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Rhyolites and associated deposits of the 
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Planetary Sciences, University of New Mexico, Albuquerque, New Mexico 87131, candf@swcp.com; Shari Kelley, New Mexico Bureau of Geology 
and Mineral Resources, New Mexico Institute of Mining and Technology, 801 Leroy Place, Socorro, New Mexico 87801, sakelley@ix.netcom.com; 

Elaine Jacobs, 3007 Villa Street, Los Alamos, New Mexico 87544, perkijacobs@gmail.com

Abstract
Several decades of focused studies on the 
Valles–Toledo caldera complex and the 
Jemez Mountains in northern New Mexico 
have brought about new understanding of 
the relations of stratigraphic units that record 
the complex’s evolution. We present here a 
revision of the formal stratigraphic nomen-
clature for the Quaternary Tewa Group, an 
established stratigraphic unit that includes 
the volcanic and volcaniclastic deposits of the 
caldera complex. We propose 11 completely 
new units of member rank, with descriptions 
of lithology, contact relations, distribution, 
and type areas. These new members are parts 
of the Bandelier Tuff, Cerro Toledo, and Vall-
es Rhyolite Formations, and serve to depict 
the magmatic and geomorphic evolution of 
the area during and following each of two 
major caldera-forming episodes. With results 
from mapping efforts in the Jemez Mountains 
revealing the broad implications and interre-
lations of some established units, we redefine 
one formation (Cerro Toledo Rhyolite) and 
demote three formal members (El Cajete, 
Battleship Rock, and Banco Bonito) to bed or 
flow rank. Because it has been shown repeat-
edly in published works that one formation 
(Cerro Rubio Quartz Latite) was originally 
defined based on erroneous relations, we 
propose its formal abandonment. Addition-
ally, we propose formal abandonment of one 
established member (Valle Grande Member 
of the Valles Rhyolite) because of lack of util-
ity and widespread disuse. Our proposed 
revisions embody the practices of geologic 
mappers, and serve to better clarify relations 
of volcanic and volcaniclastic rocks through 
the evolution of the Valles–Toledo caldera 
complex. The new formal stratigraphy that 
we propose will provide a flexible but robust 
framework for on-going and future research 
in the Valles–Toledo caldera complex. 

Introduction
The centerpiece of the Jemez Mountains vol-
canic field of north-central New Mexico is the 
Valles–Toledo caldera complex (Fig. 1). Well 
known are the two voluminous eruptions of 
Bandelier Tuff, at about 400–475  km3 (96–
114 mi3) each (Cook et al. 2006; Self 2009), 
that produced two major caldera-forming 
episodes at 1.25 Ma (the Valles caldera) and 
about 1.61 Ma (Toledo caldera; dates from 
Izett and Obradovich 1994; Phillips 2004; 
Phillips et  al. 2007). The Tshirege Mem-
ber is the name for Bandelier Tuff erupted 
with formation of the Valles caldera, and 
the Otowi Member is the name of the tuff 
erupted during formation of the Toledo cal-
dera. Additionally renowned is the Valles 
caldera’s resurgent dome, which preserves 

a record of more than 1,000 m (3,280 ft) of 
structural upheaval of the caldera floor with-
in 54,000 yrs of caldera formation (Phillips 
et al. 2007). The volcanic rocks and associated 
deposits of the caldera complex are called the 
Tewa Group. Hence, all of the Tewa Group 
is Quaternary, and it includes many rhyolite 
lavas and domes, small- and large-volume 
pyroclastic flows, fallout tephras, and a 
variety of volcaniclastic deposits. Extensive 
new geologic mapping, new 40Ar/39Ar ages, 
and the impending publication of a series of 
new geologic maps of the Jemez Mountains 
necessitate a reevaluation of the stratigraphic 
relations and units that make up the Tewa 
Group (Fig. 2).

The Tewa Group and its component 
formations and members were originally 

defined (Griggs 1964; Bailey et al. 1969) to 
facilitate production of two geologic maps 
of the Jemez Mountains volcanic field. The 
geologic map of Griggs (1964; scale 1:31,680) 
was focused on the eastern part of the Valles 
caldera and the Pajarito Plateau (Fig. 1), and 
its purpose was for development of ground 
water supplies in the Los Alamos area. The 
second geologic map (Smith et al. 1970) 
was smaller scale (1:125,000) and provided 
a picture of and context for the volcanism 
that built the whole of the Jemez Moun-
tains over a period spanning the Neogene 
(mid-Miocene) and Quaternary. Work in the 
intervening decades adds insights regard-
ing the stratigraphic relations in the vol-
canic field, indicates significant temporal 

Figure 1—Maps showing the location of and shaded relief of the Jemez Mountains area. Box labeled 
Valles Caldera National Preserve covers most of the Valles–Toledo caldera complex. Some localities 
mentioned in text are shown.
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overlap among many formal stratigraphic 
groups, shows geographic utility for some 
established names, and raises questions 
regarding the validity of some formations 
(for example, Gardner et  al. 1986; Goff 
et  al. 1989; Broxton and Reneau 1995; Kel-
ley et al. 2007a). Recent geologic mapping 
of the Jemez Mountains at 1:24,000 scale 
(for example, Goff et al. 2005a, 2005b, 2006; 
Kelley et al. 2003, 2004; Gardner et al. 2006; 
Kempter et  al. 2004; Lawrence et al. 2004) 
has brought a greater level of detail and 
understanding of the stratigraphic signifi-
cance of units, and a sound basis for aban-
doning some previously established names. 
In this paper we propose revisions to the 
formal stratigraphy of the Tewa Group that 
are consistent with the practices of the geo-
logic mappers, and serve to clarify relations 
of volcanic and volcaniclastic rocks through 
the evolution of the Valles–Toledo caldera 
complex. We propose these revisions to 
bring the practical stratigraphic hierarchy 
more in line with accepted custom as estab-
lished in the North American Stratigraphic 
Code (NACSN 2005). For example, member-
level divisions are now appropriate among 
the dome clusters of the Valles Rhyolite, 
with each member being petrographically, 
geographically, and geochemically unique 
and identifiable, and with many of the new 

members defensibly divisible further into 
individual flows or beds. Thus, one forma-
tion (Cerro Rubio Quartz Latite) will be aban-
doned, four members (the Valle Grande, El 
Cajete, Banco Bonito, and Battleship Rock 
Members) will be abandoned or redesignat-
ed, nine new members (parts of the Valles 
Rhyolite and Bandelier Tuff) will be estab-
lished, and one formation (the Cerro Toledo 
Rhyolite) will be redefined and renamed to 
become the Cerro Toledo Formation with 
four new members (Fig. 2). Please see the 
following section for explanation of the use 
of italics and boldface types in this paper.

Notes regarding terminology, 
definitions, and conventions

As much as is practical, the original names 
for units of the Tewa Group have been 
retained. New names are proposed for 
units with confusing usage, or with defi-
nitions that are too broad or too specific. 
Most established unit names have been 
retained even if the stature of the unit has 
been changed (for example, the former El 
Cajete Member now becomes the El Cajete 
Pyroclastic Beds). All names, according to 
the strictures of the North American Strati-
graphic Code (NACSN 2005), are derived 
from geographic features that are shown 

on maps published by the U.S. Federal or 
local government, or have been established 
through precedents and long usage in the 
scientific literature. To add some clarity to 
discussions, former units whose rank, sta-
tus, or name is to be changed are italicized 
and new units are in boldface type.

The NACSN (2005) states that age has no 
place in the definition of units. Lithostrati-
graphic units are intended to be diachron-
ous, but stratigraphic position is part of the 
unit’s definition. Although volcanic rocks 
will generally conform to expectations of 
superposition, high viscosity often prevents 
the rhyolitic lavas from overlapping. Thus, 
for separated volcanic centers, isotopic 
age has to be a surrogate for stratigraphic 
position. It should be noted, however, that 
much more work could be done on dat-
ing the members of the Valles Rhyolite. A 
single isotopic age from a given center may 
not represent the actual time span of that 
member’s emplacement. For example, Spell 
and Harrison (1993) reported a “most reli-
able age” on the Cerro del Medio Member 
of 1.133 ± 0.011 Ma; however, subsequent 
work (Phillips et al. 2007; Gardner et  al. 
2007) has shown that Cerro del Medio vol-
canism may span 100,000 yrs.

The definitions of stratigraphic units in 
this paper are not intended to be restric-
tive. Many Tewa Group eruptive sequences 

Figure 2—Stratigraphic charts comparing the stratigraphy of the Tewa Group before and after this revision. Colors are coded to formations in this figure only.
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included pyroclastic activity. Where these 
pyroclastic phases have been recognized, 
we have included their descriptions as part 
of the definitions of the units. As additional 
units are discovered, such deposits should 
be included as part of the given formation or 
member, with appropriate descriptions and 
basis for correlation in published literature.

Locations are given in UTMs with respect 
to Zone 13. The datum is NAD27. 

