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ABSTRACT

We use tectonic subsidence patterns from wells and stratigraphic sections 
to describe the mid-Miocene to present tectonic subsidence history of the Rio 
Grande rift. Tectonic subsidence and therefore rift opening were quite fast until 
ca. 8 Ma, with net subsidence rates (~25–65 mm/k.y.) comparable to those 
of the prerupture phase of rifted continental margins. The rapid subsidence 
was followed by a late Miocene–early Pliocene unconformity that developed 
mainly along the flanks of most rift basins. The age of its associated lacuna is 
spatially variable but falls within 8–3 Ma (mostly 7–5 Ma) and thus is synchro-
nous with eastward tilting of the western Great Plains (ca. 6–4 Ma). Tectonic 
subsidence rates either remained similar or decreased after the Miocene-Plio-
cene unconformity. North of 35°N, our analysis of geoid-to-elevation ratios 
suggests that, at present, topography of the Rio Grande rift region is compen-
sated by a component of mantle-driven dynamic uplift. Previous work has in-
dicated that this dynamic uplift is caused by focused vertical flow in the upper 
mantle resulting from slab descent and fragmentation of the Farallon slab, 
and Rio Grande rift opening, which affected the Rio Grande rift area beginning 
in the late Miocene. The spatial distribution and timing of the unconformity, 
as well as eastward tilting of the western Great Plains, can be explained by 
this dynamic mantle uplift, with contributions from variations in rift opening 
tectonics and climate. The focused mantle upwelling is not associated with 
increased rift opening rates.

INTRODUCTION

Since the pioneering work of early geologists (Bryan, 1938; Kelley, 1952; 
Chapin, 1971), the Rio Grande rift in Colorado, New Mexico, and western Texas 
(Figs. 1 and 2) has been considered one of the classic continental rifts on Earth. 
The rift is defined by a series of mainly north-trending, half-graben sedimen-
tary basins that extend from the upper Arkansas basin of central Colorado to 
west Texas and adjacent Mexico (Fig. 1; e.g., Chapin and Cather, 1994). The 
northern Rio Grande rift is only one basin wide, but structural complexities 
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Figure 1. Topographic map with tectonic setting of the Rio Grande rift (blue) in the western 
United States, and Paleogene volcanic fields (red dashed lines). JVF—Jemez volcanic field, 
MDVF—Mogollon-Datil volcanic field, SBVF—Sierra Blanca volcanic field, SJVF—San Juan vol-
canic field, TPVF—Trans-Pecos volcanic field. State abbreviations: UT—Utah, CO—Colorado, 
AZ—Arizona, NM—New Mexico, TX—Texas.
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result in subbasins within its larger basins (e.g., Albuquerque Basin—Grauch 
and Connell, 2013; Española Basin—Ferguson et al., 1995; Koning et al., 2013; 
San Luis Basin—Brister and Gries, 1994). The northern Rio Grande rift is thus a 
typical narrow rift zone. South of the Albuquerque Basin, the rift widens east-
west so that up to four basins are present at a given latitude, separated by 
uplifted ranges (e.g., northern Tularosa, Engle, Palomas, and Winston Basins; 
Fig. 2). The southern Rio Grande rift, south of the Albuquerque Basin (Fig. 1), 
gradually merges with the southern Basin and Range Province and is best de-
scribed as a wide continental rift. Many of the basins are bounded by faults 
with Quaternary scarps (Figs. 2 and 3; Table 1; e.g., Machette, 1986), attesting 
to continued tectonic activity in the rift.

The development and the structural and stratigraphic characteristics of 
continental rifts are the result of many processes and their interactions, such as 
rheology of the lithosphere, magmatism, upper-mantle buoyancy, (inherited) 
structures, climate, and surface processes (Burov and Poliakov, 2001;  Lavier 
and Buck, 2002; Corti et al., 2003; van Wijk, 2005; Bialas et al., 2010; Esedo 
et al., 2012; Brune et al., 2014; Ricketts et al., 2015; Ricketts and Karlstrom, 2016; 
Repasch et al., 2017; and many others). The roles these processes play in Rio 
Grande rift formation are not fully understood. Recent studies have pointed to 
an important component of mantle dynamics in both the earlier and later rift 
phases (van Wijk et al., 2008; Moucha et al., 2008; Esedo et al., 2012; Karlstrom 
et al., 2012; Nereson et al., 2013; Ricketts et al., 2015; Ricketts and Karlstrom, 
2016; Repasch et  al., 2017), expressed in elevation, erosional patterns, and 
river incision profiles. Here, we focus on a lacuna in the Rio Grande rift that 
may be related to mantle buoyancy. The unconformity has previously been 
described in several localities (e.g., Bryan, 1938; Stearns, 1953, 1979; Cather 
et al., 1994; Chapin and Cather, 1994; Connell et al., 2013; Nereson et al., 2013; 
Koning et al., 2016a) and explained in terms of climate change (Chapin, 2008) 
or slowing down of tectonic rift opening (Cather et al., 1994). Field studies (e.g., 
Bryan, 1938; Stearns, 1953, 1979; Cather et al., 1994; Connell et al., 2013) have 
described the lacuna in places (Fig. 2) as an (angular) unconformity, where 
pre-unconformity strata (mid- to late Miocene) generally have steeper dips than 
post unconformity Pliocene–Pleistocene basin fill. The younger, less-deformed 
strata include deposits related to fluvial integration of rift basins in the Rio 
Grande rift during formation of the Rio Grande River (Mack et al., 1998, 2006; 
Connell et al., 2005; Nereson et al., 2013; Repasch et al., 2017). In this study, we 
mapped all locations where the unconformity has been described to under-
stand its spatial distribution in the rift. When combined with analysis of tectonic 

subsidence curves of 11 stratigraphic columns in the rift zone, we found that the 
Miocene-Pliocene unconformity is widespread, and it is also inferred to occur 
outside the rift zone (in the Raton-Clayton and Ocate volcanic field [Nereson 
et al., 2013], and possibly in the Rio San Jose, west of the Albuquerque Basin 
[Channer et al., 2015]). We interpret that it may be synchronous with eastward 
tilting of the Ogallala Formation, east of the Rio Grande rift on the western 
Great Plains. The cause of this unconformity is currently debated (Cather et al., 
1994; Chapin, 2008; Connell et  al., 2013; Nereson et  al., 2013), and because 
earlier studies did not appreciate its spatial extent, an evaluation of postulated 
explanations is needed. We used geoid-topography analysis to ascertain the 
nature of present-day topographic compensation of the Rio Grande rift region.  

Figure 2. Map of major Neogene basins of the Rio Grande rift showing (A) middle-late Quater-
nary faults and (B) mappable areas of the Miocene-Pliocene unconformity. Delineation of the 
Socorro seismic anomaly is shown in A. Faults active since 1.6 Ma are categorized according to 
most recent surface-rupture event. ABQ—Albuquerque Basin, EB—Española Basin, ENB—Engle 
Basin, LB—La Jencia Basin, MB—Mesilla Basin, PB—Palomas Basin, RB—Rincon Basin, SAP—
San Agustin Plains, SB—Socorro Basin, SLB—San Luis Basin, TuB—Tularosa Basin, WB—Win-
ston Basin. State abbreviations: CO—Colorado, NM—New Mexico, TX—Texas. Numerals are 
keyed to specific faults in Table 1. Highlighted faults have been trenched.
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Figure 3. Map of north-central Rio Grande 
rift with locations of wells and strati-
graphic section used for tectonic sub-
sidence models. Quaternary faults are in 
red. Colored, large text indicates locations 
(wells and stratigraphic sections) for which 
stratigraphic data were used in models 
( Tables 3–13). ABQ—Albuquerque. Vol-
canic fields: AVF—Albuquerque, CHV—Cat 
Hills, MTVF—Mount Taylor, OVF—Ocate, 
SFVF—San Felipe, TPVF—Taos Plateau. 
Faults (F) and fault zones (FZ): EF— 
Embudo, HSF—Hubble Springs, LBF—La 
Bajada, LJF—La Jencia, LPF—Los Pinos–
Manzano, NC—Nacimiento, PF—Pajarito 
fault, PPF—Pecos-Picuris, SCF—Socorro 
Canyon, SF—Sandia-Rincon, SFF—Santa 
Fe–Coyote–Moquino, WJFZ—west Joyita. 
Miocene-Pliocene unconformity is shown 
by the hatch pattern. Well-exposed mar-
gins of the unconformity with age control 
are shown by the pink-purple line for the 
southwestern San Luis Basin (Koning et al., 
2016a; Repasch et al., 2017) and Albuquer-
que Basin (Connell et al., 1999, 2013). Fol-
lowing Connell et al. (2013), we infer that 
the unconformity is present on the Joyita 
and Hubbell structural benches (labeled JB 
and HB, respectively) in the southeastern 
Albuquerque Basin. CFZ—Los Cordovas 
faults; SdC—Sangre de Cristo fault.

Downloaded from http://pubs.geoscienceworld.org/gsa/geosphere/article-pdf/14/2/684/4102034/684.pdf
by guest
on 24 April 2024

http://geosphere.gsapubs.org


Research Paper

687van Wijk et al. | Rio Grande riftGEOSPHERE | Volume 14 | Number 2

TABLE 1. QUATERNARY FAULTS IN THE RIO GRANDE RIFT (LOCATIONS SHOWN IN FIG. 2)

Fault (no. in Fig. 2)
Age of most recent 
surface rupture(s)* Recurrence interval/slip rate

Average vertical 
displacement per event Reference

Northern Sangre de Cristo (1a) 5–8 [8–13, 13–35] ka 3–40 ka
0.1–0.2 mm/yr

1.5–2.5 m McCalpin (1982, 1986, 2006), Ruleman and Machette (2007)

Central Sangre de Cristo (1b) 9 ± 2 ka Ca. 12 ka
0.17 mm/yr during late Pleistocene

2.3 m Crone and Machette (2005)

Southern Sangre de Cristo, Latir 
Peaks section (1c)†

Holocene 0.18 mm/yr over past 3.9 m.y.;
0.04 mm/yr since late 
middle Pleistocene

Ruleman et al. (2013)

Southern Sangre de Cristo, south part 
(1c′)†

10–30 ka Tens of thousands of years Kelson et al. (2004)

Pajarito (2) 1.4§ ka, 6.5–5.2 ka, early
Holocene

20–40 ka
0.1 mm/yr#

McCalpin (2005), Reneau et al. (2002)

Rendija Canyon (3)** 9 or 23 ka 33–83 ka
0.03 ± 0.1 mm/yr

2.0 ± 0.5 m Wong et al. (1995), Kelson et al. (1996)

Guaje Mountain (4)** 6.5–4.0 ka [ca. 39, 144–300 ka] Tens of thousands of years;
0.01 mm/yr since 1.2 Ma

0.5–2.0 m Gardner et al. (2003), Wong et al. (1995)

Calabacillas (5) 14 ka 10–20 ka
0.011–0.028 mm/yr

0.3 m McCalpin et al. (2011)

Zia (6)† 11 ka 10–21 ka
0.055–0.1 mm/yr

1.3 m McCalpin and Harrison (2001)

County Dump (7) 28 or 47–34 ka Tens of thousands of years
0.02–0.05 mm/yr

1.4 ± 0.7 m McCalpin (1997), Personius et al. (1999)

East Paradise fault zone (8) 10–80 ka 80–150 ka 0.5–1.3 m Personius et al. (1999)
Sandia (9) 53–67 ka†† 1.6 McCalpin and Harrison (2006)
Tijeras (10)† 10–130 ka Kelson et al. (1999)
Hubbell Spring (11) 15–6 ka 14–27 ka

0.2–1.0 mm/yr
0.4–3.7 m (vertical) Olig et al. (2011), Personius and Mahan (2003)

Socorro Canyon (12) Late Holocene Ca. 30–70 ka
0.04 mm/yr

1.5–2.0 m Phillips et al. (2003)

La Jencia, north part (13a) 3, 28–40, 150 ka§§ Ca. 100 ka 1.5–4.5 m Machette (1986)
La Jencia, south part (13b) 5–6, 15 ka 1–5 m Machette (1986)
Caballo (14) 1.6–5.0 ka 50–100 ka

0.02–0.03 mm/yr
1.25–2.6 m Foley et al. (1988), Machette et al. (1998)

