indicates Olla-King gravity gradient of Grauch and Keller (2004).
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Tectonic evolution of the southern San Luis Basin, New Mexico

accumulated west of the Picuris-Pecos fault zone (Grauch and
Keller, 2004). Other gravity lows in the northeastern Tusas
Mountains have been attributed to the Broke Off Mountain
subbasin of Drenth et al. (2011), currently regarded as the
southern part of the rift-transitional Las Mesitas graben
(Turner et al,, in press). Preliminary gravity modeling yielded
an estimated thickness of > 900 m of Los Pinos Formation,
and the subbasin boundaries were interpreted to be largely
fault controlled (Drenth et al., 2011, 2013).

The southwestern margin of the southern San Luis
Basin is formed by a largely buried northwest-trending struc-
tural high that produces a gravity high (Fig. 4) and separates
the San Luis Basin from the Espanola Basin to the southwest
(Cordell, 1978; Kelley, 1978; Cordell, 1979; Keller et al.,
1984; Grauch and Keller, 2004; Koning et al., 2004; Koning
et al., 2016). Proterozoic rocks crop out at Cerro Azul, the
only surface expression of the structural high. Major basin-
bounding faults in this area are not exposed, likely concealed
by Servilleta Basalt (Koning et al., 2004).

GEOPHYSICAL DATA AND METHODS

Geophysical analysis for this study is based primarily
upon quantitative, 3D modeling of gravity data, although
magnetotelluric and aeromagnetic data also provide impor-
tant perspectives on the interpretations of basin geometry
and evolution.

Gravity Data

Gravity anomalies reflect lateral variations of density.
Gravity highs occur over regions of relatively high densi-
ties, such as mountains composed of crystalline basement,
and places where low-density sediments are thin or absent.
Gravity lows occur over large volumes of low-density mate-
rials, such as unconsolidated sediments. Generally large
density contrasts between low-density riftfilling sediments
(such as the Santa Fe Group) and older rocks (Table 1) make
gravity data useful for defining the configuration of basins
within the Rio Grande rift (e.g., Cordell, 1978; Keller et al.,
1984; Grauch and Connell, 2013).

Regional quality (1-5 km station spacing) gravity data
were extracted from the PACES gravity database maintained
by the University of Texas at El Paso (Pan-American Center
for Earch and Environmental Studies, 2006) and supple-
mented with the acquisition of about 600 new gravity sta-
tions in the southern San Luis Basin from 2006 through
2015 (Drenth, 2016). Standard techniques (e.g., Blakely,
1995) and a density of 2,670 kg/m® (Hinze, 2003) were used
to process the data to complete Bouguer anomalies. Isostatic
residual gravity anomalies, representing density variations
within the upper crust (Simpson et al., 1986), were calcu-
lated using the isostatic regional model of Heywood (1992).
The results are interpolated on a 1-km grid (Fig. 4).

3D Gravity Modeling

A previous 3D gravity model of the San Luis Basin
(Keller et al., 1984) facilitated mapping of major tectonic ele-
ments and thickness of the Santa Fe Group. That work, how-
ever, assumed a single density contrast (350 kg/m?) between
the Santa Fe Group and older rocks, and had limited data in
several key areas where new data have since been acquired.

We use a more sophisticated approach to determine
basin geometry: a 3D inverse method that separates the esti-
mated gravitational field of low-density, largely rift-related
sediments from the estimated field due to older, denser rocks
(Table 1) (Jachens and Moring, 1990; Blakely and Jachens,
1991; Blakely, 1995; Grauch and Connell, 2013). To accom-
plish this separation, the method adheres to independent
constraints on geology and basin-fill thickness, and incor-
porates a user-defined density-depth function to invert the
estimated field due to low-density basin fill for thickness.
The depths computed in this fashion are based on densities
(2,170 kg/m? above a depth of 1.25 km; 2,350 kg/m? below
a depth of 1.25 km) relative to an assumed background
value of 2,670 kg/m?. The density-depth function used for
the inversion is based on density logs for similar rife-fill sedi-
ment in the Albuquerque Basin (Grauch and Connell, 2013).
Boreholes in the southern San Luis Basin lack similar density
logs, but based on their similar geologic settings we assume
that the Albuquerque Basin densities are valid in the south-
ern San Luis Basin.

Important advantages of this 3D inversion method are
that it (1) honors geologic map constraints, including loca-
tions of exposed pre-rift rocks at basin boundaries and inside
the basin; (2) honors constraints from the few drill holes that
reach pre-rift rocks; (3) allows the density of pre-rift rocks
to vary, by varying the estimated field due to pre-rift rocks
as needed to satisfy independent geologic constraints; and
(4) accommodates basin geometries in 3D. This method,
however, has some important limitations as well: (1) abrupt
thickness variations at basin and subbasin boundaries are
smoothed; (2) thicknesses may be underestimated in areas
where basalts are present in a basin; and (3) gravity data cov-
erage is insufficient at most of the large volcanoes (Fig. 4) to
locally interpret major basin and subbasin boundaries. The
inversion is based on a grid with 1-km grid cell resolution,
and abrupt thickness variations across basin- and subbasin-
bounding structures, such as normal faults, appear as sloping
surfaces. Major structural boundaries are easily identifiable,
but characteristics such as their dip and presence of single or
multiple faults are not resolvable in the inversion results.

The presence of basalt causes thickness to be underes-
timated because the basalts are significantly denser than the
surrounding sediments in the basin, reducing the amplitudes
of gravity lows. For example, the underestimate of low-den-
sity basin-fill thickness may exceed 100 m for an area with a
200-m thickness of interbedded basalt (the expected worst-
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Table 1 (p. 56-57). Geophysical properties of geologic units in the study area.

Unit Density Density Estimated Resistivity reference
(kg/m3) reference resistivity range
(ohm-m)
Tif at 2,450 Grauch et al., Assumed 50-500 N/A
Guadalupe 2015 (dry)
Mountain
Servilleta ~2,670 Proprietary Assumed 20-500 N/A
Basalt (Tsb) sonic log near (dry)
Taos; Ruleman
etal., 2013
Santa Fe 2,170 Grauch and Assumed 2-50 Rodriguez and
Group (Tsf) Connell, 2013 (wet) Sawyer, 2013
and Los Pinos
Formation
(TIp), upper
1.25 km depth
Santa Fe 2,350 Grauch and Assumed 2-50 Rodriguez and
Group (Tsf) Connell, 2013 (wet) Sawyer, 2013
and Los Pinos
Formation
(Tlp), 1.25—
2.75 km depth
Hinsdale 2,625 Grauch and Assumed similar N/A
Formation Drenth, 2016 to Servilleta Basalt
(assumed
massive basalt)
(Thb)
Picuris 2,250 Grauch et al., Assumed similar N/A
Formation (Tp) 2017 to Santa Fe Group

case scenario). Attempts to model the gravitational effect of
the basalts and remove that effect prior to the inversion led to
even greater uncertainties, mainly because the distribution
of basalt at depth in the basin is not well known due to a lack
of adequate boreholes.

Results from the 3D gravity inversion include an esti-
mated gravity map due to effects of pre-rift rocks (Fig. 5),
estimated thickness distribution of low-density basin fill
(Fig. 5), and estimated structural elevation on the base of the
low-density basin fill (Fig. 6) computed by subtracting the
thickness distribution from a smoothed version of the sur-
face topography. Constraints on the depth to the bottom of
the low-density basin fill for the inversion (Fig. 5) come from

mapped locations of older rocks (places where the low-den-
sity basin-fill thickness is zero and gravity stations directly
sample the effects of pre-rift rocks) (Manley, 1982b; Manley
and Wobus, 1982a, b; Wobus and Manley, 1982; Thompson
and Schilling, 1988; Anderson and Jones, 1994; Green and
Jones, 1997).