Formally abandoned units

Cerro Rubio Quartz Latite

This formation was defined by Griggs (1964), 
who described it as consisting of two domes 
that intruded Cerro Toledo Rhyolite, and were 
overlain by the Tshirege Member of the 
Bandelier Tuff. Bailey et al. (1969) adopted 
Griggs’ definition without modification, but 
Smith et al. (1970) showed the formation as 
spanning a post-Cerro Toledo Rhyolite to post-
Tshirege Member time frame (Fig. 2). Much 
argument, with implications for the develop-
ment of the Toledo caldera, has centered on 
whether the Cerro Rubio hills are extrusive 
domes or shallow intrusive cores of older 
eroded volcanoes (Griggs 1964; Smith et al. 
1970; Heiken et al. 1986; Gardner et al. 1986; 
Self et al. 1986; Goff et al. 1989; Gardner and 
Goff 1996; Goff and Gardner 2004). Textures 
and contact relations are equivocal and can 
be argued both ways. Geologic mapping 
(Gardner and Goff 1996; Gardner et al. 2006), 
however, has shown that Cerro Toledo Rhyo-
lite tephra and Tshirege Member tuff overlie 
both Cerro Rubio mounds, indicating that 
they cannot be younger than the Valles cal-
dera and probably pre-date the Toledo cal-
dera. Both mounds are geochemically and 
petrographically similar to dacites of the 
Tschicoma Formation (see Fig. 3 for regional 
stratigraphy), and a number of isotopic ages 
indicate Cerro Rubio magmatism was contem-
poraneous with Tschicoma Formation volca-
nism. Finally, since the 1980s, many authors 
have included the Cerro Rubio hills (Figs. 1 
and 4) as part of the Tschicoma Formation; 
moreover,  geologic mappers show the hills as 
informal units of the Tertiary Tschicoma For-
mation, commonly called “Cerro Rubio dac-
ite” or “dacite of Cerro Rubio” (Heiken et al. 
1986; Self et al. 1986; Stix et al. 1988; Gardner 
and Goff 1996; Gardner et al. 2006; Goff et al. 
2006). We propose, therefore, formal aban-
donment of Cerro Rubio Quartz Latite.

Valles Grande Member of the Valles Rhyolite

Bailey et al. (1969) defined the Valle Grande 
Member, part of the Valles Rhyolite ( Fig. 2), 
to include “the morphologically young 
domes, flows, and pyroclastic rocks in the 
moat of the Valles caldera.” They designate 
no type section or area because of “the iso-
lated nature of the units forming the mem-
ber and because of petrographic differences 
among them.” Although they acknowledge 
substantial petrographic variations among 
the dome clusters, they assert “progressive 

mineralogical variation between…extremes 
and the annular distribution of the domes 
with the Valles caldera moat…indicate that 
they are petrologically related and are parts 
of a single geologic member.” However, 
Spell and Kyle (1989) demonstrated the pet-
rologic dissimilarity among the dome clus-
ters of the Valle Grande Member. Furthermore, 
in practice the Valle Grande Member has been 
ignored because all workers have focused 
research and mapping on each of the post-
caldera eruptive centers, treating them each 
as de facto members. The Valle Grande Mem-
ber only served to separate syn-resurgence 
volcanism (Redondo Creek and Deer Can-
yon Members) from the youngest eruptive 
sequence (the new East Fork Member). 
Thus, we propose abandonment of the Valle 
Grande Member by replacing it with seven 
new members of the Valles Rhyolite (Fig. 2). 
The Valles Rhyolite will now include a total 
of ten members. 

The Tewa Group
Griggs (1964) defined the Tewa Group as 
“rhyolite tuff and the rhyolite and quartz 
latite domes that constitute the latest erup-
tive rocks of the Jemez Mountains volcanic 
pile.” As such the group contained the four 
formations: Cerro Toledo Rhyolite, Bandelier 
Tuff, Cerro Rubio Quartz Latite, and the Vall-
es Rhyolite. Bailey et al. (1969) retained this 
structure of the Tewa Group, reiterating 
that the group is “a voluminous sequence 
of rhyolitic tuffs and lavas that represent 
the climactic and terminal stage of volca-
nism in the Jemez Mountains.”

In our proposed revision of the stratig-
raphy, the Tewa Group includes the three 
formations: the Bandelier Tuff, the Cerro 
Toledo Formation, and the Valles Rhyolite. 
As discussed above, the formation Cerro 
Rubio Quartz Latite will be abandoned, and 
the Cerro Toledo Rhyolite more broadly rede-
fined as the Cerro Toledo Formation. True 
to the intent and original definitions, in our 
revision the group and its three formations 
comprise the volcanic and volcaniclastic 
rocks and deposits directly associated with 
eruptions and evolution of the Toledo and 
Valles calderas.

Bandelier Tuff
The formation Bandelier Tuff has been 
long established in the geologic literature, 
and has proven useful in both surface and 
subsurface geologic mapping. The only 
change to the formation that we propose 
is subdivision of the Otowi Member to 
allow addition of the new La Cueva Mem-
ber (Fig. 2). The term “Bandelier Rhyolitic 
Tuff” was first used by Smith (1938). The 
name was modified by Griggs (1964) to 
Bandelier Tuff, and he subdivided the for-
mation into three members. Bailey et al. 
(1969) argued that a two-fold subdivision 
of the formation into the equally volumi-
nous Tshirege and Otowi Members was 

more natural based on additional knowl-
edge of the “overall character of the Ban-
delier, plus genetic considerations.” Thus, 
it has been long recognized that the Otowi 
Member of the Bandelier Tuff, with a basal 
pyroclastic fallout deposit designated the 
Guaje Pumice Bed, represented eruptions 
that accompanied formation of the Toledo 
caldera at about 1.61 Ma, and the Tshirege 
Member of the Bandelier Tuff, with a basal 
fallout deposit called the Tsankawi Pum-
ice Bed, represented eruptions associated 
with formation of the Valles caldera at 
1.25 Ma. However, smaller-volume erup-
tions of ash flows, lithologically very simi-
lar to Bandelier Tuff, preceded the major 
caldera-forming events. These were infor-
mally referred to as “an early leak from the 
Bandelier magma chamber” (Smith 1979), 
and the “swept-under-the-carpet ash-flow 
tuffs” (R. L. Smith, pers. comm. 1980), and 
were included without mention as part of 
the Otowi Member of the Bandelier Tuff on 
the geologic map of the Jemez Mountains 
(Smith et al. 1970). Other workers recog-
nized these older Bandelier-like tuffs and 
variously referred to them as “pre-Ban-
delier silicic tuffs,” “pre-Bandelier ignim-
brites,” “San Diego Canyon tuffs,” “San 
Diego Canyon ignimbrites,” and “lower 
tuffs” (Nielson and Hulen 1984; Gardner 
and Goff 1984; Gardner et al. 1986; Self 
et al. 1986; Turbeville and Self 1988; and 
Spell et al. 1990; Kelley et al. 2007b). Geo-
logic mapping at 1:24,000 scale (Osburn 
et al. 2002; Kelley et al. 2003, 2007b) has 
shown these ash-flow tuffs are mappable 
and occupy a specific stratigraphic posi-
tion. Thus, to avoid further confusion from 
multiple names and inexact geographic ref-
erences, in this paper we propose the for-
mal designation “La Cueva Member of the 
Bandelier Tuff,” with a type area for these 
ash-flow tuffs near the village of La Cueva  
(Fig. 4), as follows. 

La Cueva Member

Two distinct, rhyolitic ignimbrites underlie 
the Otowi Member in the southwest caldera 
near La Cueva and can be traced southwest 
along the walls of Cañon de San Diego for 
a distance of nearly 20 km (12.5 mi) (Self 
et al. 1986; Kelley et al. 2003). Our proposed 
type locality is in a canyon known infor-
mally as “Cathedral Canyon,” so named for 
the spectacular tent rocks developed in the 
Otowi and La Cueva Members. The type 
locality is the feature labeled “Tent Rocks” 
on the Jemez Springs 7.5-min topographic 
map near UTM: 350240E 3970260N, which 
corresponds to “section 100” described in 
Turbeville and Self (1988). Petrographically, 
pumice from ash-flow tuffs of the La Cueva 
Member closely resembles pumice from the 
later Otowi and Tshirege ash flows (Gardner 
et al. 1986), with bipyramidal or fragmental 
quartz and sanidine and sparse mafic phas-
es. Geochemically, the La Cueva Member 
pumices are also similar to those of younger 
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Figure 4—Shaded relief map of Valles–Toledo caldera complex showing members of the Bandelier 
Tuff (formation) and some features mentioned in text. Black box is area near village of La Cueva 
shown blown up in inset (data from Goff et al. in prep.).