Alamogordo, south part (15) 8–10; 10.5–11.2 ka## Tens of thousands of years*** 1–6 m Koning and Pazzaglia (2002), Koning (1999)
Organ Mountains (16) 1–5 ka 4–15 ka, poorly constrained As much as 5 m Gile (1986, 1994), Machette (1987)
East Franklin Mountains (17) 13–17 ka 14–19 ka

0.18 mm/yr for late Pleistocene;
0.145 mm/yr post–500 ka

~3-4.5 m McCalpin (2006)

Note: Only faults with paleoseismic data from detailed trench or exposure studies are included.
*Brackets denote penultimate and third-most-recent events.
†Age control based solely on soil development.
§The 1.4 ka event is only interpreted from one trench (out of 14); there is more evidence for a 6.5–5.2 ka most recent event.
#Slip rate slowed after ca. 1 Ma.
**These faults belong to the Pajarito fault system.
††Only one strand out of four were trenched; paleoseismic parameters must be viewed as very incomplete.
§§The penultimate event is estimated to be 150 ± 50 ka for all parts of the section. Evidence of Holocene movement is only on one subsection, and Machette et al. (1998) interpreted the last rupture event for the 

entire section as occurring <150 ka.
##Fault appears to be segmented, with unique last-rupture events on the two segments.
***Two large-displacement events interpreted to occur within 2000–4000 yr ca. 13 ka.
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The geoid-topography ratio provides a means with which to understand the 
role of the upper mantle as an uplift mechanism. Our results suggest that a re-
gional mantle-driven uplift event promoted development of the uncon formity 
and concomitant Ogallala Formation tilting. This is noteworthy, since the Rio 
Grande rift lacks the typical characteristics of mantle-driven rifts (“active rift-
ing”), such as large-volume volcanism caused by a mantle plume (Turcotte 
and Emerman, 1983). Implications of this major epeirogenic uplift event that 
has affected the Rio Grande rift in the last 8 m.y. or so are discussed in relation 
to upper-mantle driving forces for rifting.

BACKGROUND

The stratigraphic data sets that we used for the tectonic subsidence analy-
ses provide information for the rift-opening period between ca. 15 and 2 Ma. 
Extension in the rift started, however, much earlier, and rift opening has contin-
ued throughout the Quaternary to the present day. Aspects of these early and 
late phases of opening are summarized next. These sections are followed by a 
description of the Miocene-Pliocene unconformity.

Onset and Cause of Rio Grande Rift Opening

Extension of the southern Rio Grande rift began as early as 38–35 Ma, co-
eval with volcanism in the Mogollon-Datil and Sierra Blanca volcanic fields 
(Fig. 1). In the northeastern Mogollon-Datil area, sedimentary thickness pat-
terns across faults indicate that preexisting Laramide faults were reactivated 
as normal faults after 36 Ma (Cather, 1990), and southeast of the volcanic field, 
an east-tilted half graben developed by 36–35 Ma (Mack et al., 1994a, 1994b). 
Northeast-trending dike swarms in the Sierra Blanca volcanic field and geo-
logic map relations (upward fault terminations and stratal tilts) have been used 
to interpret northwest-southeast extension between 38 and 34.3 Ma (Koning 
et  al., 2014). Approximately northwest-southeast extension became preva-
lent after ca. 32–30 Ma, contemporaneous with voluminous volcanism in the 
Trans-Pecos, Mogollon-Datil, and San Juan volcanic fields (e.g., Morgan et al., 
1986). As such, the earliest Rio Grande rift opening can be considered intra- or 
back-arc extension. In west Texas, the stress field, as recorded by dikes and 
veins, changed ca. 32–30 Ma from approximately east-west Laramide contrac-
tion to approximately ENE-WSW–directed extension, but normal faulting did 
not begin until ca. 24–23 Ma (Henry and Price, 1986).

Extension initiated later in the northern rift (30–26 Ma, possibly 33–26 Ma) 
than the southern rift (38–34 Ma). Angular unconformities related to the onset 
of extension in the San Luis and Española Basins are bracketed at 28–27 Ma 
and 30–26 Ma, respectively (Lipman and Mehnert, 1975; Koning et al., 2013). In 
these basins, ca. 27–25 Ma basalt and tuff are intercalated with basal Santa Fe 
Group clastics. Tweto (1979) inferred an earlier onset of extension in the San 
Luis Basin from limited subsurface data, and Chapin and Cather (1994) spec-

ulated that plutons as old as 33 Ma around the upper Arkansas graben may 
mark the onset of rifting there. It has been argued that the current configura-
tion of the rift began ca. 21 Ma (Ingersoll, 2001), consistent with the initiation 
of major rift opening (Ricketts et al., 2015).

Apatite fission-track cooling ages from some fault-bounded, rift-margin 
mountain ranges (Kelley et al., 1992; Kelley and Chapin, 1995; House et al., 
2003; Ricketts et  al., 2015) indicate that rift-flank uplift associated with rift 
opening has occurred since the late Oligocene, consistent with up to 6 km of 
Oligocene–Quaternary basin fill in adjoining rift basins, such as the Albuquer-
que Basin (Grauch and Connell, 2013) and northern San Luis Basin (Kluth and 
Schaftenaar, 1994). Despite this long duration of rift opening, the amount of 
cumulative crustal stretching in the rift zone is limited. Kluth and Schaftenaar 
(1994) reported 8%–12% extension across the central San Luis Basin, corre-
sponding to ~4.5–6.5 km of net extension along their seismic line 2, which is 
~55 km long. Russell and Snelson (1994) reported 17% and 28%–30% extension 
in the northern and southern Albuquerque Basin, respectively, corresponding 
to ~10 km and ~17 km of net extension, respectively (their figure 11). Presum-
ably, net extension is higher in the southern rift zone, where the rift is several 
basins wide.

The cause of Rio Grande rift initiation has been debated for decades. Lucas 
and Ingersoll (1981) proposed that plate-boundary reorganizations along the 
North American west coast were responsible for an extensional stress regime 
in the western United States, facilitating Rio Grande rift opening. Voluminous 
magmatism that preceded the onset of Rio Grande rift extension may have 
weakened the lithosphere (e.g., Baldridge et al., 1995). The upper mantle plays 
an important role as a driving force for rift opening in recent studies (van Wijk 
et al., 2008; Karlstrom et al., 2012; Ricketts et al., 2015; Ricketts and Karlstrom, 
2016). Indeed, van Wijk et al. (2008) proposed that Farallon slab foundering 
exposed a step in the lithosphere-asthenosphere boundary that led to small-
scale mantle convection and localized rift opening west of the Great Plains. 
Ricketts et al. (2015) and Ricketts and Karlstrom (2016) proposed that rift open-
ing was the direct result of Farallon slab rollback and foundering (Bird, 1984), 
which created a gap in the sinking Farallon plate (Liu and Currie, 2016) that 
focused mantle upwelling. Moucha et al. (2008) suggested that whole-mantle 
flow caused rift opening. Mantle buoyancy may have contributed to a more 
recent (post–10 to 6 Ma) phase of uplift north of the Rio Grande region (South-
ern Rocky Mountains; Karlstrom et al., 2012) and around the Jemez Lineament 
since ca. 5 Ma (Nereson et al., 2013; Repasch et al., 2017).

Middle–Late Quaternary Rift Opening

The middle–late Quaternary tectonic activity of the Rio Grande rift (a time 
period for which no tectonic subsidence analysis is available) is summarized 
here. Figure 2 shows the distribution of well-studied Quaternary faults in New 
Mexico (Machette et al., 1998; note that Machette et al. [1998] used the older 
Quaternary age span of 1.6–0 Ma). Sixteen rift faults have received close study. 
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The locations of these faults and various paleoseismic parameters (e.g., age of 
most recent surface rupture, recurrence interval, slip rates, vertical displace-
ment per event) are listed in Table 1 and illustrated in Figure 3. Inspection 
of Figures 2 and 3 indicates that the proportion of extensional strain on the 
master fault versus distributed intrabasinal faults changes from basin to ba-
sin. Quaternary faulting appears to be well distributed in the northern Albu-
querque Basin (Albuquerque area). However, in the Española Basin, the only 
verified Pleistocene surface ruptures are along the master fault system (i.e., 
the Pajarito-Embudo fault system). In the southern San Luis Basin, late Pleisto-
cene faulting is generally concentrated on the Sangre de Cristo fault, a moun-
tain-front fault zone on the eastern side of the basin. The apparent distribution 
of young faulting is partly dependent on the age of preserved geomorphic 
surfaces within a given basin. Specifically, older surfaces will preserve more 
surface ruptures (e.g., the 0.8 Ma Cuchillo surface in the Palomas Basin [Mc-
Craw and Love, 2012] and the 1.5  Ma Llano de Albuquerque surface in the 
western Albuquerque Basin [Connell et  al., 2013]), but basins with younger 
surfaces would be expected to have fewer fault scarps, such as Tularosa Ba-
sin, the floor of which is mostly latest Pleistocene or Holocene in age (Love 
et al., 2012). However, the Española Basin and the southern San Luis Basin 
contain sufficient older surfaces (i.e., terrace deposits in the Española Basin 
and basalt- capped highlands in the southern San Luis Basin) to record middle– 
late Quaternary surface-rupture events. This distribution of deformation in the 
Rio Grande rift fits the typical evolution of narrow continental rift zones, where 
later stages of stretching and rift opening are characterized by activation of 
intrabasinal faults (Corti, 2008, 2012; Beutel et al., 2010; Ricketts et al., 2014).

Quaternary paleoseismicity of the Rio Grande rift (Table 1) is characterized 
by low rates of slip (<0.2 mm/yr, but commonly 0.01–0.02 mm/yr) on most 
faults, and recurrence intervals between large earthquakes on individual faults 
(M 6.25–7.5) are commonly on the scale of tens of thousands of years, with 
most faults having recurrence intervals of 50–250 k.y. (Machette et al., 1998; 
Personius et al., 1999; Table 1). Frequent small earthquakes (up to M 5 and 
occasionally M 6) have occurred across New Mexico (see Sanford et al., 2002, 
their figures 1 and 2), as represented by the historical seismic record, but these 
typically cannot be attributed to slip on mapped Rio Grande rift faults. How-
ever, known Quaternary fault scarps (Machette et al., 1998) clearly are associ-
ated with the Rio Grande rift. The estimated minimum recurrence interval of 
strong (M > 6.5), surface-rupturing earthquakes averaged over the rift is once 
every 400–1000 yr (Machette et al., 1998; Wong et al., 2004).

Direct evidence for Quaternary extension was provided by Ricketts et al. 
(2014), who documented high local Quaternary strain rates on the western 
margin of the Albuquerque Basin. Quaternary strain rates calculated from vein 
opening in travertine deposits are an order of magnitude larger than the Oli-
gocene–present strain rates of Rio Grande rift opening (Ricketts et al., 2014). 
These opening rates are two orders of magnitude larger than global posi-
tioning system (GPS) measurements analyzed by Murray et al. (2015). Thus, 
rift opening rate varies with the time scales of processes involved (Ebinger 
et al., 2013).

Miocene-Pliocene Unconformity

Lateral Extent and Character

The Miocene-Pliocene unconformity was first described in the 1930s along 
the margins of the asymmetric basins of the Rio Grande rift, and it has since 
been recognized across most of Española Basin (Fig. 2; Bryan, 1938; Bryan and 
McCann, 1938; Wright, 1946; Stearns, 1953, 1979; Seager et al., 1984; Connell 
et al., 2013; Koning et al., 2013, 2016a; Chamberlin et al., 2016), and more re-
cently, outside of the rift zone (for example, Ocate volcanic field east of the rift; 
O’Neill, 1998; Nereson et al., 2013). In the rift, the unconformity has been doc-
umented from the Arkansas Basin in Colorado to the Rincon Basin in southern 
New Mexico. It is not described in central-basin depocenters (Fig. 2); if the 
tectonic subsidence rate as a result of rift opening or slip on a fault exceeds 
a regional epeirogenic uplift rate, the net effect is still subsidence (probably 
at a lower rate), and no unconformity is recorded. Where exposed in the rift, 
the Miocene-Pliocene unconformity has been described as an angular uncon-
formity with dip discordance typically reaching 10°–20°, and locally as much as 
32° (e.g., Connell et al., 2013). Figure 2 shows our compilation of the locations 
where the unconformity has been identified in field studies in or near the Rio 
Grande rift. Table 2 lists a detailed description and sources that were used to 
construct the compilation.