The estimated thickness distribution of low-density
basin fill is only an approximation of the thickness of syn-
rift units, because certain pre-rift and transitional units have
similar densities to the Santa Fe Group (Table 1). Strictly
speaking, the estimated thickness of low-density basin fill
represents the combined thickness of the transitional Picuris
Formation, Los Pinos Formation, and Amalia Tuff, in addi-
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Table 1 (continued). Geophysical properties of geologic units in the study area.

Unit Density Density Estimated Resistivity reference
(kg/m3) reference resistivity range
(ohm-m)
Tuffs of San Assumed Drenth et al., unknown N/A
Juan volcanic ~2,000-2,300 2012, and
locus and references
Amalia Tuff therein
(Tsj & Tvl,
respectively)
Paleozoic 2,540 Grauch and 2-23 (wet) Rodriguez and
clastic rocks Drenth, 2016; Sawyer, 2013
(Pz) Grauch et al.,
2017
Paleozoic 2,670 Grauch and 25-41 Rodriguez and
limestones (Pz) Drenth, 2016; Sawyer, 2013
Grauch et al.,
2017
Granitic rocks 2,600 Grauch and > 600 Rodriguez and
(X9)
Drenth, 2016 Sawyer, 2013
Hondo Group 2,690 Grauch and Assumed 50-500 N/A
(Xh)
Drenth, 2016 (dry)
Vadito Group 2,700 Grauch and Assumed 50-500 N/A
(Xv)
Drenth, 2016 (dry)
Mafic ~2,900 Grauch and Assumed ~100 N/A
complexes
(Xm) Drenth, 2016; and greater
Grauch et al.,
2017

tion to the volumetrically dominant Santa Fe Group itself.
Additional complications may arise from the undetected
presence of tuffs from the San Juan volcanic locus (low
density, but presumed small thickness) and/or the El Rito
Formation (unknown density and unknown thickness). For
those reasons, the gravity inversion may overestimate the
thickness of the syn-rift sediments. This overestimate of syn-
rift thickness is likely balanced to some extent by the under-
estimate due to the effects of intrabasin basalt, although the
paucity of subsurface geologic constraints makes the degree
of any balancing impossible to estimate quantitatively.

The 3D inversion results have additional uncertain-
ties. A major source of uncertainty is the lack of independent
constraints (i.e., outcrops of pre-rift rocks, and boreholes
that reach the base of the low-density basin fill) on thick-
ness across large areas (Fig. 5). The 3D modeling results are
most reliable near areas with intrabasin constraints, and
areas near the basin margins where the gravitational effects
of pre-rift rocks are relatively well constrained. Another
possible source of uncertainty is that the densities assumed
valid for the low-density basin fill may be inaccurate in
some places. In the context of the 3D model results, these
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issues are manifested as quantitative uncertainty on the esti-
mated thickness of the low-density basin fill. In places lack-
ing independent constraints, that total uncertainty could
be in the small hundreds of meters, locally approaching the
total estimated thickness of low-density basin fill in thinner
parts of the basin. However, the interpreted geometry of the
basin, meaning the presence of subbasins and major bound-
ing structures, is considered qualitatively robust despite the
quantitative ambiguities.

2D Gravity Modeling

A series of 2D models (Figs. 7-10) illustrate several
details of the 3D interpretation in cross-section form. The
estimated gravitational effects of low-density basin fill (not
shown in map form) are modeled to illustrate the interpreted
basin geometry in relation to pre-rift rocks, basin- and sub-
basin-bounding structures, and other geophysical interpreta-
tions (introduced below). The estimated gravitational effects
of pre-rift rocks are not modeled beyond the 3D approach
described above. The detailed extent of sediments interbed-
ded with basalts cannot be shown at the regional scale of this
modeling. Instead, the thickness of basalt indicated by the
models is consistent with the total thickness of basalt mea-
sured in borehole logs in places where such constraints exist.

Magnetotelluric Data and Methods

Electromagnetic geophysical methods detect varia-
tions in the electrical properties of rocks, in particular elec-
trical resistivity or its inverse, electrical conductivity. In the
upper crust, the electrical resistivity of geologic units largely
depends on their fluid content, porosity, fracture density,
temperature, and state of alteration, as well as the pres-
ence of conductive minerals, such as clay, graphitic carbon,
and metallic minerals (e.g., Keller and Frischknecht, 1966;
Hearst and Nelson, 1985; Keller, 1987; Palacky, 1987;
Nelson and Anderson, 1992; Hallenburg, 1998; Hearst et
al., 2000). Fresh-water-saturated, unconsolidated, terrestrial,
alluvial sediments are commonly conductive to moderately
conductive (2-70 ohm-m). Sediments containing conglom-
erate and coarse, clean sand possess higher electrical resis-
tivities (tens of ohm-m, e.g., Deszcz-Pan et al., 2000); silty
sand and siltstone have lower values of resistivity (less than
10 ohm-m), and clay-rich rocks commonly have even lower
resistivities. Unaltered, little fractured igneous rocks and
metamorphic rocks are normally highly resistive and typi-
cally possess resistivity values of a few hundred to thousands
of ohm-m.

The magnetotelluric (MT) method is a passive, ground-
based electromagnetic geophysical technique that investi-
gates the distribution of electrical resistivity below the sur-
face at depths of tens of meters to tens of kilometers (Vozoff,
1991). It does so by measuring Earth’s natural electric and

magnetic fields, with worldwide lightning activity and geo-
magnetic micropulsations providing the energy and main
frequency bands. The MT method has been used success-
fully to help define basin geometry in the Albuquerque and
Espafiola basins (e.g., Rodriguez and Sawyer, 2013).

Thirty-five MT soundings along three profiles were
acquired between 2009 and 2011 in the study area (Fig. 6)
(Ailes and Rodriguez, 2010, 2015). The data are inverted
for resistivity structure using unconstrained 2D inversions
that correspond roughly in location to parts of three of the
2D gravity models (Figs. 7-10). Given significant ambigui-
ties involved in both methods, the gravity modeling was not
used to constrain the MT modeling, nor was the MT mod-
eling used to constrain the gravity modeling. Thus, the MT
models are independent of the 3D gravity model. Estimated
resistivity values used for interpretations in the southern
San Luis Basin are listed in Table 1. Further details of the
MT method, data collection, data processing, and inversion
methodology are given in Appendix 1 (also see Ailes and
Rodriguez, 2010, 2015).

Magnetic Data and Methods

Magpnetic anomalies reflect spatial variations of total mag-
netization, the vector sum of induced and remanent magneti-
zations (e.g., Blakely, 1995; Hinze et al., 2013). Induced mag-
netization is proportional to magnetic susceptibility and has
the same direction as the present-day ambient field. Remanent
magnetization, a long-lived property, may be directed in a dif-
ferent direction than the induced magnetization. Volcanic
rocks normally carry large-magnitude components of rema-
nent magnetization (e.g., Reynolds et al., 1990; Clark, 1997).
The magnetizations of unconsolidated sediments and sedi-
mentary rocks are usually much lower than those of volcanic
and intrusive rocks. In this region, volcanic rocks, such as the
Servilleta Basalt (e.g., Brown et al., 1993), are the dominant
sources of large-amplitude magnetic anomalies.

Total-field acromagnetic data used in part of this study
area were acquired by three high-resolution (200-400 m
flight line spacing, 100—150 m above the ground) surveys
acquired during 2003-2005 (Bankey et al., 2004, 2005,
20006). The data were analytically continued to a surface 100
m above the ground and merged with existing data (Kucks
etal., 2001) to create an aecromagnetic map of the study area.
A reduction-to-pole transformation—a standard geophysical
technique to center anomalies over their sources (Baranov
and Naudy, 1964; Blakely, 1995)—was applied to the aero-
magnetic data using the ambient field inclination of 64
degrees and declination of 10 degrees (our Figs. 6 and 11A).