Bandelier tuffs, with compositions for immo-
bile trace elements identical to those of late-
erupted Otowi Member (Gardner et al. 1986; 
Turbeville and Self 1988; Spell et al. 1990). 
Both La Cueva Member tuffs are more lithic 
rich (> 30 wt-% in matrix) and the pumice 
is more crystal poor than younger Bande-
lier tuffs. Lithic fragments consist mostly of 
intermediate to mafic volcanics of the older 
Paliza Canyon Formation (Fig. 3). The upper 
La Cueva unit (unit B of Self et al. 1986) con-
sists of multiple flow units and contains 
large pieces of gray pumice with well-devel-
oped tube vesicles. Both ash-flow tuffs are 
relatively nonwelded. The two ignimbrites 
are separated by reworked pumice and 
debris flows in areas proximal to the caldera 
complex, and by fluvial gravels and mud-
stones at more distal sites (Self et al. 1986; 
Kelley et al. 2003). The gravels interbedded 
within the La Cueva Member, and between 
the La Cueva Member and the overlying 
Otowi Member, have andesite, basalt, and 
dacite clasts of older Paliza Canyon Forma-
tion, rhyolite and obsidian from uncertain 
sources, reworked La Cueva Member tuff 
and pumice, Permian sandstone, Protero-
zoic granite and quartzite, and Pedernal 
chert ( Fig. 3). The Proterozoic component 
of the gravels is absent in the vicinity of the 
type locality but is more common on the east 
side of Virgin Mesa south of Rincon Negro 
(Fig. 4). The La Cueva Member is separated 
from the overlying Otowi Member by an 
unconformity marked by fluvial gravels or 
a poorly developed soil (Self et al. 1986; Kel-
ley et al. 2003). The La Cueva Member is 
underlain by a debris avalanche composed 
of Paliza Canyon Formation andesite (debris 
avalanche of Virgin Mesa; Fig. 3) in the 
northern part of the area and by sandstone 
and conglomeratic sandstone that may cor-
relate with Cochiti Formation (Fig. 3) in the 
southern part of the area. Spell et al. (1996b) 
determined an 40Ar/39Ar date of 1.85 ± 0.07 
Ma for the La Cueva Member. Total thick-
ness of the La Cueva Member is about 80 m 
(262 ft) near La Cueva to ≤ 2 m (≤ 6.5 ft) at 
distal locations in Cañon de San Diego. The 
La Cueva Member has been tentatively cor-
related with hydrothermally altered drill 
cuttings of “lower tuffs” identified beneath 
the Otowi Member within the Valles caldera 
(Self et al. 1986; Hulen et al. 1991).

Tephras correlative to the La Cueva Mem-
ber have been found elsewhere in the Jemez 
Mountains. Turbeville and Self (1988) report 
similar, distinctive pumice textures for 
tephras overlying Puye Formation tuff and 
basaltic cinders dated at 2.5–2.6 Ma on the 
Pajarito Plateau; furthermore, these pumices 
are geochemically identical to those from the 
type area, described above (J. A. Wolff, pers. 
comm.). Lynch et al. (2004) report 40Ar/39Ar 
ages of 1.87 ± 0.01 Ma and 1.84 ± 0.02 Ma 
for primary and reworked tephra beds in 
the upper Cochiti Formation east of Kasha-
Katuwe Tent Rocks National Monument in 
the southeastern Jemez Mountains (Fig. 1). 
Additionally, we have observed La Cueva 

Member tephra beneath the Otowi Mem-
ber in the lower reaches of Alamo Canyon 
in Bandelier National Monument (Fig. 1), 
suggesting that the La Cueva Member is of 
widespread stratigraphic significance.

Cerro Toledo Formation
The Cerro Toledo Formation is a new 
name that replaces and broadens the defi-
nition of the former Cerro Toledo Rhyolite. 
Considerable time elapsed between the 
major caldera-forming eruptions of the 
Otowi and Tshirege Members of the Ban-
delier Tuff. During this interval, intra-
Toledo caldera volcanism produced rhy-
olitic domes and pyroclastic rocks that 
have long been recognized as the Cerro 
Toledo Rhyolite; however, substantial ero-
sion and topographic modification of the 

caldera’s margins and deposition by flu-
vial systems also occurred in this interval, 
and the stratigraphic assignment of these 
deposits has been problematic.

Griggs (1964) defined the Cerro Toledo Rhyo-
lite as a “group of extrusive volcanic domes” 
that was “extruded after the cycle of erup-
tions that produced…the Otowi Member 
of the Bandelier.” Bailey et al. (1969) made 
no changes to Griggs’ definition, but Smith 
et al. (1970) added an informal subdivision 
that included “tuffs and associated sedi-
ments,” as well as “hot avalanche deposits 
from the Rabbit Mountain center,” that are 
to the east and southeast of the caldera com-
plex, between the Otowi and Tshirege Mem-
bers of the Bandelier Tuff. An arc of rhyolite 
domes, including the informally named Los 
Posos, Trasquilar, and Warm Springs domes 
in the northern part of the caldera complex 
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(Fig. 5), was originally assigned to the Valle 
Grande Member of the Valles Rhyolite (Smith 
et al. 1970), but later mapping, geochronol-
ogy, and petrology indicated they are part 
of the Cerro Toledo Rhyolite (Heiken et al. 
1986; Stix et al. 1988; Gardner and Goff 1996; 
Spell et al. 1996b). The revised stratigraph-
ic assignment of these domes was part of 
what contributed to the recognition of and 
the redefinition of the position of the Toledo 
caldera (Goff et al. 1984; Heiken et al. 1986; 
Self et al. 1986). Heiken et al. (1986) studied 
extracaldera pyroclastic deposits of the Cerro 
Toledo Rhyolite, and noted that some of the 
deposits were reworked and interbedded 
with “epiclastic” sediments with a dacitic 
clast content similar to the Puye Formation. 
Gardner et al. (1993) reported thick sequenc-
es of dacitic-composition sands and gravels, 
with minor primary pyroclastic interbeds, 
between the Otowi and Tshirege Members 
of the Bandelier Tuff in two core holes on 
the Pajarito Plateau. Broxton and Reneau 
(1995) called this sedimentary sequence 
the “Cerro Toledo interval.” Recent map-
ping has shown that the pyroclastic and 
sedimentary deposits between the Otowi 

and Tshirege Members vary systematically 
around the Jemez Mountains. Furthermore, 
these deposits contain a record of the land-
scape and volcanic evolution of the area in 
the period between formation of the Toledo 
and Valles calderas. Consequently, we pro-
pose revision of the Cerro Toledo Rhyolite to 
the Cerro Toledo Formation, broadening the 
definition of the formation beyond the origi-
nal restriction to a “group of extrusive vol-
canic domes.” The Cerro Toledo Formation 
consists of four members: the volcanic Valle 
Toledo Member, and the dominantly sedi-
mentary Pueblo Canyon Member, Alamo 
Canyon Member, and Virgin Mesa Mem-
ber (Fig. 2). 

Valle Toledo Member

The new name simply replaces the former 
Cerro Toledo Rhyolite as defined by Griggs 
(1964) and mapped by Smith et al. (1970). 
The new name is necessary to allow some 
form of nomenclatural continuity while 
avoiding duplicative use of the same geo-
graphic designators. The type area of Griggs 
(1964) remains the same, although the new 

name expands the area to the vicinity of 
Valle Toledo (Fig. 5). As such, included in 
the Valle Toledo Member are informally 
named domes that cluster in the northeast 
part of the caldera complex and along an 
arc in the northern caldera complex, Rabbit 
Mountain and Paso del Norte domes and 
tuffs on the southeast topographic rim of the 
complex ( Fig. 5), and extracaldera sequenc-
es dominated by primary pyroclastic depos-
its. Published descriptions and delineation 
of the informal units within the Valle Tole-
do Member can be found in Heiken et al. 
(1986), Stix et al. (1988), Spell et al. (1996a, 
1996b), Goff et al. (2000, 2005b, 2006), and 
Gardner et al. (2006) and are briefly summa-
rized in Table 1. The stratigraphic position, 
between the Otowi and Tshirege Members 
of the Bandelier Tuff, fixes the age of these 
units between 1.61 and 1.25 Ma, and Spell 
et  al. (1996a, 1996b) report many isotopic 
dates on domes and tephras of the Valle 
Toledo Member that fall in this range.

Virgin Mesa Member

The new name applies to fluvial conglomer-
ate and sandstone deposits on the west and 
south flanks of Valles caldera that underlie 
the Tsankawi Pumice Bed of the Tshirege 
Member of the Bandelier Tuff and overlie the 
Otowi Member of the Bandelier Tuff (Kelley 
et al. 2003; Goff et al. 2005a). The informally 
named “S3 sandstone,” beds of sandstone, 
sandstone breccia, and volcanic breccia 
found between the Tshirege and Otowi 
Members within Valles caldera (Nielson and 
Hulen 1984; Hulen et al. 1991), is included 
in the Virgin Mesa Member. The type area 
is designated to be on the east side of Vir-
gin Mesa between outcrops located south-
west of Sino Spring and outcrops located 
northwest of Agua Durme Spring in Cañon 
de San Diego (Stations 11–14, Table 2, Fig. 
6). The conglomerates in the Virgin Mesa 
Member contain rock types from a variety 
of source regions, including clasts of Otowi 
and La Cueva (?) member tuffs, Proterozoic 
granitic and metamorphic rocks, Pennsylva-
nian limestone, Permian sandstone, and Pal-
iza Canyon Formation andesite and basalt. 
Considerable paleotopography developed 
during the 400,000 yrs between the Bande-
lier eruptions, and these sedimentary depos-
its are localized in paleovalleys. Thus, at 
any locality, the member also contains clasts 
derived from subjacent units and colluvial 
wedges shed from the paleocanyon walls. 
The Virgin Mesa Member has a maximum 
thickness of 15 m (49 ft).