In the northernmost rift basins, the unconformity has been observed to 
span the Arkansas Basin (north of the San Luis Basin) and the structural high 
between the Arkansas and San Luis Basins (the Poncha Pass area; S. Minor, 
2016, personal commun.). It is not interpreted in field studies in the northern 
San Luis Basin (Alamosa area; Fig. 2). The unconformity has been mapped 
along the southwestern margin of the San Luis Basin (Koning et al., 2016a). It 
was observed there only on the distal hanging wall opposite of the master fault 
system. The spatial extent of the unconformity in the central San Luis Basin is 
unknown, since it is covered by the Servilleta Basalt. On the southwest margin 
of this basin, the unconformity is overlain by basalts that have been dated ca. 
5.5–4.8 Ma (Tables 2–4).

The timing of the unconformity in the central/southern San Luis Basin 
partly overlaps with inferred southward river integration of the ancestral Rio 
Grande between 5.5 and 4.5 Ma (Mack et al., 1998, 2006; Connell et al., 2005; 
Koning et al., 2016b; Repasch et al., 2017).

The unconformity is particularly extensive in the Española Basin, where 
it covers >90% of the basin’s area, if one interpolates between areas of pres-
ervation (Galusha and Blick, 1971; Spiegel and Baldwin, 1963; Manley, 1979; 
Baldridge et al., 1994; Koning et al., 2013), and it is absent only in restricted 
depocenters immediately adjacent to the Pajarito fault system (Fig. 2). Outcrop 
and well data in the Española Basin generally show a sharp lithologic change 
across the contact corresponding with the unconformity. In the north-central 
portion of the basin, the unconformity is overlain by basalts that have been 
dated at 4.9–3.3 Ma (Koning et al., 2011, 2013; Maldonado et al., 2013; Repasch 
et al., 2017). Underlying strata range from 10 Ma to 6 Ma (Table 2; Koning et al., 
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2011, 2013; Repasch et al., 2017). In the northeast, the unconformity has been 
mapped below a thin gravel layer occupying various geomorphic levels. In 
the southeast, the unconformity underlies the Ancha Formation (Table 2) and 
the 2.7–2.2 Ma Cerros del Rio basalts (Thompson et al., 2006; Koning et al., 
2002; Koning and Read, 2010). Dating of strata across the unconformity 4–5 km 
east of Los Alamos, on a structural high (Cole et al., 2009; Koning et al., 2013), 
demonstrated that a 5.3 Ma vitric ash lies above the contact, and 8.8 Ma ba-
saltic lavas lie below it (Bayo Canyon locality; WoldeGabriel et al., 2001, 2013). 

The wide extent of the unconformity in this basin may be due to widespread 
erosion and exposure of the basin due to Pliocene–Pleistocene uplift along 
the La Bajada fault to the south. Additionally, widespread erosion may have 
been promoted in the central Española Basin due to the Picuris-Pecos fault 
facilitating tilting of the distal hanging wall, resulting in a doubly north- and 
south-plunging block (Smith and Roy, 2001; Smith, 2004).

In the Albuquerque Basin, the unconformity has been described on both 
western and eastern margins of the basin (Maldonado et al., 2007; Connell, 

TABLE 2. DATA REGARDING UNCONFORMITY AGE AND SPATIAL EXTENT

Basin Intrabasin location Notes and references

San Luis Basin
Central part

Unconformity extent unknown because of cover by Servilleta Basalt. Drawn around southwest margins of Timber Mountain horst 
and the structural high under the San Luis Hills, the boundaries of which were interpreted using geophysical interpretations 
(Grauch et al., 2004, 2017; Drenth et al., 2013) and geologic mapping (Thompson et al., 2015).

Southwest margin Unconformity mapped by Koning et al. (2007a, 2007b) and Aby (2008). Three overlying basalts (ca. 5.5 Ma and ca. 4.8 Ma) dated 
(Koning et al., 2016a; Repasch et al., 2017). Age of overlying basalt elsewhere is 4.8 Ma (Appelt, 1998).

Española Basin

North-central 
Well exposed under Black Mesa and La Mesita (mapped by Koning and Aby, 2003; Koning and Manley, 2003; Koning, 2004).

Overlying basalts dated using Ar/Ar technique at 4.5–3.5 Ma (Koning et al., 2011, 2013; Maldonado et al., 2013; Repasch et al.,
2017); underlying Ojo Caliente Sandstone interpreted to be 9–10 Ma (Koning et al., 2011; Repasch et al., 2017).

Northeast Mapped under thin veneer of Pliocene–Pleistocene gravel at various geomorphic levels (Manley, 1979; Smith et al., 2002; Bauer 
et al., 2005). Highest geomorphic level projects under a 4.8 Ma basalt on La Mesita (Koning et al., 2013).

Southeast Underlies the Ancha Formation and the Cerros del Rio basalts (Koning et al., 2002; Koning and Read, 2010).

South-central

Mapped under Puye Formation west of Rio Grande (Galusha and Blick, 1971; Dethier, 2003; Koning and Read, 2010). Exposed 
in Bayo Canyon and overlain by a 5.3 Ma vitric ash and 8.8 Ma basalt (WoldeGabriel et al., 2001). In well data, interpreted to 
be underlain locally by basalts (average age of 8.5 Ma per WoldeGabriel et al., 2001, 2013; Broxton et al., 2001) or 7.0–6.8 Ma
Bearhead Rhyolite tephra (Broxton et al., 2012). Subsurface extent drawn using Cole et al. (2009).

Albuquerque Basin

Northwest 
Boundary drawn using compilation map by Connell (2008a); subsurface extent slightly modified from Connell et al. (2013). Age 

control given by underlying Peralta Tuff and 6.5 Ma clast ages (Connell, 2008a, 2008b) as well as magnetostratigraphy (Connell 
et al., 2013).

Western margin Boundary drawn using Maldonado et al. (2007), New Mexico Bureau of Geology and Mineral Resources (2003), and Lozinsky and 
Tedford (1991).

Southwest Boundary drawn using Machette (1978) and New Mexico Bureau of Geology and Mineral Resources (2003).
Southeast Not exposed, but subsurface extent was inferred to underlie structural benches (Connell et al., 2013).
Northeast Not exposed, but subsurface extent was inferred to underlie structural benches (Connell et al., 2013).

North-central Stratigraphic sequence appears conformable (Smith et al., 2001; Smith and Kuhle, 1998); locally, a disconformity has been inferred 
just below the 7.0–6.7 Ma Peralta Tuff (Chamberlin et al., 1999).

Socorro Basin Eastern margin Unconformity locally exposed (Cather et al., 2004).

La Jencia Basin
Northeast Noted in mapping by Cather and Read (2003). Overlain by 3.2 Ma travertine (Lueth et al., 2016).
Southeast Inferred to lie under coarse Pliocene–Pleistocene deposits (Chamberlin and Osburn, 2006; Chamberlin, 2004).

San Marcial and Engle Basins Not reported to be exposed (e.g., Cikoski and Koning, 2013; Cikoski et al., 2017).

Winston Basin Unconformity interpreted and mapped by Koning (2012) and Harrison and Cikoski (2012). Age of overlying basalt (4.9 Ma) from 
McLemore et al. (2012).

Palomas Basin

Western margin Generally gradational through most of basin, but angular unconformity interpreted in some westernmost exposures (Jochems, 
2015; Jochems and Koning, 2016; Koning et al., 2015; Jochems and Koning, 2017).

Southwest Unconformity south of Tierra Blanca Creek (Jochems, 2017).

Near Truth or Consequences Local disconformities but largely gradational (Jochems and Koning, 2015; Koning et al., 2016b; Andrew Jochems, 23 June 2017, 
written commun.).

Hatch-Rincon Basin Where not eroded, an angular unconformity is widespread (Seager and Hawley, 1973; Seager et al., 1975; Seager and Mack, 
1991, 2003).

Mesilla Basin Northernmost part;
structural high to north

Unconformity recognized and mapped by Seager et al. (1971, 1975).

Tularosa Basin Northeast A likely unconformity inferred in one locale between Pliocene–Pleistocene strata and older, more tilted strata (Koning, 2009).
Otherwise, the Pliocene-Miocene unconformity has not been noted in the Tularosa Basin.
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2008a; Connell et al., 2013; and others; see Table 2), and it has not been doc-
umented in the central depocenter. The Pliocene Ceja Formation overlies the 
erosional paleosurface on the western margin (Connell et al., 2013). On the 
eastern margin, the unconformity is inferred in the subsurface on the footwalls 
of major faults (Connell et al., 2013). In the northern Albuquerque Basin (i.e., 
the Santo Domingo subbasin), the stratigraphic sequence appears conform-
able (Smith et al., 2001; Smith and Kuhle, 1998); locally, a disconformity has 
been inferred just below the 7.0–6.7 Ma Peralta Tuff (Chamberlin et al., 1999). 
Associated erosional surfaces have developed on prerift bedrock both west 
and east of the northern Albuquerque Basin (Bryan and McCann, 1938; Wright, 
1946; Stearns, 1953, 1979), as discussed later herein.

South of the Albuquerque Basin, playa deposits are restricted to below the 
unconformity (except for basins that have remained endorheic), and, near ba-
sin axes, fluvial deposits associated with a southward-extending Rio Grande 

River overlie this contact (Mack et al., 1994b; Connell et al., 2005). The lacuna 
of the unconformity spans anywhere between 8.8 and 6 Ma (onset) and 5.3–
3.0 Ma in the wells and stratigraphic columns discussed in the next section, 
depending on location and structural position within a given basin. Age con-
trol in the Albuquerque, La Jencia, Socorro, and Palomas Basins indicates that 
the associated lacuna generally spans 6.8–5.0 Ma (Table 2; Seager et al., 1984; 
Chamberlin et al., 1999; Chamberlin and Osburn, 2006; Koning et al., 2015), 
and possibly as young as 3 Ma near the western and southwestern margins of 
the Albuquerque Basin (Table 2; Connell et al., 2013; Chamberlin et al., 2016).

In the southern rift, the unconformity is most notable on the footwall of 
the Socorro fault zone (eastern La Jencia Basin), near the western margin of 
the Palomas Basin, and in and near the Rincon Basin. The latter, which lies be-
tween the deeper Palomas and Mesilla Basins, experienced a reconfiguration 
of faulting between 8 and 5 Ma and widespread erosion (Mack et al., 1994b). 

TABLE 3. WELL DATA K3, SAN LUIS BASIN

Lithologic unit
Top
(km)

Base
(km)

Age top
(Ma)

Age base
(Ma) ρ C φ0

Data
source

Upper basalt flow of Servilleta Formation (Tusb) 0.073 0.088 3.0 3.6 2795 0.01 0.0 b, c, d, j
Strata between the upper and middle basalt flows of the Servilleta Formation 

(Tusb & Tmsb)
0.088 0.112 3.6 4.0 2170 0.27 0.35 b, c, d, j

Middle Servilleta Formation basalt flow (Tmsb) 0.112 0.127 4.0 4.0 2795 0.01 0.0 b, c, d, j
Strata between the lower and middle basalt flows of the Servilleta Formation 

(Tmsb & Tlsb)
0.127 0.173 4.0 4.7 2170 0.27 0.35 b, c, d, j

Lower Servilleta Formation basalt flow (Tlsb) 0.173 0.213 4.7 4.8 2795 0.01 0.0 b, c, d, j
Chamita Formation 0.213 0.32 4.8 9.0 2170 0.22 0.33 b, c, d
Ojo Caliente Sandstone Member, Tesuque Formation 0.32 0.533 9.0 13.5 2170 0.27 0.4 b, c, d, h, i

Note: ρ—density (kg/m3), C—porosity-depth coefficient, φ0—porosity at surface. Data sources: b—Drenth et al. (2013), c—Rowan et al. (2003), d—Drakos et al. (2004), 
h—Koning et al. (2011); i—Koning et al. (2013), j—Appelt (1998).