Aeromagnetic data are not included in the 2D modeling
(Figs. 7-10) because the acromagnetic anomalies are domi-
nated by the under-constrained effects of the distribution
and physical properties of the Servilleta Basalt. These include
the thickness and total magnetization intensity of individ-
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Figure 5. 3D gravity inversion constraints and results. Colors represent estimated gravitational effect of pre-rift rocks.
Hachured areas indicate pre-rift rocks, both exterior and interior to the basin. Red dots are gravity stations located on pre-
rift rocks. Blue dots are wells that penetrate pre-rift rocks. Gray contours are estimated thickness of low-density basin fill,
200-m contour interval. Selected linework from Figure 3 shown for spatial reference. Locations of profile models shown.
Dashed red line indicates Olla-King gravity gradient of Grauch and Keller (2004).
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Figure 6. Estimated structural elevation at the base of basin fill, computed by subtracting the estimated low-density basin-
fill thickness from the surface elevation. Hachured areas indicate exposed pre-rift rocks, both exterior and interior to the
basin. Gray contours are estimated thickness of low-density basin fill, 200-m contour interval. Dotted orange line indicates
the location of the Gorge fault zone as interpreted in this study. Dashed red line indicates Olla-King gravity gradient of
Grauch and Keller (2004). Locations of the 35 magnetotelluric (MT) soundings shown by red triangles. Selected linework
from Figure 3 shown for spatial reference. Locations of profile models shown. Yellow rectangle shows area of Figure 11.
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ual flows, differences in remanent magnetization polarity
between different stacked flows, and the numbers of stacked
flows in different places. Quantitative modeling of the aero-
magnetic data is highly sensitive to changes in any of those
largely unconstrained details. The acromagnetic data can be
fit in the 2D profile modeling by choosing as few as one of
those variables to adjust, but that approach would be arbitrary
and would not lead to geologically meaningful conclusions.
Instead, joint gravity and aeromagnetic models are presented
for selected locations where the acromagnetic data help estab-
lish concepts related to basin formation (Figs. 11 and 12).

INTERPRETATIONS

The major conclusion is that the southern San Luis
Basin is strongly compartmentalized and contains a series

of subbasins that are separated from each other by major
structural highs and fault zones (Fig. 6). The eastern basin
margin is well defined by the southern Sangre de Cristo
fault zone, consistent with previous models; however, sev-
eral other major tectonic elements are shown differently than
in previous models. Subbasins and major grabens are here
identified by gravity lows that are interpreted to be caused by
accumulations of low-density basin fill estimated at least 200
m thick. Where available, the MT inversions help define
subbasins by showing areas interpreted to contain con-
ductive (2-50 ohm-m) basin fill. Subbasin boundaries are
interpreted in places where the estimated thickness of low-
density and conductive basin fill changes rapidly over short
distances. Structural highs are interpreted in places with
relatively thin to nonexistent cover of low-density basin fill
(estimated thicknesses < 200 in 3D gravity model).
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Las Mesitas Graben

The structural low formerly called the Broke Off
Mountain subbasin (Drenth et al., 2011) is now under-
stood to be a southern portion of the Las Mesitas graben of
Turner et al. (in press) in the northwestern part of the study
area (Fig. 6). It contains a significant thickness of the Los
Pinos Formation, locally capped by ~26 Ma basalts of the
Hinsdale Formation (Turner et al., 2018, in press), and is
thus regarded as a feature that predates syn-rift formation of
the broader southern San Luis Basin.

The Las Mesitas graben is modeled as having up to a
~400 m thickness of Los Pinos Formation in the Broke Off
Mountain area, a result consistent with both gravity and MT
models (Figs. 6 and 7), and an exposed thickness of ~350 m
(Manley, 1982b). This estimate is considered more reliable than
an earlier thickness estimate of > 900 m (Drenth et al., 2011),

due to an improved understanding of the surface geology in
the area (Turner et al., 2018) and the associated constraints
placed on the 3D gravity model. The new estimate is also con-
sistent with the independent MT modeling, and is considered
to be a more geologically realistic thickness estimate for the Los
Pinos Formation. It is possible that other geologic units, such as
volcanic rocks of the San Juan volcanic locus and the El Rito
Formation, are present within the Broke Off Mountain sub-
basin (Drenth et al., 2011). The similarity of the ~400-m thick-
ness estimate to the exposed Los Pinos Formation thickness
(-350 m) suggests that older geologic units are either volumetri-
cally minor within the graben, or that they underlie the graben
as it is expressed in the 3D gravity model.

Based on geologic mapping and stratigraphic stud-
ies (Turner et al., 2018., in press) and modeled low-density
basin-fill chicknesses that locally reach 200 m or greater
(this study), the Las Mesitas graben extends northward into
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southern Colorado, where it deepens to ~1 km (Drenth et
al., 2013). The subbasin extends approximately 30 km to the
southeast of Broke Off Mountain as a series of shallow struc-
tural lows (mainly < 200 m thick), where it ends at a struc-
tural high separating it from the Tres Orejas subbasin (Fig.
6). The exposure of rocks of the Latir volcanic locus at the
structural high (Figs. 3 and 6) suggests that pre-rift rocks are
locally close to the surface. The structural high also connects
with Proterozoic granite that crops out near the community
of Tres Piedras (Figs. 3 and 6).

The structural margins of the Las Mesitas graben are dif-
ficult to interpret, due to generally poor exposures of faults
and lack of data on timing of slip (Drenth et al., 2011), the
coarse resolution of the gravity data and modeling, and ambi-
guities in the interpretation of acromagnetic lineaments over
the basalts of the Hinsdale Formation (Drenth et al., 2011).
Several acromagnetic lineaments may correspond with faults
that controlled the subbasin geometry (Drenth et al., 2011).

Tres Piedras Platform and Brushy-Timber Mountain
Horst

The 3D gravity model images the Tres Piedras platform
as a large area with thin to nonexistent (< 200 m) accumu-

lations of low-density basin fill, and the Servilleta Basalt
may lie directly on pre-rift rocks over most of this area (Figs.
6-8, 10). The 3D gravity model shows a small thickness
(-200 m) of low-density basin fill between the Brushy and
Timber mountains, but this is likely an artifact of a gravity
low produced by Cerro Montoso that has no relationship
to sedimentary basin fill. The structurally high platform,
previously called the Taos Plateau structural high (Drenth
etal., 2013), extends into southern Colorado where pre-rift
rocks are exposed in the San Luis Hills (Thompson et al.,
1986, 1991; Drenth et al., 2013) and likely connects to the
Alamosa horst in the subsurface in the northern San Luis
Basin (Brister and Gries, 1994; Kluth and Schaftenaar,
1994). The eastern margin crudely follows the Rio Grande
corridor and Gorge fault zone (discussed below). The pre-
rift volcanic rocks at the Brushy and Timber mountains
are interpreted to form a southeastern extension of the Tres
Piedras platform that separates the Tres Orejas subbasin on
the west from the Taos and Questa subbasins on the east.
The extent of the Tres Piedras platform and Brushy-Timber
mountains horst interpreted here is significantly larger than
an area modeled by Keller et al. (1984), and more closely
matches the model of Lipman and Mehnert (1979) in that
the platform has a small thickness (< 200 m) of basin fill.
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basin fill for an assumed density of 2,350 kg/m? (see text).

Dense, pre-rift rocks are interpreted to underlie most
of the Tres Piedras platform, apart from the Brushy-Timber
mountains’ horst area (Fig. 5). Gravity highs due to pre-rift
rocks extend west to exposures of Proterozoic rocks in the
Tusas Mountains, where the Moppin Complex includes
anomalously dense mafic rocks (Table 1) that produce a
gravity high (Figs. 2 and 4). No other pre-rift rock units are
known to have similarly high densities (Grauch and Drenth,
2016). Dense, mafic Proterozoic rocks, perhaps related to
or similar to the Moppin Complex, are thus interpreted to
extend in the subsurface northeast of the Tusas Mountains
and far to the north, across the Colorado border and well
into the central San Luis Basin (Drenth et al., 2013). The
Olla-King gravity gradient of Grauch and Keller (2004) is
interpreted to represent a pre-rift density boundary, the east-
ern edge of the dense Moppin Complex-like rocks, and not
a major basin- or subbasin-bounding structure (Figs. 4-6).