One of the most remarkable outcrops 
of this unit is located in Virgin Canyon at 
UTM: 342800E 3958770N (star in Fig. 6). 
Here, a south-flowing stream cut a paleo-
Virgin Canyon into the Otowi Member that 
is offset just west of the present-day drain-
age; this paleocanyon was nearly as deep 
as the modern Virgin Canyon. Clasts in the 
fluvial gravels in the paleocanyon include 
rounded Paliza Canyon Formation andesite, 

Redondo 
Peak

Figure 5—Shaded relief map of Valles–Toledo caldera complex showing Valle Toledo Member and 
some features mentioned in text (data from Goff et al. in prep.).
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recycled lithic fragments from the Otowi 
Member, and sparse flow-banded rhyo-
lite. The Tshirege Member of the Bandelier 
Tuff subsequently filled this paleocanyon. 
Impressive colluvial wedges that mark the 
eastern edge of the paleovalley are pre-
served between the Otowi and Tshirege 
Members. An equally spectacular outcrop 
is located at UTM: 342040E 3955860N in the 
middle reaches of Virgin Canyon (Station 6 
in Fig.  6). A colluvial wedge composed of 
Otowi Member blocks is interbedded with 
fluvial gravel that is also between the Otowi 
and Tshirege Members. The meandering 
paleo-Virgin Canyon seems to have been 
oriented east-west at this locality.

Sandstone and conglomerate of the Vir-
gin Mesa Member are preserved discon-
tinuously below the Tsankawi Pumice Bed 
of the Tshirege Member on the west side 
of Garcia Mesa east of the Rio Guadalupe 
(Fig. 6). Although the Otowi Member and 
La Cueva Member ignimbrites do not crop 
out in this particular area, the gravels con-
tain lithic-rich tuff clasts and overlie a tephra 
that is trough crossbedded at its base and 
interbedded with conglomerate with round-
ed clasts of lithic-rich tuff toward the south 
end of the mesa. This tephra is most likely 
the Guaje Pumice Bed, based on the crystal 
content and texture of the pumice lapilli. 
Toward the north end of the mesa, the tuff-
bearing fluvial gravels rest on an orange-red 
siltstone with a few lenses of Paliza Canyon 
Formation andesite clasts. Other clasts in the 
conglomerate are Proterozoic granitic and 
metamorphic rocks, Pennsylvanian lime-
stone, Permian sandstone, Paliza Canyon 
Formation andesite and basalt. 

The provenance of the clasts in the Virgin 
Mesa Member in the southwestern Jemez 
Mountains (Table 2) indicates that the Sier-
ra Nacimiento, a basement-cored Laramide 

highland located to the west of the Jemez 
Mountains (Fig. 1), was the likely source 
of much of the conglomerate exposed in 
Guadalupe Canyon, Virgin Canyon, and 
southern Cañon de San Diego (Fig. 6). Pro-
terozoic clasts are a dominant component 
and Pennsylvanian limestone clasts are 
common in the conglomerates of the Vir-
gin Mesa Member in this area (brown and 
blue circles on Fig. 6); these components are 
absent to the north and are less common to 
the east. Paleocurrents derived from imbri-
cated pebbles in Virgin Mesa Member con-
glomerates indicate flow toward the south 
to southwest in most of the exposures in 
Cañon de San Diego. Similarly, southwest-
striking paleocanyons cut in the Otowi 
Member are preserved on Cat Mesa and 
northern Virgin Mesa between La Cueva 
and Rincon Negro (Fig. 6); these paleocan-
yons contain gravels with Permian Abo and 
Yeso Formation sandstone and Paliza Can-
yon Formation andesite cobbles. Combined, 
the provenance and paleocurrent data from 
the Virgin Mesa Member and the elevation 
of the Otowi/Tshirege contact can be used to 
reconstruct the paleogeography of the west-
ern Jemez Mountains before the eruption of 
the Tshirege Member at 1.25 Ma (Fig. 7).

The Otowi Member formed rugged high-
lands in the northwestern Jemez Mountains 
during the interval between eruptions, due, 
in part, to the fact that the Otowi Member 
is welded in this area (Fig. 7). The Tshirege 
Member did fill in an eroded topography 
with relief on the order of tens to hundreds 
of meters, but the younger tuff typically 
rests directly on the Otowi Member. The 
Otowi Member thickly buried the under-
lying units, so exotic material in streams 
was not readily available for preservation 
in the paleocanyons of the northwestern 
Jemez Mountains (Fig. 7). The Virgin Mesa 
Member is found at only two localities in 

the western Jemez Mountains. A small col-
luvial wedge composed of blocks of Otowi 
Member is preserved beneath the Tsankawi 
Pumice Bed northwest of Fenton Lake, and 
rounded clasts of Permian Abo Formation 
sandstone are present between the tuffs in 
Schoolhouse Canyon near the western limit 
of the Bandelier Tuff (Figs. 1 and 7).

Pueblo Canyon Member

The type sections for this member are sections 
14 (UTM: 384340E 3971900N) and 15 (UTM: 
384340E 3971900N) of Stix (1989) in Pueblo 
Canyon in the community of Los Alamos on 
the Pajarito Plateau (Figs. 1 and 7). The new 
name is applied to the sedimentary deposits 
of fluvial systems in the northern and east-
ern Jemez Mountains that drained highlands 
composed mostly of Tschicoma Formation 
dacites in the period between eruption of the 
Otowi and Tshirege Members of the Bande-
lier Tuff. As such, sandstone and conglomer-
ate of the Pueblo Canyon Member, in places, 
resemble those of the Puye Formation, but 
the unit also contains significant components 
of reworked Otowi Member tuff and Valle 
Toledo Member tephra (Broxton and Vani-
man 2005). The sedimentary rocks are inter-
bedded with primary pyroclastic deposits of 
the Valle Toledo Member on the northern 
and central Pajarito Plateau. Generally, the 
unit consists of sandstone beds that are tabu-
lar to crossbedded intercalated with lenses 
and beds of pebble- to boulder-sized round-
ed clasts of porphyritic dacite and rhyodacite. 
The degree of lithification of deposits of the 
Pueblo Canyon Member is variable, and for 
simplicity, we commonly refer to nonindu-
rated deposits as sandstone and conglomer-
ate too.

The relative amount of sandstone versus 
conglomerate and the provenance of the 
unit changes from north to south across 

TABLE 1—Informal names, ages, and brief descriptions of Valle Toledo Member rhyolite domes, Cerro Toledo Formation.

Dome name Age (Ma) Method Description

Toledo embayment domes

Pinnacle Peak 1.20 ± 0.02 K-Ar 2 aphyric, microphenocrysts of quartz, sanidine, and biotite

Unnamed aphyric dome 1.33 ± 0.02 K-Ar 2 sparsely porphyritic, phenocrysts quartz, sanidine, biotite, magnetite

Sierra de Toledo 1.34–1.38 Ar/Ar 1 porphyritic, phenocrysts quartz, sanidine, biotite, magnetite

Turkey Ridge 1.34 ± 0.02 Ar/Ar 1 porphyritic, phenocrysts quartz, sanidine, biotite, magnetite, sanidine large and chatoyant

Cerro Toledo 1.38 ± 0.05 K-Ar 2 aphyric, microphenocrysts of quartz, sanidine, and biotite

Indian Point 1.46 ± 0.01 Ar/Ar 1 sparsely porphyritic, phenocrysts quartz and sanidine, rare biotite

North Rim 1.61 ± 0.03 Ar/Ar 4 sparsely porphyritic, phenocrysts quartz, sanidine, and biotite

Toledo caldera ring fracture domes

Warm Springs 1.26 ± 0.01 Ar/Ar 1 porphyritic, phenocrysts quartz, sanidine, and biotite

Cerro Trasquilar 1.36 ± 0.01 Ar/Ar 1 sparsely porphyritic, phenocrysts quartz, sanidine, clinopyroxene, and rare biotite

Rabbit Mountain 1.43 ± 0.04 K-Ar 2 aphyric to sparsely porphyritic, few phenocrysts quartz and sanidine

East Los Posos 1.45 ± 0.01 Ar/Ar 1 porphyritic, phenocrysts quartz, sanidine, biotite, hornblende

Paso del Norte 1.47 ± 0.04 Ar/Ar 3 sparsely porphyritic, phenocrysts quartz, sanidine, and biotite

West Los Posos 1.54 ± 0.01 Ar/Ar 1 porphyritic, phenocrysts quartz, sanidine, plagioclase, and biotite
1Spell et al. (1996b); 2Stix et al. (1988); 3Justet (2003); 4Kelley et al. (in prep.).
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TABLE 2—Dominant rock types in Virgin Mesa Member gravels, southwestern Jemez Mountains. 
Rock types listed in order of relative abundance at each locality. Location of stations shown in Figure 6.