TABLE 4. WELL DATA AIRPORT WELL, SAN LUIS BASIN

Lithologic unit
Top
(km)

Base
(km)

Age top
(Ma)

Age base
(Ma) ρ C φ0

Data
source

Blueberry Hill or Lama Formation 0 0.013 0.5 3.1 2170 0.01 0.0 b, c, d
Upper basalt flow of Servilleta Formation (Tusb-upper) 0.013 0.024 3.1 3.1 2795 0.01 0.0 b, c, d, j
Strata between Tusb-upper basalt flow and Tusb-lower basalt flow of the 

Servilleta Formation 
0.024 0.034 3.1 3.6 2170 0.27 0.35 b, c, d, j

Lower upper basalt flow of the Servilleta Formation (Tusb-lower) 0.034 0.044 3.6 3.6 2795 0.01 0.0 b, c, d, j
Strata between the lower upper flow (Tusb-lower) and middle basalt flows

of the Servilleta Formation
0.044 0.065 3.6 4.0 2170 0.27 0.35 b, c, d, j

Middle Servilleta Formation basalt flow (Tmsb) 0.065 0.137 4.0 4.0 2795 0.01 0.0 b, c, d, j
Strata between the lower and middle basalt flows of the Servilleta Formation 

(Tmsb & Tlsb)
0.137 0.148 4.0 4.7 2170 0.27 0.35 b, c, d, j

Lower Servilleta Formation basalt flow (Tlsb) 0.148 0.152 4.7 4.8 2795 0.01 0.0 b, c, d, j
Chamita Formation 0.152 0.21 4.8 9.0 2170 0.22 0.32 b, c, d
Ojo Caliente Sandstone Member, Tesuque Formation 0.21 0.52 9.0 13.5 2170 0.27 0.4 b, c, d, h, i

Note: ρ—density (kg/m3), C—porosity-depth coefficient, φ0—porosity at surface. Data sources: b—Drenth et al. (2013), c—Rowan et al. (2003), d—Drakos et al. (2004), h—
Koning et al. (2011); i—Koning et al. (2013), j—Appelt (1998).
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Similarly, a displacement rate increase or concentration (from nearby faults) of 
extensional strain likely occurred along the Socorro fault zone beginning ca. 
7 Ma, based on a footwall stratigraphic unit that likely predates major move-
ment along the fault (Tpfp of Chamberlin et  al., 1999; R. Chamberlin, 2016, 
written commun.).

Outside of the rift zone, an unconformity (corresponding to a high-level 
geomorphic surface that could be termed a peneplain) lies buried beneath vol-
canic rocks in the Mount Taylor region (Fig. 2, purple, northwest of ABQ; Bryan 
and McCann, 1938; Wright, 1946; Stearns, 1953, 1979). Because it is overlain 
there by relatively young basalt flows (4.5–2.5 Ma, mostly 3.2–2.5 Ma; Hallett, 
1994; Hallett et al., 1997; Crumpler, 1982; Dunbar, 2005), it would be younger 
than the majority of the lacuna in the rift. For this reason, we are not certain 
that this unconformity can be related to the Miocene-Pliocene unconformity in 
the rift. Erosional surfaces in the Ocate volcanic field, east of the rift zone, are 
dated at 8.3–5.5 Ma (highest erosional surface) and 5.0–4.0 Ma (intermediate 
erosional surface; O’Neill, 1998; Stroud, 1997; Olmsted and McIntosh, 2004; 
Nereson et al., 2013), and they temporally overlap the rift unconformity; for this 
reason, we correlate this unconformity with the rift unconformity.

Existing Models for the Miocene-Pliocene Unconformity

Previous models explaining the formation of the unconformity in the Rio 
Grande rift generally have invoked changing tectonism, mantle upwelling, or 
climate-modulated sediment supply. Bryan (1938) interpreted that the uncon-
formity formed during one or more prolonged periods of erosion concomitant 
with stabilized stream grades, which occurred after tectonism associated with 
rift-flank uplifts. Cather et al. (1994) interpreted the unconformity to be a result 
of rapid tectonism and basin tilting in the late Miocene. In this scenario, the 
creation of accommodation space exceeded the sediment supply rate in the 
late Miocene, which caused offlap of sedimentation into narrow areas of max-
imum basin subsidence and widespread erosion of older sediments on the 
distal hanging walls. This explanation for the lacuna would be applicable to 
the margins of the rift basins. Early Pliocene onlap of postunconformity sedi-
ment toward the basin margins would reflect a waning of tectonism following 
the lacuna associated with the unconformity (Cather et al., 1994), consistent 
with the fact that the upper sedimentary package has undergone only minor 
deformation. This unconformity model is not robustly supported by existing 
tilt data sets; for example, Cather et al. (1994, their figure 3) and Koning et al. 
(2013) showed that most stratal tilt change occurred between 16 and 10 Ma, 
rather than later in the late Miocene. A major climate change affected the 
southwestern United States between 7 and 5 Ma, during which opening of the 
Gulf of California (Oskin and Stock, 2003) intensified the North American mon-
soon and resulted in fluvial integration of endorheic basins (Chapin, 2008). 
Climate-modulated sediment supply changes that occurred during waning or 
constant tectonic subsidence have been explicitly invoked to explain the Mio-
cene-Pliocene unconformity in the Albuquerque Basin (Connell et al., 2013).

Tilting of the Ogallala Formation, Western Great Plains

Uplift of the eastern edge of the Southern Rocky Mountains, by as much 
as 1 km, has caused eastward tilting of the Ogallala Formation since the late 
Miocene (Steven et al., 1997; McMillan et al., 2002, 2006; Leonard et al., 2002; 
Duller et al., 2012). The tilting has been quantified in northeast New Mexico, Col-
orado, and farther north (Cather et al., 2012, and references therein; Duller et al., 
2012). The Ogallala Formation in southeastern New Mexico (i.e., the part that 
is bounded on the west by the Mescalero Ridge) is almost entirely eolian, and 
paleo gradients (and therefore tilting) have not been estimated. Duller et al. (2012) 
found that in the central Great Plains, tilting may have occurred ca. 6–3.7 Ma.

Many studies have attributed tilting of the Ogallala Formation and the 
western Great Plains to dynamic (mantle driven) uplift; related to the Jemez 
Lineament (Nereson et al., 2013), centered in the Southern Rocky Mountains 
(McMillan et al., 2006); or northward propagation of the Rio Grande rift (Duller 
et al., 2012). Other studies have pointed to tectonic rock uplift related to Rio 
Grande rift opening (Steven et al., 1997; Leonard et al., 2002), isostatic rock 
uplift as a result of erosion (Leonard et al., 2002), climate effects (Duller et al., 
2012; Nereson et al., 2013), and crustal heating (Eaton, 2008).

BACKSTRIPPING ANALYSIS OF MIDDLE MIOCENE TO PRESENT 
SUBSIDENCE HISTORY OF THE RIO GRANDE RIFT

The opening history of the Rio Grande rift has been inferred from strati-
graphic and structural field studies (e.g., tilting rates or thickness changes; 
Chamberlin, 1983; Cather et al., 1994; Koning et al., 2013; Smith et al., 2002), 
sparse tectonic subsidence analyses (Connell et  al., 2013; Grauch and Con-
nell, 2013), and thermochronologic studies of rift-flank uplift (Kelley et al., 1992; 
House et  al., 2003; Ricketts et  al., 2015). These studies suggest that the rift 
opened rapidly starting ca. 24–20 Ma (Ricketts et al., 2015), and the loci of ex-
tensional strain shifted spatially with time (Baldridge et al., 1994; Koning et al., 
2013; Grauch and Connell, 2013).

We present tectonic subsidence histories of four major Rio Grande rift ba-
sins: San Luis, Albuquerque, Española, and northern La Jencia Basins, using 
wells and measured sections from 11 locations (Fig. 3). Descriptions of stratig-
raphy, age constraints, and methods are provided below and in Tables 3–13.

Methods: Tectonic Subsidence Analysis by Backstripping

Tectonic subsidence analysis allows both inter- and intrabasin comparisons 
of subsidence rates in the rift, which are important for understanding the rift’s 
evolution. However, the subsidence history at any location may be controlled 
by slip histories of nearby faults and may not be representative of the entire 
basin. Also, both subsidence and subsidence rates in half graben structures 
are expected to be spatially variable, i.e., higher on the fault-bounded side and 
near the centers of master faults, but lower on the hinged side of half grabens, 
near the ends of master faults, and in accommodation zones.
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Tectonic subsidence was calculated using the backstripping method (van 
Hinte, 1978; Bond and Kominz, 1984) assuming Airy isostasy. In backstripping, 
unconformities are treated as periods of zero tectonic subsidence (horizon-
tal line segments in Fig. 4). In reality, most unconformities record periods of 
erosion, which may be promoted during tectonic stability or uplift, but which 
may record subsidence if erosion rates are faster than subsidence rates. The 
widespread Miocene-Pliocene unconformity in the Rio Grande rift is erosional 
in most places, so the rocks below the unconformity are older than the onset 
of erosion, and there is no record of the actual time that erosion began. In con-
trast, the age of strata immediately overlying an unconformity gives the onset 
of renewed deposition.

Using the backstripping method (van Hinte, 1978; Bond and Kominz, 1984), 
we calculated tectonic subsidence curves from stratigraphic columns. In Fig-
ure 4, plotted tectonic subsidence curves show the vertical movements of 
stratigraphic horizons with respect to the top of each stratigraphic column. 
We present graphs of the sediment accumulation through time (burial history 
curves, Fig. 4), and graphs where the burial history curves are corrected for the 
mechanical compaction and loading that occurs during burial (tectonic sub-

sidence, Fig. 4). Because the Rio Grande rift was not covered by a sea during 
its opening history, we do not need to correct for sea level or paleobathymetry 
(Bond and Kominz, 1984). The tectonic subsidence curves represent subsid-
ence as a result of tectonic and dynamic processes, and thus they provide a 
means of analyzing processes that played a role during rift opening.

In many of our stratigraphic columns (Tables 3–13; Fig. 5), layers of ex-
trusive rocks (generally basalts) are present. These layers are assigned zero 
 porosity (Tables 3–13) and thus do not undergo decompaction during back-
stripping. Figure 5 shows an example of a stratigraphic column with interbed-
ded basalt layers for one of the wells that we analyzed (GR-4, Española Basin) 
and its corresponding burial history curve.

Errors in tectonic subsidence analyses stem from uncertainties in the data 
sets (such as age of formations). In our analyses, we aimed to reduce errors 
as much as possible by only using well data/stratigraphic columns for which 
we had enough age constraints, and we only backstripped the (upper) portion 
of the columns for which the age constraints were acceptable. As a result, we 
rejected many wells and deeper portions of other wells.

We show tectonic subsidence curves for two places in the southern San 
Luis Basin (Tables 3 and 4), five in the Española Basin (Tables 5–9), three in 
the Albuquerque Basin (Tables 10–12), and one (Table 13) along Rio Salado be-
tween the Lemitar Mountains and Sierra Ladrones (Figs. 3, 4, and 5). The latter 
lies on a west-tilted half graben in the northeastern La Jencia Basin (Cather and 
Read, 2003). Data used for six of these are from wells, four are from measured 
stratigraphic sections (Albuquerque Basin and its southwest margin), and one 
is from a cross section across the northeastern La Jencia Basin (Cather and 
Read, 2003). More well data and measured sections are available, but, as dis-
cussed above, we selected only sites with good age control. The subsurface 
units were differentiated based on age control and lithologic contrasts.

Parameters used in subsidence modeling (compaction coefficients, surface 
porosities, and bulk densities) were obtained from published compilations for 
similar lithologies (McWhorter and Sunada, 1977; Drenth et al., 2013; Rowan 
et al., 2003) and are listed in Tables 3–13. The Rio Grande rift is in a continen-
tal setting, so sea-level change and water depth were assigned zero values. 
 Mantle and water densities used were 3300 kg/m3 and 1000 kg/m3, respec-
tively. Errors in parameter values introduce error into the calculations, but we 
tested ranges of values and found that even substantial changes in parameter 
values only slightly affected the subsidence curves.