Alternatively, the dense pre-rift rocks may be related to
other events. For example, they may represent mafic roots of
SRMVF magmatism.

MT modeling shows different aspects of the subsurface
of the Tres Piedras platform than does the gravity model-
ing. The Servilleta Basalt is imaged as a resistor (100-500
ohm-m) reaching a thickness of as much as ~300 m (Figs.
7 and 8), a result consistent with limited deep drilling in
the area. However, significantly conductive (5-50 ohm-m)
rocks are imaged at greater depths, reaching depths that may
exceed 1 km (Figs. 7 and 8). The conductive rocks are inter-
preted as lying within the pre-rift section, due to their mod-
eled extent beneath resistive pre-rift volcanic rocks at Brushy
Mountain (Fig. 8 and Appendix 1). The geologic source of
the conductive rocks is unknown, as the low resistivities are
atypical for pre-rift rocks. Possible explanations for conduc-
tive material contained within pre-rift rocks include a sedi-
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mentary basin (Proterozoic, Paleozoic, or Mesozoic), a large
volume of hydrothermally altered rocks of unknown age, or
brines. The basin explanation is consistent with an interpre-
tation for conductive pre-rift rocks that underlie the San Luis
Hills, a short distance north of the Colorado border (Drenth
etal., 2013). Alternatively, a hydrothermal alteration expla-
nation is supported by a previous study in the nearby Latir
volcanic locus where altered volcanic rocks display low resis-
tivities and have a similar estimated thickness in the Sangre
de Cristo Mountains (Long, 1985). Water wells in the Taos
Plateau do not provide evidence for brines (Johnson and
Bauer, 2012), but the presence of brines at greater depths
than penetrated by wells is possible.

Tres Orejas Subbasin

The Tres Orejas subbasin is imaged as a crudely south
plunging structural low between the southeastern Tusas
Mountains on the west, the Brushy-Timber mountains’
horst and Taos subbasin on the east, and the Cerro Azul
basement high and Embudo fault zone on the south (Fig.
6). The thickness is estimated from the 3D gravity inver-
sion to increase from north to south, with a maximum thick-
ness approaching 1 km near the Embudo fault zone (Figs. 6,
8-10). This estimate is thinner than a previous maximum
thickness estimate of > 2 km (Keller et al., 1984).

The independent gravity and MT models differ signifi-
cantly in thickness estimates for the Tres Orejas subbasin.
Relatively low resistivities (5-20 ohm-m) modeled from the
MT data, which are elsewhere consistent with low-density
basin fill, extend to depths greater than 1 km for much of the
subbasin, with the southern area approaching a thickness of
perhaps -2 km (Fig. 10, note area between station 29 and the
Picuris Mountains). The 3D gravity model has no intraba-
sin constraints over the entire area of the subbasin, and the
misfit may be due to that lack of independent control alone.
An alternate possibility is that the densities used to model
the subbasin are incorrect. For example, the subbasin may
contain a significant thickness of Paleozoic and/or pre-rift
Tertiary sedimentary rocks, a hypothesis raised by previ-
ous workers (Baltz and Myers, 1999; Grauch and Keller,
2004). If present, these pre-rift rocks would not be properly
accounted for in the 3D gravity modeling because they have
higher densities (2,540 kg/m? for Paleozoic clastic rocks;
2,420 kg/m? (Grauch and Connell, 2013) for Oligocene sed-
iments) than the low-density basin fill, and their higher den-
sities would be consistent with a thicker subbasin. Such pre-
rift rocks may also be relatively conductive. The 3D gravity
model was tested with these higher densities, appropriate for
Paleozoic or Oligocene rocks, to see if the resulting increased
subbasin thickness matched the maximum ~2 km subbasin
thickness estimated from the MT modeling. In each case,
the results (not shown) indicate a subbasin with a thickness
much greater than 2 km, indicating that the Tres Orejas sub-

basin cannot be entirely explained as a Paleozoic or pre-rift
Tertiary feature. However, modeling the subbasin thick-
ness with a density of 2,350 kg/m?® provides a good fit to the
MT-derived thickness estimate. This density is consistent
with Miocene (i.e., relatively early syn-rift) basin-fill sedi-
ments elsewhere in northern New Mexico (e.g., Grauch et
al., 2009; Grauch and Connell, 2013). While the presence
of some Paleozoic and pre-rift Tertiary rocks underlying the
low-density basin fill cannot be ruled out, this modeling
result suggests that the Tres Orejas subbasin is mainly filled
with Miocene sediments, and that its true thickness is closer
to the MT-derived estimate than to the thickness estimated
in the 3D gravity model (Figs. 6 and 10).

Other observations along the southern margin of the
Tres Orejas subbasin are consistent with a largely Miocene
age. Deepening of the subbasin toward the Embudo fault
zone, which initially formed during the Miocene, sug-
gests that the fault zone was active during subbasin for-
mation. Further, the thickest accumulation of low-density
basin fill is modeled to lie ~7 km northward of the current
trace of the Embudo fault zone (Fig. 10), suggesting that
most of the subbasin formed prior to the late Miocene to
Pleistocene southeastward shift (Grauch et al., 2017) of the
fault zone. As with previous models of the southern San Luis
Basin, the 3D gravity model supports that the southwestern
margin is formed by the structural high extending north-
west and southeast from Cerro Azul. Faults that controlled
this margin are not exposed and are presumably covered by
the largely Pliocene Servilleta Basalt (Koning et al., 2004),
indicating that the margin had largely developed its present
geometry by the end of the Pliocene, perhaps even by the end
of the Miocene.

The details of other structural margins of the Tres
Orejas subbasin are more difficult to interpret, due to gen-
erally poor exposures of faults and lack of data on timing of
slip, the rather coarse resolution of the gravity data and mod-
eling, and ambiguities in the interpretation of acromagnetic
lineaments (not shown) over the Servilleta Basalt. There is
little evidence from geologic mapping for major basinward-
stepping normal faults that control the northern and western
subbasin margins (e.g., Koning et al., 2007; Aby, 2008; Aby
etal., 2010). The western margin of the subbasin is aligned
with the southward projection of the Olla-King gravity gra-
dient and may also correspond in location and northward
strike of the Tusas-Picuris fault zone, a concealed, pre-rift
fault zone hypothesized from regional geophysical data, but
not confirmed to exist (Karlstrom and Daniel, 1993; Daniel
etal., 1995; Cather et al., 2006). This raises the possibility
that a pre-rift structure was reactivated as an east-down fault
zone during subbasin formation. The southeast margin of
the Tres Orejas subbasin is difficult to distinguish (see Fig.
9) from the Taos subbasin (introduced below), suggesting
that the Taos subbasin is partly superimposed on that por-
tion of the Tres Orejas subbasin.
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Gorge Fault Zone

The eastern margins of the Tres Piedras platform and
Brushy-Timber mountains’ horst are formed by the Gorge
fault zone, an east-down structural boundary that crudely
follows the course of the modern Rio Grande for ~30 km
(Figs. 6-9, 11). East of this boundary, a series of north—south
trending subbasins are mainly controlled by the southern
Sangre de Cristo fault zone. The Gorge fault zone is inter-
preted as an east-down set of structures that is mainly consis-
tent with the location hypothesized by several previous work-
ers along various parts of its length (Cordell, 1978; Lipman
and Mehnert, 1979; Cordell and Keller, 1984; Keller et al.,
1984; Cordell et al., 1985; Bauer and Kelson, 2004; Grauch
and Keller, 2004; Ruleman et al., 2013; Thompson et al., in
press). A new interpretation is that the northern part of this
fault zone extends ~6 km east of the Rio Grande at the struc-
tural high separating the Questa and Sunshine Valley subba-
sins (also see Thompson et al., in press). The north end of the
fault zone matches the location and trend of the east-down
Quaternary Sunshine Valley fault (Figs. 6 and 11), suggest-
ing that the latter is a relatively young expression of defor-
mation along the broader Gorge fault trend. On its south
end, displacement on the Gorge fault zone appears to die out
along the southeastern margin of the Brushy-Timber moun-
tains’ horst.