Station number
NAD27 UTM

Location Clast rock type

1 342028
3952045

Proterozoic granite and quartzite
Paliza Canyon Formation andesite and basalt

Rhyolite
Permian Abo Formation sandstone

Pennsylvanian limestone
Pedernal chert

2 341951
  3951931

Proterozoic granite
Paliza Canyon Formation andesite
Permian Abo Formation sandstone

Pennsylvanian limestone

3 342003
  3951566

Proterozoic granite
Paliza Canyon Formation andesite

Pennsylvanian limestone and sandstone
Pedernal chert

4 342100
  3951407

Proterozoic granite
Otowi Member, Bandelier Tuff

Paliza Canyon Formation andesite
Permian Abo and Yeso sandstone

5 342310
  3951094

Permian Glorieta and Yeso sandstone
Paliza Canyon Formation andesite and basalt

Proterozoic granite
Pennsylvanian limestone

Otowi Member, Bandelier Tuff

6 342040
  3955860

Otowi Member, Bandelier Tuff
Paliza Canyon Formation andesite
Permian Abo and Yeso sandstone

Proterozoic granite

7 342035
   395650

Permian Abo and Yeso sandstone
Paliza Canyon Formation andesite

Pennsylvanian limestone
Proterozoic granite

8 347324
  3956281

Permian Abo and Yeso sandstone
Proterozoic quartzite

Paliza Canyon Formation andesite, dacite, and basalt
Rhyolite
Obsidian

9 347566
  3956686

Paliza Canyon Formation andesite, dacite, and basalt
Rhyolite

Permian Abo and Yeso sandstone
Otowi Member, Bandelier Tuff pumice

Proterozoic granite

10 347495
  3957769

Otowi Member, Bandelier Tuff lithics and pumice
Permian Abo and Yeso sandstone

11 347313
  3964557

Otowi Member, Bandelier Tuff

12 347255
  3964636

Otowi Member, Bandelier Tuff
Paliza Canyon Formation andesite and  dacite

Rhyolite

13 347610
  3965010

Otowi Member, Bandelier Tuff

14 347908
  3965171

Otowi Member, Bandelier Tuff

15 350371
  3970368

Paliza Canyon Formation andesite and dacite
Permian Abo sandstone

Otowi Member, Bandelier Tuff

the Pajarito Plateau. The Pueblo Canyon 
Member on the northern Pajarito Plateau in 
Garcia Canyon is primarily a fine-grained 
sandstone derived from reworked Valle 
Toledo Member. Lenses of conglomerate 
eroded from the Tschicoma Formation and 
contributions from the Otowi Member are 

more common toward the south in Pueblo 
Canyon. Broxton and Vaniman (2005) used 
both outcrop and borehole data from the 
area south of Pueblo Canyon and north of 
Bandelier National Monument (Fig. 1) to 
document that the relative proportions of 
detritus from the Tschicoma Formation, 

Otowi Member of the Bandelier Tuff, and 
Valle Toledo Member in the Pueblo Can-
yon Member vary considerably across the 
southern Pajarito Plateau. For example, the 
Pueblo Canyon Member in the southwest-
ern part of this area is composed of reworked 
Otowi Member sandwiched between beds 
of Tschicoma-derived conglomerate at the 
base and top of the unit (Broxton et al. 2002; 
Kleinfelder 2005). In contrast, just 5  km 
(3 mi) to the northeast, Valle Toledo Mem-
ber tephra and Tschicoma Formation are the 
main components of the Pueblo Canyon 
Member (Broxton and Vaniman 2005; Klein-
felder 2006a, 2006b).

Primary Valle Toledo Member interbed-
ded with the Pueblo Canyon Member on 
the northern Pajarito Plateau consists of 
pyroclastic-flow and fallout deposits with 
aphyric to crystal-poor pumice lapilli. The 
crystal-poor pumices have < 1% phenocrysts 
of potassium feldspar and pyroxene. 
Reworked crystal-rich pumice in this unit is 
derived from the underlying Otowi Member. 
The bulk of tephras on the northern Pajarito 
Plateau were erupted from the Valle Toledo 
Member domes located to the west of the 
Pajarito Plateau in the Toledo embayment 
(Figs. 1 and 5). Six to seven explosive cycles 
of phreatomagmatic tuff overlain by fall-
out deposits have been identified (Heiken 
et al. 1986). Spell et al. (1996a, 1996b) deter-
mined 40Ar/39Ar ages for the Valle Toledo 
Member tephras in section 15 (Stix 1989) 
that range from 1.65 Ma to 1.25 Ma. Early 
tephras are thickest in Pueblo Canyon, and 
the later tephras are more uniformly thick 
between Pueblo Canyon on the south and 
Santa Clara Canyon on the north (Fig. 1). 
South from Pueblo Canyon, interbedded 
primary tephras of the Valle Toledo Mem-
ber decrease in abundance, ultimately giv-
ing way to sequences tens of meters thick of 
interbedded sandstones and conglomerate 
with no interbedded tephras (e.g., Gardner 
et al. 1993; “Cerro Toledo interval” of Brox-
ton and Reneau 1995). Broxton and Vani-
man (2005) report that primary Valle Tole-
do Member fall deposits are interbedded 
with the Pueblo Canyon Member as far 
south as Mortandad Canyon. The Pueblo 
Canyon Member in core hole SHB-3 near 
the junction of NM–4 and NM–501 (West 
Jemez Road; Fig. 1) consists of more than 
30  m (98 ft) of dacitic-composition sands 
and boulder-bearing gravels, with only 
one thin interbed of Valle Toledo Member 
pumice lapilli, likely derived from Rabbit 
Mountain (Gardner et al. 1993).

Heiken et al. (1986) noted an isolated out-
crop of Valle Toledo Member tephra on the 
south side of Rio del Oso (Figs. 1 and 7). 
In addition, we found rounded, reworked 
tephra derived from the Valle Toledo Mem-
ber (based on pumice chemistry, N. Dun-
bar, unpubl. data) in a paleochannel cut 
into Tshicoma Formation dacite and Guaje 
Pumice Bed (Otowi Member of the Ban-
delier Tuff) tephra on Los Posos Mesa in 
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Figure 6—Location of exposures of the Virgin Canyon Member in Cañon de San Diego and Virgin 
Canyon in the southwestern Jemez Mountains. The numbered dots are localities keyed to Table 2. The 
color of each dot reflects the dominant rock type of clasts in each fluvial deposit: brown = Proterozoic 
granite and metamorphic rocks, blue = Paleozoic sedimentary rocks, red = Paliza Canyon Formation 
volcanic rocks, yellow = recycled Otowi Member lithic fragments, pumice, and tuff. The star is the 
location of the outcrop of paleo-Virgin Canyon.

the northeastern Jemez Mountains (UTM: 
381920E 3987660N, Figs. 1 and 7). Similarly, 
Valle Toledo Member tephra and Pueblo 
Canyon Member gravel deposits with clasts 
of locally derived Tschicoma Formation 
dacite and El Rechuelos Rhyolite obsidian 
are preserved between the Otowi Member 
and the Tshirege Member in the northern 
Jemez Mountains along Polvadera Creek 
(Figs. 1 and 7). Thus, the bulk of the Pueblo 
Canyon Member in the northeastern and 
north-northeastern Jemez Mountains is 
interbedded with material erupted from the 
Valle Toledo Member domes in the Toledo 
embayment (Figs. 1, 5, and 7).

Alamo Canyon Member

The Alamo Canyon Member is named for 
exceptional exposures of this unit in Alamo 
Canyon in Bandelier National Monument on 
the southeastern Pararito Plateau (Figs. 1 and 
7). The section described by Jacobs and Kel-
ley (2007) is designated as the type section. 
The deposit in Alamo Canyon is composed 
of a basal fluvial sandy conglomerate with 
several thin tephras near the top of the con-
glomerate, a Valle Toledo Member pyroclas-
tic-flow deposit containing aphyric obsidian 
breccia derived from collapse of the Rabbit 
Mountain dome to the west, and an upper 
fluvial sandy conglomerate with tephra. The 
provenance of the Alamo Canyon Member 
is in the southeastern Jemez Mountains, in 
contrast to the Pueblo Canyon Member, 
which is sourced in the northeastern Jemez 
Mountains. Thus, the Alamo Canyon Mem-
ber fluvial deposits include clasts of Paliza 
Canyon Formation andesite and dacite, 
Canovas Canyon Rhyolite, Bearhead Rhyo-
lite, and aphyric Valle Toledo Member 
obsidian (Rabbit Mountain obsidian). The 
tephras from the basal conglomerate and 
the pyroclastic flow yield 40Ar/39Ar ages in 
the 1.65–1.56 Ma range and appear to con-
tain abundant xenocrystic sanidine derived 
from the underlying Otowi Member of the 
Bandelier Tuff (Jacobs 2008). A tephra in the 
upper conglomerate yielded a 1.42 ± 0.03 Ma 
40Ar/39Ar sanidine age (Jacobs 2008). Alamo 
Canyon Member fluvial gravel is present, 
but has not been described in detail, in the 
Colle Canyon area just north of Kasha-Katu-
we Tent Rocks National Monument in the 
southern Jemez Mountains (Fig. 1).

Valles Rhyolite 

Changes that we propose to the Valles Rhy-
olite leave the Deer Canyon and Redondo 
Creek Members (Fig. 8) unaffected, and 
these units will be discussed no further. 
With abandonment of the Valle Grande 
Member (discussed above), our proposed 
seven new members and consolidation of 
the former El Cajete, Battleship Rock, and 
Banco Bonito Members into the new East 

Fork Member will be the focus of discus-
sion here (Fig. 2).