Age Constraints and Model Input

The stratigraphy is relatively unambiguous in the chosen sites (Figs. 3 and 
5), and sufficient age control exists to calculate sediment accumulation rates 
(age control is listed in Tables 2–13). The duration of the Miocene-Pliocene 
 lacuna is relatively well constrained at some sites, because either dateable 
units are found above and below the unconformity, or the locality is near out-
crops with age control (e.g., wells OT-1 and GR-4). In other places, the lacuna 
duration is constrained by extrapolation of sediment accumulation rates.
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Age control is from published 40Ar/39Ar, K/Ar, and paleomagnetic reversal 
data (Appelt, 1998; Broxton et al., 2001, 2012; Cather and Read, 2003; Cham-
berlin, 2004; Connell, 2008b; Connell et al., 2013; Drakos et al., 2004; Izett and 
Obrado vich, 1994; Koning et al., 2011, 2013; Spell et al., 1996a, 1996b; Wolde-
Gabriel et al., 2001, 2013). Tests show that errors or uncertainties in the ages 
are smaller than the sensitivity of the backstripping method and do not change 
any of our conclusions. A single age was used for subsurface basalt intervals 
unless more than one age was available. Although it varies spatially, in most lo-
cations, the age of the lacuna includes the time period of 7–5 Ma (Tables 3–13).

In the San Luis Basin, the age of the Ojo Caliente Sandstone was taken 
from the northern Española Basin, where the base and top, respectively, are 

interpreted to be 13.5 Ma (Koning et al., 2013) and 9 Ma (Koning et al., 2011; 
Repasch et al., 2017). The subsurface stratigraphy here consists of interbedded 
Servilleta Basalts (4.8–3.1 Ma; Appelt, 1998) and clastic sediments underlain by 
gravel-bearing Chamita Formation, which in turn is underlain by a distinctive 
eolianite called the Ojo Caliente Sandstone (Tables 3 and 4).

In the Española Basin, the subsurface stratigraphy consists of an upper 
package of interbedded ignimbrites, lava flows (dacites and basalts), and 
fanglomerates (Puye Formation) that overlie the Miocene-Pliocene boundary. 
Below this boundary, a lower stratigraphic package consists of the Chamita 
Formation interbedded with 13–8 Ma basalts. Details of the subsurface stra-
tigraphy and age control were presented by WoldeGabriel et al. (2006, 2013).

TABLE 5. WELL DATA GR-4, ESPAÑOLA BASIN

Lithologic unit
Top
(km)

Base
(km)

Age top
(Ma)

Age base
(Ma) ρ C φ0

Data
source

Puye Formation below Otowi Member of Bandelier Tuff (extends up the slope 
from well head)

0.0 0.115 1.62* 5.3† 2170 0.15 0.1 b, c, f

Inferred age range of Miocene-Pliocene lacuna 0.115 0.115 5.3† 8.8§ 0 0 0 g
Hernandez Member above upper basalt 0.115 0.289 8.8§ 11.6 2170 0.2 0.35 b, c, f
Upper basalt in well 0.289 0.295 11.6 11.6 2795 0.01 0.0 b, c, f
Vallito Member between middle and upper basalts in well 0.295 0.438 11.6 12.6 2170 0.29 0.3 b, c, f
Middle basalt in well 0.438 0.445 12.6 12.6 2795 0.01 0 b, c, f
Vallito Member between lower and middle basalt in well. 0.445 0.485 12.6 13.2 2170 0.29 0.38 b, c, f
Lowest basalt in well 0.485 0.509 13.2 13.2 2795 0.01 3.0 b, c, f

Note: ρ—density (kg/m3), C—porosity-depth coefficient, φ0—porosity at surface. Data sources: b—Drenth et al. (2013), c—Rowan et al. (2003), f—WoldeGabriel et al.
(2013), g—WoldeGabriel et al. (2001).

*Age of Otowi Member of Bandelier Tuff (Izett and Obradovich, 1994; Spell et al., 1996a, 1996b).
†Minimum age of Miocene-Pliocene lacuna is from vitric ash immediately overlying the unconformity in Bayo Canyon, located 3.5 km to SSE (WoldeGabriel et al., 2001).
§Maximum age of Miocene-Pliocene lacuna is from dated basalts in Bayo Canyon, located 3.5 km to SSE; these immediately underlie the unconformity (WoldeGabriel 

et al., 2001).

TABLE 6. WELL DATA OT-1, ESPAÑOLA BASIN

Lithologic unit
Top
(km)

Base
(km)

Age top
(Ma)

Age base
(Ma) ρ C φ0

Data
source

Stratigraphic interval between uppermost basalt (Tb4) and Otowi Member of Bandelier 
Tuff in exposed slopes above well head

0.0 0.015 1.6* 2.1† 2170 0.15 0.1 b, c, f

Age range of Tb4 lava flows 0.015 0.085 2.1† 2.5† 2795 0.01 0 b, c, f
Puye Formation between uppermost basalt (Tb4) and Miocene-Pliocene unconformity 

above Tb2
0.085 0.189 2.5† 5.3§ 2170 0.15 0.1 b, c, f

Age range of Miocene-Pliocene lacuna 0.189 0.189 5.3§ 8.5# 0 0 0 g
Upper basalt (Tb2) 0.189 0.213 8.5# 8.5# 2795 0.01 0.0 b, c, f
Chamita Formation between lower (Tb1) and middle (Tb2) basalts 0.213 0.68 8.5# 13.2 2170 0.22 0.32 b, c, f
Lower basalt (Tb1) 0.68 0.686 13.2 13.2 2795 0.01 0.0 b, c, f

Note: ρ—density (kg/m3), C—porosity-depth coefficient, φ0—porosity at surface. Data sources: b—Drenth et al. (2013), c—Rowan et al. (2003), f—WoldeGabriel et al.
(2013), g—WoldeGabriel et al. (2001).

*Age of Otowi Member of Bandelier Tuff (Izett and Obradovich, 1994; Spell et al., 1996a, 1996b).
†Age range of Tb4 from D. Broxton (1 July 2016, written commun.), which is extrapolated from available age control in adjacent R-9 well (Broxton et al., 2001).
§Minimum age of Miocene-Pliocene lacuna is from vitric ash immediately overlying the unconformity in Bayo Canyon, located 1.6 km to NNW (WoldeGabriel et al., 2001).
#Average of listed age ranges in WoldeGabriel et al. (2001, 2013) for likely correlative basalts in R-9 (D. Broxton, 1 July 2016, written commun.).
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TABLE 7. WELL DATA PM-5, ESPAÑOLA BASIN

Lithologic unit
Top
(km)

Base
(km)

Age top
(Ma)

Age base
(Ma) ρ C φ0

Data
source

Puye Formation and lavas between volcanic flow (~248 m depth) and 
base of Otowi Member of Bandelier Tuff

0.221 0.248 1.6 2.5 2480 0.1 0.05* b, c, f, g

Lowest dated Tvt2 dacite flow (~337 m depth) to higher volcanic flow 
(~248 m depth)

0.248 0.337 2.5 2.7 2795 0.01 0.0 b, c, f, g

Base of Puye Formation to lowest dated Tvt2 dacite flow (~337 m depth) 0.337 0.387 2.7 5.3† 2170 0.15 0.1 b, c, f, g
Base of pumiceous unit (Tjfp) to base of Puye Formation 0.387 0.448 5.3* 7.0§ 2170 0.20 0.2 b, c, f, k
Chamita Formation between base of the pumiceous unit (Tjfp) and the 

base of lower Miocene basalt (Tb1)
0.448 0.832 7.0§ 11.4 2783 0.22 0.32 b, c, f, g

Note: ρ—density (kg/m3), C—porosity-depth coefficient, φ0—porosity at surface. Data sources: b—Drenth et al. (2013), c—Rowan et al. (2003), f—WoldeGabriel et al.
(2013), g—WoldeGabriel et al. (2001), k—Broxton et al. (2012).

*Interval consists of subequal proportions of lavas and sediment, so value represents an average of 0 and 0.1.
†Base of Puye Formation is constrained in Bayo Canyon outcrops (WoldeGabriel et al., 2001).
§Age of lower pumiceous unit is 7.0–6.8 Ma; this age and glass compositions indicate correlation with Bearhead Rhyolite (Broxton et al., 2012). Note that the 

unconformity is not extended de facto to PM-5 because the well is too far from outcrop control.

TABLE 8. WELL DATA OT-4 WELL, ESPAÑOLA BASIN

Lithologic unit
Top
(km)

Base
(km)

Age top
(Ma)

Age base
(Ma) ρ C φ0

Data
source

Puye Formation, Tb4 basalt flow to base of Otowi Member 0.047 0.079 1.6* 2.5 2170 0.15 0.1 b, c, f, g
Tb4 basalt flow* 0.079 0.118 2.5 2.5 2795 0.01 0 b, c, f, g
Puye Formation base (unconformity) to Tb4 basalt 0.118 0.167 2.5 5.3† 2170 0.15 0.1 b, c, f, g
Age range of Miocene-Pliocene lacuna 0.167 0.167 5.3† 6.8 0 0 0 g, k
Lower pumiceous interval (top is unconformity) 0.167 0.201 6.8§ 7.0§ 2170 0.20 0.2 b, c, f, k
Chamita Formation between middle of upper Tb2 basalt and base of 

pumiceous interval
0.201 0.372 7.0 8.8 2170 0.22 0.32 b, c, f, g

Base of lower Tb2 basalt to middle of upper Tb2 basalt 0.372 0.432 8.8 9.0 2480 0.1 0.15 b, c, f, g

Note: ρ—density (kg/m3), C—porosity-depth coefficient, φ0—porosity at surface. Data sources: b—Drenth et al. (2013), c—Rowan et al. (2003), f—WoldeGabriel et al.
(2013), g—WoldeGabriel et al. (2001), k—Broxton et al. (2012).

*Age of Otowi Member of Bandelier Tuff (Izett and Obradovich, 1994; Spell et al., 1996a, 1996b).
†Minimum age of Puye Formation (minimum age constraint of lacuna) is from vitric ash immediately overlying the unconformity in Bayo Canyon (WoldeGabriel et al., 2001).
§Age of lower pumiceous unit is 7.0–6.8 Ma; this age and glass compositions indicate correlation with Bearhead Rhyolite (Broxton et al., 2012).

TABLE 9. WELL DATA R-9 WELL, ESPAÑOLA BASIN

Lithologic unit
Top
(km)

Base
(km)

Age top 
(Ma)

Age base
(Ma) ρ C φ0

Data
source

Stratigraphic interval between uppermost basalt (Tb4) and Otowi Member of 
Bandelier Tuff in exposed slopes above well head

0.0 0.001 1.6* 2.1 2170 0.27 0.31 b, c, f, l

Age range of Tb4 basalts 0.001 0.077 2.1 2.5 2795 0.01 0 b, c, f, l
Puye Formation between base of Puye Formation to base of Tb4 basalts 0.077 0.168 2.5 5.3† 2170 0.25 0.1 b, c, f, l
Chamita Formation between lowest basalt (Tb2) and base of Puye Formation§ 0.168 0.213 5.3† 8.5 2170 0.22 0.32 b, c, f, l
Lowest basalt (Tb2) 0.213 0.243 8.5 8.5 2795 0.01 0.0 b, c, f, l

Note: ρ—density (kg/m3), C—porosity-depth coefficient, φ0—porosity at surface. Data sources: b—Drenth et al. (2013), c—Rowan et al. (2003), f—WoldeGabriel et al.
(2013), l—Broxton et al. (2001).