The Gorge fault zone forms parts of the western mar-
gins of the Sunshine Valley, Questa, and Taos subbasins,
indicating that, along with the southern Sangre de Cristo
fault zone, it partly controlled formation of the subbasins.
However, whereas small fault scarps are locally observed
(Ruleman et al., 2013), there are no major offsets (i.e., large
enough to be reflected in the 3D gravity model) of the
Pliocene Taos Plateau volcanic field rocks along the length
of the Gorge fault zone. This indicates that it ceased to be
a major rift subbasin-forming structure by the end of the
Pliocene, with the exception of the Quaternary slip along the
Sunshine Valley fault (see below).

The MT modeling indicates a relatively narrow, verti-
cally extensive conductive zone under the gravity-defined
Gorge fault zone on profile B-B’ (Fig. 8). This electrical sig-
nature is notably different than that for surrounding pre-rift
rocks and may be explained by anomalous physical prop-
erties caused by altered rocks within the fault zone itself.
Alternatively, the MT data may be imaging alteration more
directly related to volcanic rocks of the Taos Plateau volca-
nic field, including Guadalupe Mountain, or perhaps the
conductive material is related to that imaged under the Tres
Piedras platform interpreted to be within pre-rift rocks.

Local Aeromagnetic Expression of Volcanic Rocks

The Taos Plateau volcanic field is dominated volumetri-
cally and spatially by the Servilleta Basalt, the source of the

“busy” short wavelength acromagnetic anomaly patterns
(Fig. 11A-B) relevant to understanding certain aspects of
subbasin structure. This interpretation is supported by (1)
exposures of the Servilleta Basalt in comparison to acromag-
netic anomalies; (2) its strong magnetization (Brown et al.,
1993; Grauch et al., 2017); and (3) its presence and absence
in shallow wells that match differences in acromagnetic pat-
terns (Grauch and Keller, 2004; Grauch et al., 2017). Based
on comparisons to topographic features and paleomagnetic
measurements, areas with generally positive anomalies over
the Servilleta Basalt are interpreted (Grauch et al., 2017) to
reflect a stack of basalt flows with an overall normal rema-
nent magnetic polarity (i.e., reverse polarity flows may be
present, but their effects are outweighed by normal polar-
ity flows). Areas with generally negative anomalies are inter-
preted to reflect a stack of flows with overall reverse polarity.
Areas of smooth acromagnetic anomalies are interpreted as
places where the Servilleta Basalt is either absent or buried
deeply.

Large dacitic volcanic domes and andesitic shield vol-
canoes produce large acromagnetic anomalies (Fig. 11A-B)
that are dominated by the effects of remanent magnetization
polarity. The combination of strong remanent magnetiza-
tions and high topography allows straightforward interpre-
tations of magnetic polarity to be made (Grauch and Keller,
2004). For example, Ute Mountain and Cerro Negro pro-
duce strong negative acromagnetic anomalies (Fig. 11A-B),
meaning that those volcanoes must carry mainly reverse
polarity. Guadalupe Mountain has masses of both normal
(in the south) and reverse (in the north) polarity rocks, indi-
cating that it formed in two episodes that spanned at least
one shift in magnetic polarity (Bauer et al., 2015; Grauch et
al., 2015; Thompson et al., in press).

Sunshine Valley Subbasin

The Sunshine Valley subbasin is imaged as a structural
depression that widens from -5 km at its southern boundary
to ~20 km at the Colorado border (Figs. 1 and 6). North of
the state border (not shown), the structural depression con-
tinues to widen, and the Sunshine Valley subbasin is consid-
ered to be continuous with the (informally named) Costilla
Plains structural depression of Drenth et al. (2013) (also
see Ruleman et al., 2013). Interpreted thicknesses in New
Mexico are as much as 1.2 km based on both gravity and
MT models (Figs. 6 and 7). This maximum thickness is sig-
nificantly less than the -3 km previously estimated (Keller et
al., 1984). The dominant subbasin-forming structure is the
southern Sangre de Cristo fault zone at the eastern margin,
as indicated by the location of the greatest thickness of low-
density basin fill and greatest structural offset of pre-rift
rocks (Figs. 6 and 7).

The western subbasin margin is expressed as a set of
structures with much less structural relief than the eastern
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margin, perhaps a hinge zone for an eastward-thickening
half graben, or resulting from a structural displacement that
is distributed over a broad fault zone (Fig. 7). The western
part of the subbasin is covered by rocks of the Servilleta
Basalt, indicating that major tectonic activity (i.e., enough
to be resolvable in the gravity model) has not occurred along
the western margin since the end of the Pliocene.

The Sunshine Valley fault has focused post-Pliocene
subsidence in the eastern portion of the subbasin. The east-
down Quaternary Sunshine Valley fault is known from
water well data to offset the Servilleta Basalt within the sub-
basin (Fig. 7) (Winograd, 1959; Ruleman et al., 2013), form-
ing a relatively narrow (-6 km) north-striking zone of maxi-
mum overall subsidence that resembles an elongate graben
in map view (Figs. 6 and 11A-B). This is well expressed in
aeromagnetic data that show an abrupt change in anomaly
patterns at the Sunshine Valley fault (Fig. 11A). To the west,
the busy pattern is consistent with the Servilleta Basalt lying
at or near the surface. To the east, the smoother pattern indi-
cates a much greater depth to magnetic rocks. Estimates of
depth to magnetic anomaly sources (not shown) indicate
~400 m or more of east-down offset of the Servilleta Basalt
by the Sunshine Valley fault. A simple magnetic model dem-
onstrates that the acromagnetic lineament associated with
the Sunshine Valley fault can be explained by reversely mag-
netized Servilleta Basalt offset along an east-down fault, with
a moderately magnetic basement of pre-rift rocks making a
small contribution (E-E’, Fig. 12).

Questa Subbasin

The Questa subbasin is imaged as a relatively small
(-9-km diameter), subcircular-shaped structural low
between the Rio Grande and southern Sangre de Cristo
fault zone. It is estimated to have a maximum thickness of
about 800 m of low-density basin fill, a result that both the
3D gravity model and MT modeling (Figs. 5, 6, and 8) inde-
pendently support. This thickness estimate is much thin-
ner than the ~-3.5—4 km previously estimated (Keller et al.,
1984), mainly a result of the 3D gravity modeling approach
used here, which found low-density pre-rift rocks in the area
of the subbasin. In other words, a significant portion of the
gravity low over the subbasin is interpreted to be caused by
the low-density pre-rift rocks, meaning that less of the grav-
ity low is interpreted to be due to low-density basin fill.

The low-density rocks of the Latir volcanic locus,
including the interpreted felsic batholith (Cordell et al.,
1985), provide an explanation for the low-density pre-rift
rocks in the 3D gravity model. Those rocks are here inter-
preted as extending under the subbasin (Fig. 5), consistent
with the interpretation of Lipman and Reed (1989).

The subbasin overlaps geographically with the extent
of Guadalupe Mountain (Figs. 4 and 8). Two-dimensional
gravity modeling (Bauer et al., 2015; Grauch et al., 2015)

and MT modeling (Fig. 8) each independently support the
volcanic rocks of Guadalupe Mountain being underlain by a
significant thickness (> 400 m) of low-density basin fill.