Cerro del Medio Member

The name for this new member is derived 
from the cluster of hills and mountains so 
labeled on Valle Toledo 7.5-min topographic 
quadrangle. The type area is established as 
an area of 2–3 km (~ 1–2 mi) radius about 
UTM: 368800E  3974250N. The Cerro del 
Medio Member is a rhyolite flow and dome 
complex of at least six distinctive phases of 
eruptive activity, distinguished petrographi-
cally and morphologically, that have a com-
posite volume of about 5 km3  (1 mi3) (Fig. 8; 
Gardner et al. 2007). The complex consists 

of a crude partial ring of older rhyolite flow 
remnants, intruded by an upheaved dome 
whose margins, where exposed, are verti-
cally foliated breccias. A final eruption at 
the summit gave rise to a small-volume 
lava flow that caps the mountain. Doell 
et al. (1968) presented a figure that inaccu-
rately divides the complex into three units, 
and this, together with Bailey et al.’s (1969) 
description of Cerro del Medio rhyolite 
as “nearly free of phenocrysts,” has led to 
some confusion regarding samples used for 
determining isotopic ages on the complex 
(see Izett and Obradovich 1994 and Spell 
and Harrison 1993). 

Pyroclastic activity accompanied much 
Cerro del Medio volcanism, and primary 
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pyroclastic fall deposits as thick as 4 m 
(13 ft) are on the complex’s north flank. 
Additionally, Cerro del Medio tephra frag-
ments are included in sedimentary depos-
its within the caldera, and Cerro del Medio 
Member pyroclastic flows are mappable on 
the Valle San Antonio 7.5-min quadrangle 
(Goff et al. 2006). Tephras of the Cerro del 
Medio Member have also been recognized 
as pumice lapilli, reworked in alluvial 
deposits east of the Valles caldera on the 
Pajarito Plateau (Reneau and MacDonald 
1996; McCalpin 1998; Reneau et al. 2002).

Flows and deposits of the Cerro del 
Medio Member range from truly aphyric, 
to 1–3% phenocrysts, to around 5% phe-
nocrysts. Rocks are glassy obsidian, pumi-
ceous rhyolite, devitrified rhyolite, and vit-
rophyre. Local zones of flow banding and 
spherulite development are common. Phe-
nocrysts (≤ 2 mm) of sanidine and glomero-
crysts of sanidine and other phases are most 
common, with sparse hornblende, opaque 
oxides, and embayed quartz, rare plagio-
clase, and extremely rare clinopyroxene 
and zircon. Feldspars are weakly zoned and 
largely inclusion free to moderately zoned 
with some phenocryst cores and zones rid-
dled with inclusions of mostly glass.

Some obsidian of the Cerro del Medio 
Member is so clean and free of inclusions 
and crystals that it was a highly desired 
material for tool and point making for 
ancient peoples. Ancient quarry sites are 
common within the type area of the mem-
ber, and lithic scatters include exotic rocks, 
such as rounded quartzite cobbles from 
axial river deposits near the Rio Grande, 
that were used as hammerstones. Ancient 
peoples quarried the Cerro del Medio 
Member aphyric obsidian so extensively 
that true outcrops can be difficult to find.

Thicknesses of flows of the Cerro del 
Medio Member range from 30 m to 120 m 
(98–394 ft), with the upheaved part of the 
complex attaining a thickness of about 
260 m (853 ft). Basal contacts of the mem-
ber are not exposed, but the unit presum-
ably overlies early caldera-fill sedimentary 
deposits. Assorted sedimentary deposits of 
poorly constrained ages also overlie por-
tions of the complex, but no other useful 
contact relations are evident. Spell and 
Harrison (1993) determined a composite 
40Ar/39Ar date of 1.133 ± 0.011 Ma (one 
sigma error) for the entire Cerro del Medio 
complex. However, detailed work by Phil-
lips (2004, unpubl), Phillips et al. (2007), 

and Gardner et al. (2007) has yielded very 
high precision dates on one of the older 
flows and obsidian from the stratigraphic 
middle of the sequence that indicate the 
Cerro del Medio eruptions spanned at least 
40,000–80,000 yrs, with the top of the Cerro 
del Medio sequence remaining undated. 
Phillips (unpubl.) determined an 40Ar/39Ar 
age of 1.169 ± 0.005 Ma (two sigma error) 
for the middle of the Cerro del Medio 
sequence, and Phillips (2004; Phillips et al. 
2007) dated the southern lobe of the com-
plex by 40Ar/39Ar at 1.229 ± 0.017 Ma. The 
magnetic polarity of the Cerro del Medio 
Member is reversed (Doell et al. 1968).

Cerros del Abrigo Member

The name for this new member is from the 
hills so named on the Valle Toledo 7.5-min 
quadrangle that are a complex of four dome 
and flow sequences of finely porphyritic 
rhyolite with subtle petrographic variations 
among them. The type area is established as 
an area of about 1–2 km (~ 0.5–1 mi) radius 
(Fig. 9) about UTM: 366475E 3977650N. An 
apron of an older rhyolite flow skirts the com-
plex on the south and is apparently intruded 
by several younger, petrographically simi-
lar domes. The dome and flow rocks of the 
Cerros del Abrigo Member comprise about 
2 km3 (0.5 mi3) of rhyolite. Rocks are white 
to gray, glassy to perlitic to devitrified por-
phyritic rhyolite. Phenocrysts in the member 
range from 10 to 20% and are dominantly 
sanidine with subordinate plagioclase and 
sparse pale-pink quartz, biotite, and opaque 
oxides. Euhedral, embayed, and fragmented 
bipyramidal forms of quartz are present as 
well as trace phenocrysts of hornblende.

Contact relations of the Cerros del Abri-
go Member with other units are covered or 
obscured by younger sedimentary depos-
its, although a portion of the south part of 
the complex overlies pyroclastic flows that 
belong to the Cerro del Medio Member. The 
older flow on the south side of the complex 
has maximum exposed thickness of about 
65 m (213 ft), and an apparently exogenous 
dome in the complex is as much as  405 m 
(1,329 ft) thick. Spell and Harrison (1993) 
give a composite 40Ar/39Ar date of 0.973 ± 
0.010 Ma for the entire complex. Magnetic 
polarity is normal (Doell et al. 1968).

Cerro Santa Rosa Member

The name for this new member derives from 
long-standing usage on geologic maps and in 
the published literature (for example, Doell 
et al. 1968; Bailey et al. 1969; Smith et   al. 
1970; Spell and Kyle 1989; Spell and Harri-
son 1993; Gardner and Goff 1996; Gardner et 
al. 2006; Goff et al. 2006). Singer and Brown 
(2002) have even named the geomagnetic 
“Santa Rosa Event” based on work on this 
member. Unfortunately, recently revised top-
ographic maps restrict the name Cerro Santa 
Rosa to the northern hill of the type area (see 
below), and label a chain of hills, including 
the Cerro Santa Rosa Member, “Cerros de 

Figure 7—Simplified geologic map of the Jemez Mountains before eruption of the Tshirege Member 
of the Bandelier Tuff at 1.25 Ma. Blue arrows show paleovalleys cut into the Otowi Member of the 
Bandelier Tuff. Purple areas were highlands during this time frame. Paleocanyons on the east side 
of the Jemez Mountains near Los Alamos are modified from Dethier and Kampf (2007), Broxton and 
Vaniman (2005), and Jacobs (2008). CdR = Cerros del Rio.
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Figure 8—Shaded relief map of Valles–Toledo caldera complex showing Deer Canyon, Redondo 
Creek, and Cerro del Medio Members of the Valles Rhyolite (formation) and some features mentioned 
in text. This map shows a pulse of post-Valles caldera volcanism from roughly 1.25 to 1.1 Ma (data 
from Goff et al. in prep.).

Trasquilar.” The type area is hereby desig-
nated as the north-northeast-trending chain 
of hills, about 3.5 km (2.2 mi) long and less 
than 2 km (1.25 mi) wide (Fig. 9), centered 
at UTM: 3664350E and 3979000N. The Cerro 
Santa Rosa Member consists of about 1.2 
km3 (0.25 mi3) of at least two domes and 
flows and pyroclastic deposits of petro-
graphically and chemically similar rhyolite. 
The rocks of the member are white to gray, 
porphyritic rhyolite with glassy, pumiceous 
textures. Phenocrysts (as large as 4 mm) 
constitute 10–20% of the rocks and comprise 
abundant pink quartz, subordinate sanidine, 
and biotite. Sanidine in some flows exhib-
its chatoyance. The southern dome of the 
member is apparently exogenous, exhibit-
ing a breccia apron around the summit, and 
yields 40Ar/39Ar dates of 0.914 ± 0.004 Ma 
(one sigma error, Spell and Harrison 1993) 
and 0.936 ± 0.008 Ma (two sigma error, Sing-
er and Brown 2002). The maximum thick-
ness is more than 240 m (787 ft). The north-
ern dome has been dated by 40Ar/39Ar at 
0.787 ± 0.015 Ma (one sigma error, Spell and 
Harrison 1993), and is about 150 m (492 ft) 
thick. The southern dome of the type area 
overlies a pyroclastic flow of the Cerro del 
Medio Member, and a flow of the northern 
dome underlies terrace deposits along San 
Antonio Creek in Valle Toledo and Valle 
San Antonio (Fig. 9). Pyroclastic flows of the 
Cerro Santa Rosa Member underlie lavas 
of the Cerro San Luis Member, to the west, 
and are apparently beneath Santa Rosa lavas 
on the southeast side of the type area. The 
Cerro Santa Rosa Member pyroclastic flow 
underlying the Cerro San Luis Member 
has been dated by 40Ar/39Ar at 0.91 ± 0.03 
Ma (Kelley et al. in prep.) and is about 15 m 
(49 ft) thick. Magnetic polarity of the older 
south dome is transitional (Doell et al. 1968; 
Singer and Brown 2002), but polarity of the 
younger north dome is normal.