*Age of Otowi Member of Bandelier Tuff (Izett and Obradovich, 1994; Spell et al., 1996a, 1996b).
†Minimum age of Puye Formation (minimum age constraint of lacuna) is from vitric ash immediately overlying the unconformity in Bayo Canyon (WoldeGabriel et al., 2001).
§Although an unconformity is likely present, we could not use sedimentation rates to adequately constrain the lacuna in this well. Instead, we modeled a condensed section.
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In the Española Basin, the Miocene-Pliocene unconformity in GR-4 lies 
164 m above a 11.6 Ma basalt. Figure 5 shows a stratigraphic column of this 
well. The lacuna here is not well constrained at the well but is inferred to be 
similar to that exposed in an illustrative outcrop in Bayo Canyon, located 3 km 
to the south. There, the unconformity is overlain by a 5.3 Ma vitric tuff and 
underlain by an 8.8 Ma basalt (WoldeGabriel et al., 2001, 20013). Other wells 
in the Española Basin lie along an east-west transect ~5.5 km south of GR-4 
(Fig. 3). In well PM-5, at the top of the Chamita Formation (pre-unconformity 
strata), there is a distinctive pumiceous unit, which is interpreted to be 7.0–
6.8 Ma based on dating and geochemical correlation with the Bearhead Rhyo-
lite (Broxton et al., 2012). At a depth of 337 m, a dacite flow interbedded within 
the Puye Formation yielded an age of 2.7 Ma (WoldeGabriel et al., 2001). The 
base of this flow lies 50 m above the base of the coarse-grained Puye Forma-
tion, which postdates the unconformity (WoldeGabriel et al., 2013). Thus, the 
maximum age of the lacuna is well constrained at PM-5, since it directly over-
lies the pumiceous unit, but the minimum age is not as tight. Well OT-4 lies on 
the upper end of the same fault ramp as PM-5. Well OT-4 has relatively similar 
subsurface age constraints for the Miocene-Pliocene unconformity, which di-
rectly overlies the 6.8–7.0 Ma pumiceous interval and underlies, by 50 m, a 

subsurface basalt dated at 2.5 Ma (WoldeGabriel et al., 2001, 2013). Well R-9 
has an 8.5 Ma basalt interbedded in the Chamita Formation at a depth of 45 m 
below the Miocene-Pliocene unconformity. Series of basalts interbedded in 
the Puye Formation range from 2.5 to 2.1  Ma, and the base of this basalt 
package occurs 91  m above the Miocene-Pliocene unconformity. The east-
ernmost well used in the Española Basin, OT-1, lies 600 m northwest of well 
R-9, and its subsurface basalts are inferred to correlate with those of R-9. At 
OT-1, the 8.5 Ma basalt directly underlies the Miocene-Pliocene unconformity 
and provides a tight maximum age constraint for this feature. However, there 
is an ~100 m section of strata between the unconformity and the next dated 
units (2.5–2.1 Ma basalts interbedded in the Puye Formation). There may be 
a west-down fault between the wells on the south-dipping ramp (PM-5 and 
OT-4) and the R-9 and OT-1 wells to the east (David Broxton, 2013, personal 
commun.). This fault may explain why there is no preserved pumiceous unit 
in wells R-9 and OT-1 and why the 8.5 Ma basalts are in close proximity to the 
unconformity (within 0–45 m).

Stratigraphic thicknesses were measured from published stratigraphic sec-
tions derived from well logs and measured sections (see Tables 3–13 for refer-
ences). Well GR-4 has eight layers with age control; the Albuquerque CDRP-CL 

TABLE 10. STRATIGRAPHIC SECTION CDRP3, ALBUQUERQUE BASIN

Lithologic unit
Top
(km)

Base
(km)

Age top 
(Ma)

Age base 
(Ma) ρ C φ0

Data
source

Rio Puerco Member below Llano de Albuquerque 0.0 0.021 1.6 1.9 2170 0.2 0.21 a, b, c
Inferred lacuna age range of disconformity between Rio Puerco and Atrisco Member of 

Ceja Formation
0.021 0.021 1.9 2.0 0 0 0 a

Atrisco Member of Ceja Formation 0.021 0.047 2.0 3.02 2170 0.25 0.29 a, b, c
Inferred lacuna age range of Miocene-Pliocene unconformity 0.047 0.047 3.02 5.9 0 0 0 a
Navajo Draw Member, Arroyo Ojito Formation, between Cerro Colorado dacite and higher 

Miocene-Pliocene unconformity
0.047 0.093 5.9* 7.16 2170 0.29 0.33 a, b, c

Navajo Draw Member, Arroyo Ojito Formation, between La Mesita flow and higher Cerro 
Colorado dacite

0.093 0.13 7.16 8.16 2350 0.29 0.33 a, b, c

Note: ρ—density (kg/m3), C—porosity-depth coefficient, φ0—porosity at surface. Data sources: a—Connell et al. (2013), b—Drenth et al. (2013), c—Rowan et al. (2003).
*Indicates age that is extrapolated from stratal accumulation rates calculated from underlying interval.

TABLE 11. STRATIGRAPHIC SECTION ZF&AO, ALBUQUERQUE BASIN

Lithologic unit
Top
(km)

Base
(km)

Age top 
(Ma)

Age base 
(Ma) ρ C φ0

Data
source

Age of Ceja Formation above basal contact up to Nomlaki Tuff 0.0 0.031 3.28 3.9* 2170 0.27 0.33 a, b, c
Inferred lacuna age range of Miocene-Pliocene unconformity 0.031 0.031 3.9* 6.0 0 0 0 a
Arroyo Ojito Formation between Peralta Tuff and upper contact 0.031 0.131 6.0 6.85 2170 0.29 0.33 a, b, c
Arroyo Ojito Formation between basal contact and Peralta Tuff 0.131 0.469 6.85 10.0 2170 0.29 0.33 a, b, c
Cerro Conejo Formation 0.469 0.789 10.0 15.0 2170 0.29 0.33 a, b, c

Note: ρ—density (kg/m3), C—porosity-depth coefficient, φ0—porosity at surface. Data sources: a—Connell et al. (2013), b—Drenth et al. (2013), c—Rowan et al. (2003).
*Indicates age that is extrapolated from stratal accumulation rates calculated between Namlaki Tuff and poorly constrained base of the underlying normal-polarity interval 

(N1 of fig. 9 from Connell et al., 2013); note that the upper interval is on the immediate hanging wall of a fault, and stratal accumulation rates likely reflect movement along 
that fault.
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and the ZF and AO stratigraphic sections in the Albuquerque Basin have the 
fewest (five age-controlled layers). The thickness of sections used ranges 
from 55 m (CDRP-CL) to 1.45 km (Rio Salado). Subsidence analysis results are 
grouped by basin in Figure 4 with ~15 m.y. x axes for ease of comparison.

Results: Tectonic Subsidence Curves of the Rio Grande Rift

Most tectonic subsidence curves (Fig. 4) show rapid tectonic subsidence 
(~25–65 mm/k.y.) in middle-late Miocene time, followed by an unconformity 
(horizontal segments), and renewed tectonic subsidence until ca. 3–0.5  Ma. 
The early ~25–65 mm/k.y. subsidence rates are similar to the prerupture 
phases of rifted continental margins (Xie and Heller, 2009). Postunconformity 
tectonic subsidence rates are similar to or less than the pre-unconformity rates 
(Fig. 4). The duration of the unconformity is poorly constrained in the La Jencia 
and Albuquerque Basins (Rio Salado, CDRP3, CDRP-CL sections), hampering 
comparison of pre- and postunconformity rates. We do not have tectonic sub-
sidence rates for the later Quaternary, but paleoseismic studies indicate that 
several rift faults remain active (Fig. 2). In the following, we discuss the geo-

logic context for wells in each rift basin, because the interpretation of tectonic 
subsidence rates is informed by the locations of the wells and stratigraphic 
sections relative to faults (i.e., hanging wall, footwall) and geologic features 
such as basalt flows.

Both wells in the San Luis Basin lie within the structurally deepest area of 
the basin (Grauch et al., 2017) and show similar subsidence histories (Fig. 4). 
It is not known if the Miocene-Pliocene unconformity is present in these wells. 
The Airport well (Taos Airport well of Grauch et al., 2017) is located in the Los 
Cordovas fault zone on the west side of the structural low, and the K3 well 
lies within the western (inner) side of a 6-km-wide fault system bounding the 
southeastern side of this structural low (Fig. 3; Grauch et al., 2017). Both wells 
show relatively rapid tectonic subsidence before ca. 9 Ma, decreasing tectonic 
subsidence from ca. 9 to 4.7 Ma, a brief rapid subsidence period between 4.7 
and 3.6 Ma, and then very slow subsidence. Tectonic subsidence rates after 
3.6 Ma in the K3 well are similar to those between 14 and 9 Ma in the Airport 
well, and the post–5 Ma record is too short for meaningful comparison.

Española Basin wells (PM-5, OT-1, OT-4, GR-4, and R-9) all are in the proxi-
mal hanging wall of the Pajarito fault (<15 km from the fault), which is the east-
down master fault of the Española Basin half graben (Golombek, 1983; Koning 

TABLE 12. STRATIGRAPHIC SECTION CDRP-CL, ALBUQUERQUE BASIN

Lithologic unit
Top 
(km)

Base 
(km)

Age top 
(Ma)

Age base 
(Ma) ρ C φ0

Data
source

Rio Puerco Member below Llano de Albuquerque 0.0 0.023 1.6 1.9 2170 0.2 0.21 a, b, c
Inferred lacuna age range of disconformity between Rio Puerco and Atrisco 

Members of Ceja Formation
0.023 0.023 1.9 2.4 0 0 0 a

Top of Atrisco Member, Ceja Formation to base of paleomagnetic reversal 
(assumes reversal is Kaena)

0.023 0.042 2.4 3.1 2170 0.36 0.35 a, b, c

Atrisco Member, Ceja Formation between base of paleomagnetic reversal 
and basal contact (assumes reversal is Kaena and basal strata postdate the 
Mammoth reversal)

0.042 0.055 3.1 3.2 2170 0.36 0.35 a, b, c

Note: ρ—density (kg/m3), C—porosity-depth coefficient, φ0—porosity at surface. Data sources: a—Connell et al. (2013), b—Drenth et al. (2013), c—Rowan et al. (2003).

TABLE 13. STRATIGRAPHIC DATA, RIO SALADO BETWEEN LEMITAR MOUNTAINS AND SIERRA LADRONES

Lithologic unit
Top
(km)

Base
(km)

Age top
(Ma)

Age base
(Ma) ρ C φ0

Data
source

Sierra Ladrones Formation 0.0 0.36 3.23* 5.0† 2170 0.25 0.29 b, c, e, m
Approximate age range of lacuna 0.36 0.36 5.0† 7.0† 0 0 0 b, c, e
Upper Popotosa Formation 0.360 2.55 7.0† 14.5§ 2170 0.22 0.29 b, c, e
Upper Popotosa Formation 2.55 3.36 14.5§ 15.4# 2350 0.22 0.29 b, c, e

Note: ρ—density (kg/m3), C—porosity-depth coefficient, φ0—porosity at surface. Data sources: b—Drenth et al. (2013), c—Rowan et al. (2003), e—Cather and Read (2003), 
m—Lueth et al. (2016). Stratigraphic thicknesses are from cross-section A-A’ of Cather and Read (2003).

*3.23 ± 0.03 Ma (from cryptomelane) is the age of Riley Travertine, which caps the Sierra Ladrones Formation along Rio Salado (Lueth et al., 2016).
†Lacuna between the Sierra Ladrones Formation and Popotosa Formation is inferred to be 7–5 Ma based on regional stratigraphy (unit Tbsh of Chamberlin and Osburn, 

2006; unit Tas of Chamberlin et al., 2001).
§Ash bed interbedded in Upper Popotosa Formation.
#Silver Creek andesite, dated using 40Ar/39Ar at 15.33 ± 0.07 Ma and 15.49 ± 0.20 Ma (R.M. Chamberlin and W.C. McIntosh, 2003, written commun., cited in Cather and 

Read, 2003).
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et al., 2013). Well GR-4 lies on a structural high between two relatively deep 
intrabasin half grabens (the Los Alamos graben to the south and the Santa 
Clara graben to the north); wells PM-5 and OT-4 are located on a south-dipping 
structural ramp on the north side of the Los Alamos graben (Cole et al., 2009; 
Koning et al., 2013).

Most of the Española Basin wells (i.e., R-9, OT-1, OT-4, and GR-4) show 
slower tectonic subsidence rates after the lacuna than before. Well PM-5 
shows slowing subsidence from ca. 7 to 3 Ma but no unconformity (flat seg-
ment), likely due to it being in a structurally deeper position in the Los Alamos 
graben alongside the Pajarito fault zone and to activity on the Pajarito fault 
itself. This is consistent with increasing Quaternary slip rates on the Pajarito 
fault (Koning et al., 2013). Well GR-4 is located on a structural high between 
two deep subbasins of the larger Española Basin (Koning et al., 2013), which 
may explain the relatively long duration of its lacuna.