The Questa subbasin may be underlain by pre-rift and
transitional Oligocene volcanic rocks (Bauer et al., 2015),
similar to those that crop out nearby at Brushy Mountain
(Thompson et al., 1986; Thompson et al., in press), in addi-
tion to the likelihood that rocks of the Latir volcanic locus
and Questa caldera, such as the Amalia Tuff, are present at
depth. It is possible that an unusually large amount of intra-
caldera Amalia Tuff is present in the subsurface, given that
the western part of the caldera may underlie the subbasin
(Lipman and Reed, 1989), and further that it may dominate
the interpreted volume of low-density basin fill. Such a pos-
sibility cannot be ruled out from the 3D gravity modeling
alone. However, MT modeling indicates that the portion
of the caldera near the southern Sangre de Cristo fault zone
and the Questa subbasin is characterized by relatively high
resistivities (> 100 ohm-m), and that these resistivities extend
westward under the subbasin in a pattern that matches the
gravity-derived thickness estimate within ~200 m (Fig. 8).
This pattern suggests that the low-density basin fill of the
Questa subbasin, as here mainly defined by the 3D gravity
modeling, is volumetrically dominated by deposits younger
than the Amalia Tuff, the syn-rift Santa Fe Group.

The dominant subbasin-forming structure is the south-
ern Sangre de Cristo fault zone at the eastern margin; the
Gorge fault zone forms the western and northwestern mar-
gins of the Questa subbasin (Figs. 6, 8, and 11). A significant
amount of subsidence occurred basinward of the present
location of the southern Sangre de Cristo fault zone (Fig. 8)
along west-down faults that lack Quaternary displacement
(Fig. 3), a pattern consistent with eastward migration of the
range front fault zone over time.

Boundary Between Sunshine Valley and Questa
Subbasins

The Questa subbasin is separated from the Sunshine
Valley subbasin by an interpreted structural high imaged as
a narrow (-5 km wide) zone buried under less than 600 m of
low-density basin fill (Figs. 6 and 11). An ~-6-km eastward
step of the Gorge fault zone forms the northwestern margin
of the Questa subbasin and the western part of the structural
high, corresponding in location with an eastward promon-
tory of the Tres Piedras platform. Prominent acromagnetic
highs lie over this step and the southern edge of the intra-
basin structural high, on the northeast margin of the aero-
magnetic low produced by the northern part of Guadalupe
Mountain (Fig. 11A-B). The source(s) of the acromagnetic
highs is (are) plausibly Proterozoic or pre-rift volcanic rocks
that locally reach relatively shallow depths. Alternatives are
transitional or rift-related volcanic rocks that form the base-
ment to the low-density basin fill, or volcanic rocks related
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to Guadalupe Mountain that may be underlain by a small
thickness of low-density basin fill. The northern edge of the
structural high is similar in location to the northern margin
of the Questa caldera (Figs. 5 and 11). This similarity in
location suggests a possible structural relationship between
the two.

Boundary Between Taos and Questa Subbasins

The structural high that separates the Questa and
Taos subbasins is coincident in location with the northeast-
down Red River faults (Bauer et al., 2015; Thompson et al.,
in press). A concealed, intrabasin structural high is imaged
extending from the Sangre de Cristo Mountains northwest
to the Brushy-Timber Mountains” horst (Figs. 6 and 11).
However, the structural high is wider than the area encom-
passed by the Red River faults, has much greater structural
offset than that observed at the surface along the Red River
faults (Bauer et al., 2015), and is likely to be controlled on
its southern margin with the Taos subbasin by concealed
southwest-down faults. The structural high must there-
fore be a broader and longer-lived feature than that implied
solely by the extent of and sense of motion on the Red River
faults. The southeastward projection of the structural high
into the Sangre de Cristo Mountains is at a location where
a range front promontory changes trend from northwest on
the south side to north—northeast on the north side (Fig.
11B), forming a recognized boundary among different parts
of the southern Sangre de Cristo fault zone (Ruleman and
Machette, 2007). The fault zone on the south side of the
promontory projects directly northwest into the structural
high and Red River faults (Figs. 6 and 11B), suggestive of a
continuous structural zone.

The structural high at the subbasin boundary is crossed
by a northeast-striking fault indicated by acromagnetic lin-
eament L1, which divides a “busy” aeromagnetic pattern
on the northwest from a smooth pattern of lower values to
the southeast in an area mapped as surficial deposits (Fig.
11A). No Quaternary faults are associated with the L1 lin-
eament. The different aecromagnetic patterns are consistent
with shallow volcanic rocks to the northwest juxtaposed to
the southeast against (1) a thick pile of weakly magnetized
sediments (a southeast-down normal fault); or (2) weakly
magnetic pre-rift rocks covered with sediments (northwest-
down normal or strike-slip fault) (Fig. 11A-B). The south-
east-down normal fault interpretation is not favored, because
it is inconsistent with the local deepening direction of the
Questa subbasin as indicated by the 3D gravity model, as
well as detailed geophysical data and geologic cross sections
near Guadalupe Mountain that indicate northwest-down
subsidence (Bauer et al., 2015). A dominantly strike-slip
fault that juxtaposes weakly magnetized pre-rift and volca-
nic rocks at depth may be the best interpretation, because
the 3D gravity model indicates L1 marks the margins of

both northwest-deepening (Questa) and southeast-deepen-
ing (Taos) subbasins and crosses the structural high (Fig.
11A-B). Weakly magnetized pre-rift rocks are likely to be
crystalline basement rocks similar to the ones in the adjacent
Sangre de Cristo Mountains.

The lack of strongly magnetized volcanic rocks south-
east of lineament L1 suggests that either fault scarps blocked
volcanic flows from traveling to the southeast or the volca-
nic rocks were eroded from the southeastern area after fault-
ing. The latter explanation is preferred, due to the presumed
difficulty in maintaining a topographically significant
fault scarp formed on sediments. This implies that at least
some slip occurred after those Pliocene volcanic rocks were
emplaced.

Taos Subbasin

The Taos subbasin is imaged as a crudely D-shaped
structure, with an estimated maximum 1.8-km thick-
ness of low-density basin fill (Figs. 6 and 9; Grauch et al.,
2017). This estimate is less than a previous estimate of > 3
km (Keller et al., 1984). The subbasin’s southern and east-
ern margins contain the dominant structures that controlled
rift-related subsidence, the Embudo and southern Sangre de
Cristo fault zones, respectively. Gravity modeling indicates
that the largest offsets on the subbasin-controlling faults are
located basinward of the modern location of the southern
Sangre de Cristo fault zone (Figs. 6 and 9). This is consistent
with detailed modeling by Grauch et al. (2017), indicating
that deformation along the fault zone increasingly shifted
toward the current eastward location during latter stages of
subbasin formation. The Gorge fault zone forms the north-
western margin, separating the Taos subbasin from the
Brushy-Timber Mountains’ horst. The boundary between
the Taos and Tres Orejas subbasins is more diffuse (Figs. 6
and 9). This suggests that the Taos subbasin was superim-
posed on the southern part of the Tres Orejas subbasin, pre-
sumably as the Embudo fault zone developed.

Acromagnetic lineament L2 along the northeast margin
of Cerro Negro separates a “busy” pattern of aecromagnetic
anomalies on the southwest from smoother anomalies to
the northeast (Fig. 11A). This pattern is consistent with a
southwest-down normal fault, where strongly reversely mag-
netized volcanic rocks of Cerro Negro on the southwest are
juxtaposed against weakly magnetized sediments (also per-
haps shallow, weakly magnetized crystalline rocks) to the
northeast. The southwest-down sense of displacement and
location of L2 generally parallels the northeastern margin of
the Taos subbasin as indicated by the 3D gravity model (Fig.
11A-B). A simple gravity and magnetic model across Cerro
Negro and the inferred L2 fault zone (E-F' on Fig. 12) shows
that ~900 m of Santa Fe Group sediments likely under-
lie Cerro Negro, similar to the conditions at Guadalupe
Mountain in the Questa subbasin (Fig. 8).
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The lack of strongly magnetized volcanic rocks north-
east of the lineament suggests that either fault scarps blocked
volcanic flows from traveling to the northeast or that the vol-
canic rocks were eroded from the northeastern area. As with
L1, the latter explanation is preferred, and this is supported
locally by a small volume of reversely magnetized rocks (ero-
sional remnants of volcanic rocks that once extended north-
cast of L2?) interpreted from the acromagnetic data to be pre-
served in the shallow subsurface between interpreted strands
of the L2 fault zone (Fig. 12). These relations imply that at
least some slip occurred after the Pliocene volcanic rocks
were emplaced. No Quaternary faults are observed near L2
that have the same northwest strike, suggesting that the slip
associated with L2 stopped by the end of the Pliocene.