Cerro San Luis Member

The name for this member does not appear 
on topographic maps but enjoys long-
standing usage on geologic maps and in the 
published literature (Doell et al. 1968; Bailey 
et al. 1969; Smith et al. 1970; Spell and Kyle 
1989; Spell and Harrison 1993; Goff et al. 
2006). The type area of the Cerro San Luis 
Member is the area of about 1.5 km (1 mi) 
radius (Fig.  9) around UTM: 361400E and 
3979100N. The Cerro San Luis Member is 
about 1 km3 (0.25 mi3) and consists of two 
main eruptive pulses, with a broad ring of 
lava intruded by a younger dome of about 
325 m (1,066 ft) thickness. Rocks are typi-
cally flow-banded, pumiceous, porphyritic 
rhyolite. Phenocrysts of sanidine, quartz, 
and biotite make up about 10% of the rocks 
and are set in a gray to pale-pink devitrified 
groundmass. Primary glass is rare. Pyro-
clastic deposits associated with the Cerro 
San Luis Member eruptions have not been 
identified, but Goff et al. (2006) suspect they 
underlie San Luis lavas on the north and 

east sides of the type area. Cerro San Luis 
lavas overlie and fill a paleocanyon cut into 
early caldera-fill sedimentary units on the 
west side of, and overlie a pyroclastic flow 
of the Cerro Santa Rosa Member on the east 
side of, the type area. Pyroclastic deposits of 
the Cerro Seco Member overlie Cerro San 
Luis lavas. Spell and Harrison (1993) report 
an 40Ar/39Ar date of 0.800 ± 0.003 Ma (one 
sigma error) from the Cerro San Luis Mem-
ber. Magnetic polarity is reversed.

Cerro Seco Member

The name for this new member comes from 
long-standing usage in the published lit-
erature (Doell et al. 1968; Bailey et al. 1969; 
Smith et al. 1970; Spell and Kyle 1989; Spell 
and Harrison 1993; Goff et al. 2006), but it 
does not appear on topographic maps. The 
type area for the Cerro Seco Member is 
designated as the rectangular area defined 
with the northwest corner at UTM: 356050E 
3981750N, and the southeast corner at UTM: 
359600E 3977300N. The Cerro Seco Member 

consists of about 1.5–2 km3 (0.25–0.5 mi3) of 
porphyritic rhyolite and pyroclastic deposits 
(Fig. 9). As is common with some members 
of the Valles Rhyolite, the Cerro Seco Mem-
ber has a partial, remnant ring of an older 
lava, intruded by a younger dome. A radiat-
ing apron of Cerro Seco Member ignimbrite, 
dry surge, and hydromagmatic surge lies in 
the north part of the type area. The pyroclas-
tic deposits underlie the lavas of the mem-
ber, and runout of pyroclastic flows was at 
least 2 km (1.25 mi), assuming a vent loca-
tion within the area of the dome and flow. 
White laminated mudstone with desiccation 
cracks is interbedded with the pyroclastic 
deposits, and some pyroclastic deposits have 
been reworked into intercalated sedimen-
tary beds. Pyroclastic deposits also contain 
angular fragments of cognate rhyolite. Rocks 
are commonly flow banded, devitrified, or 
vitrophyric and contain 5–10% phenocrysts 
of quartz and sanidine, with sparse biotite 
and rare hornblende. Sanidine is commonly 
chatoyant, and quartz can have a vague pink-
ish tint.
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Figure 9—Shaded relief map of Valles–Toledo caldera complex showing Cerros del Abrigo, Cerro 
Santa Rosa, Cerro San Luis, and Cerro Seco Members of the Valles Rhyolite (formation) and some fea-
tures mentioned in text. These members form a pulse of post-Valles caldera volcanism from roughly 
1.0 to 0.8 Ma (data from Goff et al. in prep.).

Pyroclastic deposits of the Cerro Seco 
Member overlie Cerro San Luis Member 
lava and cover portions of the Warm Springs 
dome of the Valle Toledo Member (Figs. 5 
and 9). Additionally, Cerro Seco units over-
lie debris-flow deposits from the resurgent 
dome of Valles caldera, caldera-fill deposits, 
fluvial units, and some flat-lying lacustrine 
deposits in the northern caldera moat. Con-
tact relations with the San Antonio Moun-
tain Member, to the west and southwest, 
have been obscured by erosion. Spell and 
Harrison (1993) report an 40Ar/39Ar date of 
0.800 ± 0.007 Ma on a sample that is probably 
from the dome of the member.  40Ar/39Ar 
sanidine dates on the Cerro Seco pyroclastic 
deposits are 0.77 ± 0.03 Ma for a large pum-
ice clast from an ignimbrite bed, and 0.78 ± 
0.04 Ma from pumice in a hydromagmatic 
bed (Kelley et al. in prep.). The Cerro Seco 
Member dome attains a thickness of 375 m 
(1,230 ft), whereas lava and pyroclastic flows 
have a maximum thickness of about 75 m 
(246 ft). Magnetic polarity is reversed.

San Antonio Mountain Member

The name for this member is taken from 
San Antonio Mountain, as labeled on the 
Valle San Antonio 7.5-min quadrangle. The 
type area is designated as the area defined 
by roughly a 3 km (1.86 mi) radius (Fig. 10) 
about UTM: 354180E 3978100N. The San 
Antonio Mountain Member consists of a 
porphyritic rhyolite flow and dome center 
that exhibits at least three eruptive pulses. A 
partial ring of older lavas is centrally intrud-
ed by younger domes, with a total volume 
for the member of about 4 km3 (1 mi3). 
Rocks exhibit 15–30% felsic phenocrysts of 
sandine, plagioclase, and pink quartz, with 
as much as 5% mafic phenocrysts of biotite, 
hornblende, and rare clinopyroxene. The 
groundmass is typically devitrified or per-
litic, and rocks are commonly flow banded. 
San Antonio Mountain Member lavas bur-
ied an ancestral San Antonio Creek and abut-
ted the west topographic wall of the caldera, 
forming a substantial dam (Rogers 1996; 
Rogers et al. 1996; Reneau et al. 2004). The 

resultant lake ponded in the Valle San Anto-
nio and in the adjacent Valle Toledo, with 
major arms extending up San Luis Creek 
and Valle Santa Rosa (Fig. 10). Lacustrine 
deposits associated with this lake are well 
exposed in the Valle San Antonio and Valle 
Toledo quadrangles, and generally consist 
of finely laminated to more thickly bedded 
clay, silt, and sand, and are variably diato-
maceous. Inferred deltaic sediments are also 
exposed near the east side of the Valle San 
Antonio and in Valle Santa Rosa, recording 
partial filling of the lake with coarser fluvial 
sediment (Gardner et al. 2006; Goff et al. 
2006). San Antonio Mountain Member rhy-
olites overlie debris-flow deposits from the 
caldera’s resurgent dome, Redondo Creek 
Member rhyolite, and lacustrine deposits in 
the north caldera moat. Spell and Harrison 
(1993) report a composite 40Ar/39Ar date of 
0.557 ± 0.004 Ma on one of the central domes. 
Thickness of the member exceeds 510 m 
(1,673 ft). Magnetic polarity is normal.