In contrast to San Luis and Española Basins sites, located near basin-bound-
ing faults, Albuquerque Basin sites are on or near the basin’s western faulted 
flexural hinge (Fig. 3). These three measured sections (from Connell et  al., 
2013) are challenging to compare because they span different times. The dura-
tion of the Miocene-Pliocene unconformity at Albuquerque Basin sites is con-
strained by extrapolation of stratal accumulation rates from above and below, 
with age control from magnetostratigraphy and ages of lava flows, tephra, and 
clasts (Connell et al., 2013). Extrapolation of stratal accumulation rates sug-
gests the lacuna here spans ca. 6 Ma to 3 Ma (site CDRP3) or 6–4 Ma (site ZFAO; 
Fig. 4; Tables 10–11); note that the lacuna here is not as tightly constrained as 
in the Española Basin. The postunconformity part of the section at site ZFAO 
was measured on the immediate hanging wall of a fault and so likely reflects 
local activity of that fault.

The Rio Salado section is in a west-tilted fault block on the northeastern 
side of the La Jencia Basin. Age constraints for the Rio Salado site (Cham-
berlin, 2004) are from dated rhyolitic ash beds, basaltic andesite layers, and a 
travertine (Chamberlin, 2004; Cather and Read, 2003; Lueth et al., 2016). Tec-
tonic subsidence there (Fig. 4D) was rapid before ca. 7 Ma. An unconformity is 
inferred to span ca. 7–5 Ma (very poor age control), with subsidence rate after-
ward being slightly less than before. Early extension was on rotational dom-
ino faults that were eventually abandoned and crosscut by younger, mostly 
steeper faults (Chamberlin, 1983; Cather et al., 1994; Chamberlin et al., 2016). 
Uplift of the younger faults’ footwalls may have decreased the tectonic sub-
sidence rate at this site.

We propose that the following features are related: the widespread late 
Miocene–early Pliocene unconformity in the Rio Grande rift, the presence of 
a similar-aged unconformity in the Ocate volcanic field east of the rift, syn-
chronous tilting of the western Great Plains, and either a slowing down or 
zero tectonic subsidence rate in studied locations in the late Miocene to early 
Pliocene. These observations span a spatial scale of ~400 by 600 km. Previ-
ous studies have mainly focused on a single or a few of these observations, 
and thus proposed mechanisms for their occurrence were often more local in 
scale or cannot address all observations (Rio Grande rift opening–related rock 

uplift—Steven et al., 1997; isostatic rock uplift—Leonard et al., 2002; southern 
Rocky Mountains uplift—McMillan et al., 2006; crustal heating—Eaton, 2008; 
northward propagation of the rift—Duller et al., 2012; Jemez Lineament– related 
magmatism and buoyancy—Nereson et al., 2013; Repasch et al., 2017; climate 
effects—Duller et al., 2012; Nereson et al., 2013).

Considering all observations, we suggest that a larger-scale epeirogenic 
event related to mantle buoyancy may provide an explanation of the mecha-
nism involved. The role of mantle buoyancy in elevation compensation can be 
established with geoid-topography analyses, as described in the next section.

TOPOGRAPHIC COMPENSATION OF THE RIO GRANDE RIFT

If the unconformity, slowing of tectonic subsidence, and tilting of the west-
ern Great Plains were influenced by mantle upwelling, there may still be relic 
dynamic uplift related to this mantle upwelling today, since upper-mantle 
convection time scales below the rift are millions to tens of millions of years 
(van Wijk et al., 2010; Sleep, 2011). Here, we combine topographic information 
with geoid information to provide insight into the degree of isostatic support 
of the entire Rio Grande rift region. The average elevation of the Rio Grande 
rift changes markedly from north to south, decreasing from ~2300 m in the 
northern San Luis Basin to ~1200 m at the Texas–New Mexico border (Figs. 
1 and 6). There is a corresponding decrease in lithospheric geoid anomaly 
(calculated using the method described in Coblentz at al., 2011; see follow-
ing discussion) from ~10 m to 3 m (Fig. 6). We used this topographic/geoid 
analysis to evaluate (1) the degree to which dynamic uplift is supporting the 
elevation of the Rio Grande rift, and (2) the observed physiographic change 
along the rift axis (north of ~34°N, the rift is characterized by narrow basins 
with raised margins; south of 34°N, the character of the rift changes abruptly 
to one of parallel grabens or half grabens similar to the structure of the Basin 
and Range Province).

Topographic Power Spectrum of the Rio Grande Rift

We first evaluated the topographic power spectrum of the rift. This yielded 
information about the frequency content of the topographic signal. Here, we 
investigated the radial spectral power within three wavelength bands (Fig. 6) 
using a two-dimensional fast Fourier transform for the topography shown in 
Figure 6B within a moving window. Specifics of the three bands are:

(A) short wavelengths, λ < 30 km, window size = 0.5° × 0.5° (Nyquist wave-
length of ~60 km),

(B) medium wavelengths, 50 km < λ < 150 km, window size = 2.0° × 2.0° 
(Nyquist wavelength ~240 km), and

(C) long wavelengths, λ > 200 km, window size = 4° × 4° (Nyquist wave-
length ~475 km).
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The map in Figure 6B (left panel) is of the region that was used to com-
pute the spectral power. A window with topographic information was created 
every 0.25° (from N to S) with a N-S width of 0.5° (for short wavelength, and 
larger widths for longer wavelengths, see above). After the topography was ex-
tracted, the spectral power was computed, and the power for the three bands 
was extracted to create one of the red points in each of the panels shown 
Figure 6A. This was repeated along the entire N-S region shown on the map.

Figure 6A shows the topographic spectral power for the three wavelength 
bands plotted parallel to the axis of the Rio Grande rift. At the shortest topo-
graphic wavelengths, the spectral power is highest in the southern rift, south 
of ~31°N (reflecting the dominance of Basin and Range geomorphology in the 
topographic signal) and north of ~37°N (reflecting the high topographic relief 
and roughness of the topography of the Southern Rockies in central Colorado). 
At medium wavelengths, spectral power is fairly uniform along the rift axis, 
with significant variation in the topographic power spectrum associated with 
the Aspen Uplift of central Colorado (~39°N; MacCarthy et al., 2014), the San 
Juan Mountains (~37°N to 38°N), the Jemez Lineament (centered at ~36°N), the 
Southern Basin and Range near 33°N, and south of the Mazatzal-Grenville su-
ture at ~30°N. At very long wavelengths (>200 km), the power spectrum along 
the Rio Grande rift is dominated by the long-wavelength topographic swell of 
the Rocky Mountains (north of ~37°N).

Geoid-Topography Ratios of the Rio Grande Rift: Methodology

The ratio between the average elevation of the Rio Grande rift and the 
lithospheric geoid provides information about the compensating mechanism 
for the topography, and therefore the degree to which dynamic uplift from 
the upper mantle is supporting the topography. Geoid height anomalies for 
isostatically compensated regions can be directly related to the local density 
dipole moment, which can be used to evaluate the subsurface distribution of 
mass associated with various surface features (see review and discussion in 
Coblentz et al., 2015). Given the important role that density variations in the 
uppermost mantle play in rift dynamics, it is of primary interest to constrain 
the depth of the density distributions that control the lithospheric geoid. Be-
cause the geoid reflects the gravitational dipole moment, it is more sensitive 
to deeper sources than the gravity field—a consequence of the fact that the 
geoid anomaly observed at the surface caused by a point mass buried at depth 
d decreases in amplitude as 1/d, whereas the gravity anomaly of the same 
point mass decays as 1/d 2. This makes the study of geoid anomalies useful for 
evaluating the depth of isostatic compensation.

An evaluation of the geoid signal associated with density variations in 
the upper mantle requires the removal of the long-wavelength geoid signals 
arising from sources in the lower mantle. Here, we generated a “lithospheric 
geoid” by filtering the spherical harmonic terms used in the harmonic expan-
sion of the geoid to extract the geoid signal from the uppermost mantle den-
sity variations (method described in detail in Coblentz et al., 2011). The linear 
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Figure 6. (A) Topographic spectral power along the Rio Grande rift for three wavelength bands, 
plotted as a function of latitude. Gray dashed lines outline the location of the Jemez Linea-
ment. Upper panel: wavelength < 30 km, window size = 0.5° × 0.5°; middle panel: wavelength 
50–150 km, window size = 2.0° × 2.0°; lower panel wavelength >200 km, window size = 4° × 4°. 
(B) Topography, geoid, and geoid-topography ratio in the Rio Grande rift region. Methods are 
described in the text.
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relationship between the geoid and topography can be used in a variety of 
ways for geodynamic applications. At wavelengths greater than the flexural 
wavelength (i.e., features that are isostatically compensated), geoid anoma-
lies caused by long-wavelength continental topography are proportional to 
the ele vation multiplied by the mean depth of compensation (Coblentz et al., 
2011). Consequently, for a particular elevation, the greater the average depth of 
the isostatic “root,” the larger is the geoid anomaly. In this case, the geoid-to-
topog raphy ratio (GTR) can be used to estimate the depth of compensation of 
crustal plateaus (Haxby and Turcotte, 1978). In the spatial domain, the GTR can 
be calculated by simply dividing the average geoid by the average elevation 
(usually in km; Chase et al., 2002), shown in Figure 6, or by plotting the geoid 
height against topography and calculating the slope of the fit to the data in 
a traditional least squares method (Sandwell and MacKenzie, 1989; Sandwell 
and Renkin, 1988).

Under the assumption that topography is locally compensated at wave-
lengths greater than the flexural wavelength (~400 km), the geoid height is 
proportional to the dipole density moment (Ockendon and Turcotte, 1977).  
The geoid-to-topography ratio (GTR) depends on the average depth of com-
pensation (Haxby and Turcotte, 1978). Topographic features with GTR greater 
than ~6 m/km are compensated beneath the lithosphere and therefore must 
have a significant component of dynamic support by convective stresses 
( McKenzie et al., 1980). In contrast, low GTR vales (in the range of 0–2 m/km) 
are associated with shallow (<50 km) Airy or Pratt compensation (Angevine 
and Turcotte, 1983). In the middle range, for GTR values between 2 and 6 m/km, 
topography is compensated at depths between 50 and 80 km, likely related to 
lithosphere thinning (Crough, 1978).

Geoid-Topography Ratios of the Rio Grande Rift: Results

The GTR gradually increases northward north of 32°N, i.e., southern New 
Mexico. The GTR (Fig. 6B) is around or below 2 m/km south of the Socorro 
accommodation zone (~34°N), which means that the southern Rio Grande 
rift is at present isostatically compensated by shallow Airy isostasy. The GTR 
steadily increases to 40°N, where the value of 5 m/km is close to the dynamic 
support threshold. The large GTR in the northern part of the rift (north of 35°N 
in the Albuquerque Basin) supports an interpretation that the northern Rio 
Grande rift at present still has a component of mantle-driven dynamic uplift.

DISCUSSION

What Caused the Miocene-Pliocene Unconformity in the Rio Grande 
Rift Region and Tilting of the Western Great Plains?

Most of the tectonic subsidence curves (Fig. 4) are consistent with a phase 
of slow-down or absence of tectonic subsidence in the late Miocene–early 
Pliocene. Such patterns in tectonic subsidence curves indicate a smaller or 
absent accommodation space and can typically be explained by a slow-down 

of rift opening, or a process such as dynamic uplift. Because our geoid analysis 
indicates that there is at present a component of dynamic compensation of 
topography in the northern rift region, and there are geophysical indications 
for dynamic surface uplift in the rift region (Moucha et al., 2008), we focus here 
on dynamic uplift as a mechanism for a slow-down in tectonic sub sidence, 
the Miocene-Pliocene unconformity, and eastward tilting of the western 
Great Plains.

Mantle-driven dynamic uplift below the Rio Grande rift region is the re-
sult of a combination of factors: foundering and fragmentation of the Farallon 
slab and related convection patterns, opening of the Rio Grande rift, and the 
relative motion between North America and the underlying asthenosphere 
(Moucha et al., 2008; van Wijk et al., 2008, 2010; Ricketts et al., 2015; Ricketts 
and Karlstrom, 2016). Moucha et al. (2008) calculated that as a result of this 
mantle flow, dynamic uplift occurred in the Rio Grande rift region in the last 
~10 m.y. The total amplitude of dynamic topography is difficult to estimate, but 
may be hundreds of meters (Moucha et al., 2008). In their study, the “bull’s-
eye” of the dynamically uplifted region passed over the central-northern Rio 
Grande rift and caused most dynamic uplift there. In the southern Rio Grande 
rift, the amplitude of dynamic topography is expected to have been smaller 
(Moucha et al., 2008). This could explain the more widespread nature of the 
Miocene-Pliocene unconformity in the Española Basin region.