DISCUSSION
Basin Geometry and Implications

The southern San Luis Basin is estimated to be consid-
erably shallower (maximum depths of -2 km) than previous
models suggested (e.g., Keller et al., 1984), which is expected
to be important to future groundwater studies of the basin-
fill aquifers. The reduced thickness modeled here results
from the 3D gravity modeling approach, which takes into
account the estimated expression of pre-rift rocks and sepa-
rates that from the effect of the rift basin. The most dramatic
example of how this modeling approach alters estimates of
basin thickness comes from the Questa subbasin, adjacent to
the Latir volcanic locus and the large gravity low produced
by its underlying batholith. Previous models that did not
account for the effect of the gravity low overestimated the
amplitude of the gravity low due to the low-density basin fill,
resulting in local depth estimates of 4 km or more (Lipman
and Mehnert, 1979; Keller et al., 1984). A 3D accounting
of the gravitational effects of the Latir volcanic locus and its
batholith yield a Questa subbasin depth estimate of only 800
m.

The geophysical modeling also shows that the southern
San Luis Basin is strongly segmented into a series of narrow
subbasins that have different spatiotemporal patterns of
development. The complex pattern of the composite basin
is made up of discrete subbasins as well as the shallow basin
depths that have strong similarities to basin geometries inter-
preted for the central San Luis Basin (Drenth et al., 2013).
These geometries contrast starkly with those interpreted for
the northern San Luis, Espafola, and central Albuquerque
basins, which are characterized as spatially large, asymmetric
half grabens filled with as much as 3 to 6 km of low-den-
sity fill (Brister and Gries, 1994; Kluth and Schaftenaar,
1994; Grauch et al., 2009; Grauch and Connell, 2013).
The diversity of basin geometries compared to the general
continuity of the steep, high-relief rift flanks of the Sangre
de Cristo Mountains along the eastern margins of the San

Luis Basin southward to the Albuquerque Basin (Fig. 1) also
challenges expected correlations between deep extensional
basins and high-relief rift-flank uplifts (Vening-Meinesz,
1950; Wernicke and Axen, 1988). The variations in the
basin depths within this stretch of the rift are not reflected in
variations in the steepness nor relief of the rift-flank uplifts,
suggesting further study on the timing and mechanisms of
basin formation is required. For example, the relative shal-
lowness of the Questa subbasin suggests that extensional
strain was partly accommodated by processes other than
basin subsidence. Could this be explained by rift extension
in the Proterozoic rocks of the Sangre de Cristo Mountains,
or magmatic dilation (e.g., diking) related to the assembly of
the Taos Plateau volcanic field?

Although basins with large, deep half grabens are com-
monly used to represent typical basin geometry of the Rio
Grande rift in the classic literature (e.g., Baldridge et al.,
1995; Chapin and Cather, 1994), the shallow, complexly
segmented geometries geophysically observed in the central
and southern portions of the San Luis Basin demonstrate its
greater tectonic diversity. Moreover, the shallow, complexly
segmented geometries of the central and southern portions
of the basin extend across about 100 km, a significant length
that should be recognized as an important characteristic of
basins of the Rio Grande rift.

Major Structures

Modeling presented here supports the conventional
wisdom that the Embudo and southern Sangre de Cristo
fault zones are the dominant structures that controlled the
syn-rift (roughly post 20 Ma) development of the southern
San Luis Basin. The greatest estimated thicknesses of low-
density basin fill lie adjacent to these fault zones, indicating
that they were the primary tectonic features active during
Santa Fe Group deposition. These observations suggest that
the low-density and conductive basin fill imaged by the
gravity and MT modeling is volumetrically dominated by
syn-rift—as opposed to transitional—sedimentary units.

Other significant syn-rift structures imaged here
include the Gorge fault zone, an unnamed fault zone bound-
ing the western margin of the Tres Orejas subbasin, and the
structural highs that separate the Sunshine Valley, Questa,
and Taos subbasins. Each of these structures is largely or
entirely concealed from direct observation. The Gorge fault
zone, as interpreted here, supports the general concepts pub-
lished by previous workers in different parts of the southern
San Luis Basin (Cordell, 1978; Lipman and Mehnert, 1979;
Cordell and Keller, 1984; Dungan et al., 1984; Keller et al.,
1984; Cordell et al., 1985; Bauer and Kelson, 2004; Grauch
and Keller, 2004; Ruleman et al., 2013; Thompson et al., in
press). Our results further support the model that the Gorge
fault zone forms an abrupt structural boundary between the
Sunshine Valley and Questa subbasins and Tres Piedras plat-
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form to the west, covered with much thinner low-density
basin fill (e.g., Lipman and Mehnert, 1979).

The observations of geophysical character and interpre-
tations of the Gorge fault zone presented here are specula-
tively consistent with a long-lived, reactivated structural zone
that may be significant to basin formation beyond the scale
of the southern San Luis Basin. The interpreted trend of the
Gorge fault zone is subparallel to another set of structures
across the state line in Colorado that control the western
margin of the Costilla Plains structural depression and have
been interpreted to have both pre-rift and syn-rift displace-
ment (Drenth et al., 2013). Farther to the north, this north-
ward-striking structural zone continues through the north-
ern San Luis Basin along the eastern margin of the Alamosa
horst (Gaca and Karig, 1965; Keller et al., 1984; Gries and
Brister, 1989; Brister, 1990; Brister and Gries, 1994; Kluth
and Schaftenaar, 1994). The Gorge fault zone as interpreted
in the southern San Luis Basin may thus be part of a more
geographically extensive series of generally north-striking
structures that played a major role in basin formation, and
speculatively may have pre-rift inheritance (i.e., the Picuris-
Pecos fault zone?).

Evolution of the Southern San Luis Basin

Results of the 3D gravity modeling and insights from
MT and aeromagnetic data allow development of a revised
tectonic history of the southern San Luis Basin, although
much of this revised history is speculative, because of the
extensive cover. Nevertheless, this synthesis relies on a com-
parison of patterns of basin thickness expressed in the 3D
gravity modeling to bedrock geology, combined with con-
cepts of temporal and paleogeographic evolution developed
by previous workers (Kelley and Duncan, 1986; Bauer and
Kelson, 2004; Smith, 2004; Grauch et al., 2017; Turner et
al.,, in press). The main elements of the synthesis developed
here are summarized in Figure 13.