South Mountain Member

The name for the new South Mountain 
Member comes from long-standing usage 
on geologic maps and in the published lit-
erature (Doell et al. 1968; Bailey et al. 1969; 
Smith et al. 1970; Spell and Kyle 1989; Spell 
and Harrison 1993; Goff et al. 2005a, 2005b). 
The name does not appear on topographic 
maps. The type area for the South Moun-
tain Member is a northeast-trending rectan-
gular area about 5 km (3 mi) long and 2 km 
(1.35 mi) wide (Fig. 10), centered on UTM: 
361850E 3966750N. It should be noted that 
South Mountain lavas flowed for at least 
10 km (6 mi) west of the type area, and a 
satellite dome of the member, called Cerro 
La Jara (Fig. 10), lies about 1  km (.05 mi) 
east-northeast of the type area. The domes, 
lavas, and pyroclastic deposits of the South 
Mountain Member record at least five erup-
tive episodes of porphyritic rhyolites from 
the center in the southwestern part of the 
Valle Grande. Because of extensive burial by 
younger deposits, a volume estimate for the 
member of about 6 km3 (1.5 mi3) is probably 
a minimum. Rocks are typically flow band-
ed, pumiceous, and devitrified, although 
fresh groundmass glass is not uncommon. 
Dominantly felsic phases, such as sanidine, 
plagioclase, and pale-pink quartz, and as 
much as 5% mafic phases of mostly bio-
tite, hornblende, and minor clinopyroxene 
constitute 10–20% phenocrysts in the rocks. 
South Mountain Member lavas fill a paleo-
canyon through the southwestern moat 
of Valles caldera, and a pyroclastic flow 
beneath the lavas of the member is exposed 
in roadcuts along NM–4 at the southwestern 
end of the type area. The Cerro La Jara dome 
intrudes caldera-fill sedimentary deposits, 
and is onlapped by lacustrine and beach 
deposits from a lake formed during eruption 
of the East Fork Member. South Mountain 
Member lavas are extensively covered with 
fallout deposits from the East Fork Mem-
ber eruptions and younger alluvial units. A 
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Figure 10—Shaded relief map of Valles–Toledo caldera complex showing San Antonio Mountain 
and South Mountain Members of the Valles Rhyolite (formation) and some features mentioned in 
text. These members form a pulse of post-Valles caldera volcanism from about 0.56–0.52 Ma (data 
from Goff et al. in prep.).

sequence of alluvial sediments also overlies 
South Mountain lavas in the VC-1 core hole 
(Fig. 11; Gardner et al. 1987; Goff and Gard-
ner 1987). Lower contacts of the member are 
generally not exposed, but in the type area 
the lavas no doubt overlie caldera-fill sedi-
ments, and far to the west South Mountain 
lavas overlie older landslide deposits and a 
layer of fluvial and minor lacustrine rocks, 
which in turn overlie older andesite and 
Paleozoic and Mesozoic rocks in ravines 
west of Jemez Falls (Fig. 10). Spell and Har-
rison (1993) report 40Ar/39Ar dates of 0.52 
± 0.01 Ma on South Mountain proper, and 
0.53 ± 0.01 Ma on Cerro La Jara. Thicknesses 
in the member are extremely variable with 
Cerro La Jara about 75 m (246 ft), the west-
ward extending lava about 100 m (328 ft), 
and South Mountain itself at least 450 m 
(1,476 ft). Magnetic polarity is normal.

East Fork Member

The name for this new member is an abbre-
viation from the East Fork Jemez River 
(Fig. 11). The river cuts through the heart of 
the exposed beds and flows of the member, 
and the area exemplifies the textural variety 
of the member imparted by differing erup-
tive styles. The East Fork Member includes 
the former Battleship Rock, El Cajete, and 
Banco Bonito Members of Bailey et al. (1969) 
and Smith et al. (1970) as the Battleship Rock 
Ignimbrite, El Cajete Pyroclastic Beds, and 
the Banco Bonito Flow. The type areas for 
the flows and beds of the East Fork Mem-
ber designated by Bailey et al. (1969) are 
retained. Bailey et al. (1969) established the 
Battleship Rock, El Cajete, and Banco Bonito 
units, giving each member status within the 
stratigraphic hierarchy of the Valles Rhyolite. 
The Battleship Rock Member was defined as a 
“sequence of local rhyolitic ash-flow depos-
its,” the El Cajete Member as “a mantle-bedded 
air-fall deposit of rhyolitic pumice lapilli and 
blocks,” and the Banco Bonito Member as “the 
porphyritic obsidian flow that fills the south-
western moat of Valles caldera” (Bailey et al. 
1969). Because they found densely welded 
tuff lithic fragments, identical to the weld-
ed tuffs at Battleship Rock, in the El Cajete 
deposits, Bailey et al. (1969) and Smith et al. 
(1970) inferred the Battleship Rock as the old-
est of the three members, followed in turn by 
the El Cajete, and capped with the effusive 
Banco Bonito. Bailey et  al. (1969) acknowl-
edged the petrographic similarities among 
the three members, and Self et al. (1988, 1991) 
recognized the three members represented 
products of the same eruption sequence, 
which they called the “El Cajete Series,” with 
differences imparted only by eruptive style. 
Wolff and Gardner (1995) established the 
common petrogenesis of the units, referring 
to them collectively as the “southwestern 
moat rhyolites.” 

The VC-1 core hole (Fig. 11) penetrated 
about 298 m (978 ft) of the East Fork Mem-
ber, which consisted of several vitrophyric 
lavas, at least four welded tuffs, and relative-
ly minor pyroclastic fallout beds. One of the 

vitrophyric lavas, called the VC-1 rhyolite 
(Gardner et al. 1987; Goff et al. 1986), clearly 
is not present in surface exposures. Because 
of the sequence and petrologic similarities of 
Bailey et al.’s (1969) original three members, 
correlations to VC-1 became immediately 
problematic. Additionally, Wolff et al. (1996) 
identified yet another effusive event in the 
sequence that was previously unrecognized, 
and they pointed out that the true complex-
ity of the sequence, eruptive behavior of the 
units, the effects of paleotopography, and the 
petrologic kinship of the units rendered cor-
relations of widely separated localities tenu-
ous, at best. In that the units of Bailey et al. 
(1969) represent the youngest eruptions from 
the Valles caldera area, and are superficially 
individually distinguishable, they have been 
the focus of a fair amount of attention that, 
although revealing in some respects, has 
led to controversy and confusion (Kelley et 
al. 1961; Smith et al. 1970; Bailey and Smith 
1978; Goff et al. 1986; Gardner et al. 1987; Self 
et al. 1988, 1991, 1996). In the words of Wolff 

et al. (1996): “the published works on these 
units can be best described as a history of 
conflicting interpretations” with respect to 
stratigraphic sequence and correlations.

Thus, we propose establishment of the 
new East Fork Member, which includes 
the El Cajete Pyroclastic Beds, Battleship 
Rock Ignimbrite, Banco Bonito Flow, and 
VC-1 rhyolite. The broadened definition of 
the East Fork Member serves to highlight 
its importance as the most recent eruptive 
sequence within the Valles caldera with 
implications for possible renewed volcanic 
hazards to the region (Wolff and Gardner 
1995; Reneau et al. 1996; Wolff et al. 1996). 
We retain the original three units of Bailey 
et al. (1969) as beds or flows because of their 
local utility in geologic mapping (Kelley et al. 
2003; Goff et al. 2000, 2005a, 2005b) and their 
long-standing usage. Published descriptions 
and delineation of the units that make up 
the East Fork Member can be found in Bai-
ley et al. (1969), Wolff and Gardner (1995), 
Wolff et al. (1996), Kelley et al. (2003), and 
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Figure 11—Shaded relief map of Valles–Toledo caldera complex showing flows and beds of the 
East Fork Member of the Valles Rhyolite (formation) and some features mentioned in text. The East 
Fork Member is the youngest pulse of post-Valles caldera volcanism from about 0.06 to 0.04 Ma (data 
from Goff et al. in prep.).

Goff et al. (2000, 2005a, 2005b) and will not 
be repeated here. Recent work indicates the 
East Fork Member spans about 60–40  ka 
(Reneau et al. 1996; Toyoda et al. 1995; Phil-
lips et al. 1997). A recent attempt to date 
the Banco Bonito Flow by optically stimu-
lated luminescence (OSL) dating provided 
no resolution to the age of this unit (Lepper 
and Goff 2007). Magnetic polarity of Banco 
Bonito Flow is normal.

Conclusions

Data gathered during many studies in the 
decades following the original establishment 
and definition of the Tewa Group precipitate 
the need for, and form the basis for, revisions 
to the formal stratigraphic nomenclature. The 
formation Cerro Rubio Quartz Latite is aban-
doned because geochronologic and petrolog-
ic studies show it is most appropriately part 
of the Tschicoma Formation. Furthermore, 
field relations indicate that the stratigraphic 
position of the Cerro Rubio Quartz Latite, 

originally inferred to span the formation and 
resurgence of Valles caldera (Griggs 1964; 
Smith et al. 1970), is simply not valid. The 
Valle Grande Member of the Valles Rhyolite is 
abandoned because of long-standing disuse, 
and collection of sufficient field, petrologic, 
and temporal data to establish seven indi-
vidually distinctive new members to replace 
it. The Bandelier Tuff has been expanded to 
include the La Cueva Member, previously 
called a variety of names, which is a pair of 
ignimbrites with Bandelier Tuff-like petrogra-
phy and chemistry that underlies the Otowi 
Member of Bandelier Tuff. The Cerro Toledo 
Rhyolite has been expanded into the Cerro 
Toledo Formation that includes four mem-
bers: the volcanic Valle Toledo Member, and 
the dominantly sedimentary Virgin Canyon 
Member, Pueblo Canyon Member, and 
Alamo Canyon Member. This new designa-
tion provides insight into the distribution of 
highlands and river valleys before the erup-
tion of the Tshirege Member of the Bande-
lier Tuff at 1.25 Ma (Fig. 7). A new East Fork 

Member is created that contains the VC-1 
rhyolite, the El Cajete Pyroclastic Beds, the 
Battleship Rock Ignimbrite, and the Banco 
Bonito Flow. It is our sincere intention that 
this new stratigraphy for the Tewa Group 
will provide a robust, but flexible, framework 
that facilitates future studies.
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