Our tectonic subsidence curves (Fig. 4) suggest that prior to the uncon-
formity, tectonic subsidence rates varied (in the locations that we analyzed) 
between ~25 and 65 m/m.y.; present-day dynamic uplift calculated by  Moucha 
et  al. (2008) ranges from ~15 m/m.y. in the southern rift to ~30 m/m.y. in 
the northern rift, and the uplift rate may have been higher in the past when 
the “bull’s-eye” of dynamic uplift passed below the rift (Moucha et al., 2008). 
In places, the dynamic uplift rate thus may have exceeded the tectonic sub-
sidence rate, resulting in a local diminishment of accommodation space within 
the rift zone that may have promoted erosion. Because unconformities form as 
a result of the interplay among uplift, tectonic subsidence, and sediment dis-
charge, and because the tectonic subsidence varies from location to location 
in the rift (Fig. 4), we do not expect that the unconformity was synchronous 
in the Rio Grande rift, nor that it formed everywhere. The amount of material 
that was eroded cannot be determined; assuming an erosion rate of 5 m/m.y. 
yields a total of 25 m of erosion over the time span of a 5 m.y. lacuna. Because 
North America moves southwestward with respect to the underlying mantle, 
and upper-mantle convection patterns change over time scales of millions to 
tens of millions of years, the dynamic uplift is a transient phenomenon. In the 
southern rift, it no longer compensates topography, in agreement with predic-
tions of our geoid-topography analysis.

Formation of the Miocene-Pliocene unconformity within the rift has likely 
resulted from an interplay of processes. When accommodation space reduced 
because of dynamic uplift, the efficacy of other mechanisms was enhanced. 
Within the rift, these mostly involved stratal onlap and offlap relative to basin 
margins. As suggested by Cather et al. (1994), higher tectonic subsidence rates 
prior to the unconformity may have induced offlap (from basin margins), while 
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lower rates after the unconformity produced stratal onlap. Climate changes in-
volving progressive aridification in the late Miocene (MacFadden, 1992; Webb 
and Opdyke, 1995), followed by the 7–5 Ma intensification of the North Ameri-
can monsoon (Chapin, 2008), could have dramatically changed sediment flux 
into rift basins, producing offlap (and associated unconformity development) 
and then onlap of active sedimentation on basin margins (see Connell et al., 
2013). Changes in stream competency (Connell et  al., 2013) and sediment 
fluxes related to 7–5 Ma climate changes could also have affected erosion of 
the regional landscape.

Our findings are consistent with previous work suggesting that the high 
elevation of the San Juan Mountains (Southern Rockies) just west of the north-
ern Rio Grande rift results from mantle-driven uplift (Karlstrom et al., 2012; 
Hansen et al., 2013), and that flexural deformation and density anomalies may 
have played a secondary role (Roy et al., 2004; Hansen et al., 2013). Our study 
also supports conclusions by Nereson et al. (2013) and Repasch et al. (2017) 
that dynamic topography played a large role in river incision in the Ocate vol-
canic field and northern Rio Grande rift; here, we suggest that the cause of 
the dynamic uplift is the E-W passage of the thermally driven vertical flow 
below the Colorado Plateau and Rio Grande rift documented by Moucha et al. 
(2008). This effect may have been enhanced locally by magmatic buoyancy of 
the Jemez Lineament (Nereson et al., 2013; Repasch et al., 2017), resulting in 
the more prominent and widespread unconformity observed in the Española 
Basin. We find that this thermally driven, vertical mantle flow may also have 
caused uplift of the western part of the Great Plains, tilting the Ogallala Forma-
tion eastward.

Insight into Rift Opening from Tectonic Subsidence Curves

The tectonic subsidence curves (Fig. 4) suggest that the tectonic sub-
sidence rate either remained similar or decreased after the lacuna. Field stud-
ies show a generally low tilt of Pliocene–Pleistocene strata, which was inter-
preted previously (Cather et al., 1994) as a tectonic slow-down in the northern 
Rio Grande rift basins after 7–5 Ma. Although the Airport well in the southern 
San Luis Basin shows a general post–7–5  Ma slow-down directly following 
the unconformity, the tectonic subsidence rate actually increases for a short 
period of time (Fig. 4). The short post–5 Ma stratigraphic record of the K3 well 
makes post- versus pre-unconformity rate comparisons difficult. Three of the 
studied wells in the Española Basin allow for a post–5 Ma slow-down (OT-1, 
OT-4, GR-4); the other two (R-9 and PM-5) suggest a continuance of rates. In 
several locations, there is insufficient record for comparison (Albuquerque Ba-
sin), or shifting of fault strain may be involved (Rio Salado section). None of the 
subsidence curves yielded evidence for increasing rates of tectonic subsidence 
since the Miocene-Pliocene unconformity, possibly due to the ongoing effects 
of dynamic uplift.

Our subsidence curves reflect only the past ~15 m.y., but thermochronol-
ogy data compiled by Ricketts et  al. (2015) indicate relatively synchronous 

rapid cooling (uplift) of rift flanks bounded by master faults along the entire 
north-south extent of the Rio Grande rift at ca. 20 Ma, which has been inter-
preted as relatively simultaneous rift opening. Earlier studies (Baldridge et al., 
1994; Ingersoll, 2001) described rift histories with possible periods of faster or 
slower rift opening, and migration of deformation when some of the early rift 
faults became inactive. These studies seem to agree that rapid opening was 
occurring by 21 Ma, followed by a phase of slower rift opening (likely under 
way by 10 Ma, when some of the early rift faults had become inactive), which 
was interpreted by Ebinger et al. (2013) as related to strain repartitioning due 
a rotation in the far-field stresses in the southwestern United States. Because 
the pre–15 Ma period is missing from our tectonic subsidence curves, it is not 
possible to say whether they support these earlier studies.

Net horizontal Rio Grande rift extension can be inferred from seismic stud-
ies (Kluth and Schaftenaar, 1994; Russell and Snelson, 1994). As reviewed 
earlier herein, net extension in the San Luis Basin is 4.5–6.5 km and started 
between 30 and 26 Ma, yielding long-term average rates of 0.25–0.35 mm/yr. 
Net extension in the Albuquerque Basin is ~10 km in the north and ~17 km in 
the south, and extension there probably began between ca. 30 and 32 Ma, 
yielding average horizontal extension rates of 0.3–0.6 mm/yr. If rapid extension 
began at ca. 20 Ma and lasted until ca. 5 Ma, with very little subsequent exten-
sion, then the range of average horizontal extension rates is ~0.3–0.4 mm/yr 
(San Luis Basin) and ~0.7–1.1 mm/yr (Albuquerque Basin). We suggest that 
high Quaternary opening rates in the west-central Albuquerque Basin (Ricketts 
et al., 2014) represent a locally intense rifting event of short duration, as part 
of the opening cycle of continental rift zones (Ebinger et al., 2013), in which 
places and periods of rapid opening alternate with quiet phases. As mentioned 
already, at present, the strain across the rift is ~1 mm/yr, as measured in base-
lines of ~1000 km length that extend from the Great Plains to the Colorado 
Plateau (e.g., Murray et  al., 2015). In conclusion, Rio Grande rift opening is 
continuing at present, but there are no indications that rift opening has accel-
erated since the lacuna.

Role of Mantle Upwelling in Rift Opening

Numerical modeling work (Burov and Guillou-Frottier, 2005) predicts that 
active, dynamic surface uplift, such as that caused by thermal plumes or fo-
cused mantle upwelling, creates tensional forces in the lithosphere that are 
large enough to drive lithosphere extension and cause rifting or, in concert 
with lithosphere thinning, focus and accelerate rifting (Burov and Gerya, 2014; 
Koptev et al., 2015). Rift focusing and accelerated rift opening are predicted in 
studies where the lithosphere is stretched by plate-tectonic forces above fo-
cused mantle upwelling (Burov and Gerya, 2014; Koptev et al., 2015). Examples 
of rift basins that have been formed or were strongly affected by this process 
are found in the eastern and western branches of the central East African Rift 
(Ebinger and Sleep, 1998; Koptev et al., 2015). In the East African Rift, focused 
mantle upwelling occurred prior to or at the onset of rifting, and the rift ba-
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sins thus formed after focused mantle upwelling affected the region. The Rio 
Grande rift provides a unique opportunity to test how focused mantle upwell-
ing affects rift opening because it experienced focused thermal upwelling that 
caused the lacuna (described as a weak mantle plume by Moucha et al., 2008) 
during the later rift stage, so that rift opening before and after the arrival of 
the mantle driving force can be compared. Further, rift opening, tectonic sub-
sidence, and stratigraphy are all well documented before and after the lacuna.

Our analyses of tectonic subsidence and a literature review of opening 
rates and rift-stratigraphy suggest that there is no evidence for syn- or post-
lacuna accelerated rift opening or tectonic subsidence in the Rio Grande rift. 
Rio Grande rift opening continued after establishment of the focused mantle 
upwelling but did not accelerate; field observations of little-deformed strata 
overlying the unconformity (e.g., Bryan and McCann, 1938; Wright, 1946; 
 Spiegel and Baldwin, 1963; Stearns, 1979; Seager et al., 1984; Connell et al., 
2013; Cather et al., 1994) suggest that rift opening may, in fact, have slowed 
down after the lacuna.

What may explain this discrepancy between Rio Grande rift observations 
and numerical predictions? One explanation is that the focused upwelling be-
low the northern Rio Grande rift may be weaker than upwelling in numerical 
studies, so that its effect is smaller. Although Wilson et al. (2005) imaged up to 
~6% lower seismic shear wave velocities at asthenospheric depths below the 
Rio Grande rift, seismic shear wave anomalies at transition zone depths of 
the focused upwelling zone below the rift are generally less than ~1% ( Moucha 
et al., 2008), corresponding to a <100 K thermal anomaly (Cammarano et al., 
2003). In Koptev et al. (2015), a 200-km-radius, 300 K thermal anomaly was 
emplaced at the base of the transition zone to induce the focused vertical 
mantle flow pattern; this created a stronger upward flow. We further note that 
the mantle lithosphere of the Rio Grande rift was already thinned before the 
focused mantle upwelling affected the region (van Wijk et al., 2008; Moucha 
et al., 2008); in numerical modeling studies (Burov and Gerya, 2014; Koptev 
et al., 2015), thermal erosion of the mantle lithosphere by a plume head is a 
major reason for focusing and intensification of rifting.

CONCLUSIONS

Our backstripping analyses of wells and stratigraphic sections with ade-
quate age control (≤15 m.y.) show that tectonic subsidence in the Rio Grande 
rift occurred at rates of a few tens of meters per million years in all studied ba-
sins since 15 Ma. This rate falls within the normal range of tectonic subsidence 
rates for the pre-breakup phase of rifted margins. Prior to the unconformity, 
many kilometers of sediments accumulated in the rift basins.

The Miocene-Pliocene unconformity is present along the flanks of most rift 
basins from central Colorado to southern New Mexico, and in the Ocate vol-
canic field east of the rift, and is synchronous with eastward tilting of the west-
ern Great Plains. The exact duration of the lacuna depends on location within 
the rift but in general includes the time period of 7–5  Ma. The widespread 

occurrence of the unconformity, including its extent outside of the rift in north-
ern New Mexico, means it cannot be due solely to changes in rift opening rate, 
as previously suggested. Synchronous tilting of the Ogallala Formation rules 
out concomitant climatic changes as a sole cause. A comparison between the 
mapped extent of the unconformity and geoid-topography ratios reveals that 
topography in the northern rift is still supported by a component of dynamic 
uplift, and we infer that this mantle-driven dynamic uplift in New Mexico and 
south-central Colorado promoted the development of the unconformity and 
caused eastward tilting of the Ogallala Formation in the western Great Plains. 
The focused vertical mantle flow results from an interplay between Rio Grande 
rift opening and Farallon slab descent and fragmentation. Unlike the East Afri-
can Rift zone, no evidence is found in the Rio Grande rift for focused thermal 
mantle upwelling playing an important role in rift focusing and intensification.
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