The transitional period between waning SRMVF
magmatism and the onset of the main phase of Rio Grande
rift tectonism, roughly 28-20 Ma (mainly Oligocene),
involved eruptions of the uppermost tuffs from the south-
eastern San Juan Mountains, activity in the Latir volcanic
locus, and erosion of the volcanic loci. Rocks of the San Juan
Mountains’ volcanic locus are preserved in the northern
Tusas Mountains and thin abruptly to the southeast, sug-
gesting that a structural high may have limited their south-
ward and southeastward extent (Smith, 2004). The struc-
tural high imaged in the 3D gravity model extending from
the Tusas Mountains eastward to the Tres Piedras platform
(Fig. 6) may reflect this structural high. In the Latir volcanic
locus, the Questa caldera formed at ~25 Ma and the subvol-
canic batholith was emplaced. Rocks of the Latir volcanic
locus extend westward to the Brushy and Timber moun-
tains and across the basin to the same structural high, sug-

gesting that much of what is now the Tres Piedras platform
was covered with volcanic rocks erupted from the Latir vol-
canic locus. The Los Pinos Formation and lower members
of the Picuris Formation record erosion of the volcanic loci
and deposition into thin structural lows, such as the Las
Mesitas graben. Similar deposits almost certainly blanketed
the whole region that is now the southern San Luis Basin,
and structural lows similar in form to the Las Mesitas graben
may be preserved today near the base of the various subba-
sins imaged in the 3D gravity model. Basaltic lavas of the
Hinsdale Formation were erupted across the broader area
of the Las Mesitas graben. The Picuris-Pecos fault zone was
active (with waning activity) at this time, as indicated by the
preservation of Picuris Formation rocks within the fault zone
south and east of the Embudo fault zone (Fig. 3). The north-
ward extent of the Picuris-Pecos fault zone slip during this
time period is unknown.

The 3D gravity model is dominated by tectonic ele-
ments of the southern San Luis Basin that developed during
the Miocene, after ~20 Ma (e.g., Kelley and Duncan, 1986)
and prior to the development of the ~5.2-2.9 Ma Taos
Plateau volcanic field. Rio Grande rift tectonism and sub-
sidence were marked by the rise of the Sangre de Cristo
Mountains, corresponding formation of the southern Sangre
de Cristo fault zone at the eastern margin of the basin, and
the formation of the Embudo fault zone. The development
of the Tres Orejas subbasin, or at least the main portion of
the subbasin imaged in the 3D gravity model, was controlled
by transtensional, sinistral north-down slip on the Embudo
fault zone at its southern margin and by east-down slip on a
now-concealed normal fault zone at its western margin. This
structure was also partly responsible for forming the struc-
tural high at the southwestern basin margin associated with
Cerro Azul. The Sunshine Valley, Questa, and Taos subba-
sins and their intervening structural highs formed during
this time, controlled mainly by the west-down southern
Sangre de Ciristo fault zone along their eastern margins, and
to a lesser extent by the east-down Gorge fault zone and per-
haps hinge zones(?) along their western margins. The western
portion of the Questa caldera was cut by the southern Sangre
de Ciristo fault zone and dropped to the west where it floors
the Questa subbasin. The Tres Piedras platform emerged as
a broad structural high, and little or no deposition occurred
there. The relationship between the Tres Orejas and Taos
subbasins is less clear. Displacement on the Gorge fault
zone, the boundary between the two, decreases southward
such that it is difficult to precisely locate that boundary in
the vicinity of the Embudo fault zone. It appears likely that
the Taos subbasin is superimposed on part of the Tres Orejas
subbasin.

Following the development of the Taos Plateau volca-
nic field, rift-related subsidence became more tightly focused
on the eastern and southeastern basin margins, controlled by
the southern Sangre de Cristo fault zone and Embudo fault
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28 Ma to ~20 Ma (mainly Oligocene)
Transition from SRMVF magmatism to extension

’ Los Pinos
Formation
(thin)

* Latest SJVL rocks are emplaced, LVL and Questa
caldera are active

 Los Pinos and Picuris Formations record erosion of
volcanic highlands and development of shallow
depressions such as the Las Mesitas graben

Picuris
Formation

* Basalt flows of the Hinsdale Formation are emplaced

* Picuris-Pecos fault zone is active (but waning),
northward extent unknown

Picuris-Pecos
fault zone

Post ~20 Ma, prior to TPVF development (Miocene)
Formation of major syn-rift basin components

* Rifting is dominantly expressed as uplift of the Sangre
de Cristo Mountains and development of the southern
Sangre de Cristo fault zone

* Picuris Mountains form; Embudo fault zone develops at
southern basin margin

» East-down Gorge fault zone develops

» Unnamed E-down fault zone controls western margin

Lo of Tres Orejas subbasin
Espanola

Basin

Post-TPVF development (late Pliocene to Quaternary)

Rift subsidence focused on eastern margin

* Linked southern Sangre de Cristo and Embudo fault
zones shift to their current locations, remain dominant
basin-forming tectonic elements

» Major slip ceases on Gorge fault zone and fault zone at
western margin of Tres Orejas subbasin (concealed)

* Sunshine Valley fault cuts Servilleta Basalt flows, forms
E-down structure at western margin of narrowed
Sunshine Valley subbasin

Espafola Azul

* Faults active along L1 (NW-down) and L2 (SW-down)
trends

Figure 13. Schematic conceptual evolution of the southern San Luis Basin, focused on major basin- and subbasin-forming
structures and events addressed by this study. SRMVF: Southern Rocky Mountain volcanic field. SJVL: San Juan volcanic
locus. LVL: Latir volcanic locus. TPVE: Taos Plateau volcanic field. SSdCFZ: southern Sangre de Cristo fault zone. EFZ:
Embudo fault zone. GFZ: Gorge fault zone. SB: subbasin.
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zone. Significant portions of those dominant basin-forming
structures, especially those south of the latitude of the Questa
caldera, shifted location toward the Sangre de Cristo and
Picuris mountains’ fronts. A lack of significant displacements
recognized in the field indicates that major slip on the Gorge
fault zone and the fault zone at the western margin of the Tres
Orejas subbasin had ceased by this time. Subsidence of and
deposition within the Tres Orejas subbasin had also stopped,
except for perhaps a narrow zone at its southern margin with
the Embudo fault zone. The actively subsiding portion of
the Sunshine Valley subbasin narrowed considerably, with
the east-down Sunshine Valley fault developing antithetic
to the southern Sangre de Cristo fault zone and forming the
western margin of the deforming part of the subbasin. The
Sunshine Valley fault probably formed as a northern exten-
sion of the Gorge fault zone. The structural highs separating
the Sunshine Valley, Questa, and Taos subbasins likely contin-
ued to be active during this time. The northwest-striking Red
River faults lie along the southern of the two structural highs,
subparallel in strike to the Sangre de Cristo Mountains front
and the L2 fault(s). This strike is cut by L1 fault(s), suggesting
a complex history of development for the structural high.

CONCLUSIONS

3D gravity modeling, coupled with information from
MT data, acromagnetic data, and geologic mapping, yields
new perspectives on the geometry, thickness, and spatiotem-
poral evolution of the southern San Luis Basin of the Rio
Grande rift. The basin is shown to be both shallower and
more segmented in the subsurface, with narrower zones of
rift-related subsidence, than indicated or implied by previous
models. Estimated thicknesses of low-density basin fill are
at most -2 km, and much of the basin is significantly shal-
lower. These results are expected to be significant to future
groundwater modeling efforts.

The southern San Luis Basin records the transition from
SRMVF magmatism to basin subsidence and volcanism
related to the Rio Grande rift. Evidence of mainly Oligocene
deposition of the Los Pinos Formation is preserved in the
narrow (-400 m) Las Mesitas graben in the northeastern
Tusas Mountains. The dominant tectonic features related
to rifting initially formed in Miocene time along the eastern
and southeastern basin margins, including the Embudo and
southern Sangre de Cristo fault zones. The Sunshine Valley,
Questa, Taos, and Tres Orejas subbasins formed with those
fault zones controlling their eastern and southeastern mar-
gins. The east-down Gorge fault zone controlled the western
margin of the Sunshine Valley, Questa, and Taos subbasins;
the western margin of the Tres Orejas subbasin was con-
trolled by a hypothesized east-down fault zone. Major tec-
tonic activity along the Gorge fault zone and within the Tres
Orejas subbasin ceased by the end of the development of
the largely Pliocene Taos Plateau volcanic field. Rift-related

subsidence became more narrowly focused on the eastern
margin of the basin. The linked southern Sangre de Cristo
and Embudo fault zones continued to be the dominant
structures controlling basin development, with the Sunshine
Valley, L1, and L2 faults playing important secondary roles
controlling subsidence internal to the basin.
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