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INTRODUCTION 

The Jemez Mountains volcanic field (JMVF) is located at the 
intersection of the north-trending Rio Grande rift (RGR) and the 
northeast-trending Jemez volcanic lineament (NL) (Fig. 1) . The 
Jemez volcanic pile is rather circular (Fig. 2), straddling the west 
edge of the Espanola basin segment of the RGR and the south
eastern edge of the Colorado Plateau (Fig. 1). The NL is noted for 
the alignment of several Miocene to Quaternary volcanic fields 
(Mayo, 1958) and was once thought to represent a hot spot trace 
(Suppe et al., 1975). However, there are no compositional or age 
progressions along the NL. By far the largest volume of volcanic 
rocks along the NL occurs in the JMVF (about 2000 Ion3) due to 
the intersection of deep-seated structures. Conductive heat flow 
along the west margin of the RGR near the Jemez Mountains aver
ages about 120 mW/m2 whereas conductive heat flow along the 
west margin of Valles caldera is about 210 mW/m2 (Goff and 
Grigsby, 1982). Convective heat flow within present-day Valles 
caldera may locally exceed 5000 mW/m2 due to the active 
hydrothermal system within it (Morgan et al., 1996). Two gravity 
lows occur within the Jemez Mountains region: a north-trending 

w on the east associated with thick, low-density fill in the 

Espanola basin and an asymmetric, circular loW"'associated with 
low-density fill in Valles caldera (Cordell, 1978; Segar, 1974, Goff 
et al., 1989). · 

3He/4He isotope measurements of present geothermal gases 
have RIR3 values as high as 6, which can only originate from a 
deep mantle/magmatic source (Goff and Gardner, 1994). Wolff 
and Gardner (I 995) argued that the youngest eruptive products 
from the caldera represent new magma generated by basalt injec
tion and crustal melting and that this may mark the onset of a new 
cycle of volcanism. Recently, Steck et al. ( 1998) synthesized seis
mic data beneath the Valles caldera (5-16 km deep) identifying a 
mid-crustal low velocity zone. Their modeling suggests that this 
zone contains a minimum melt fraction of 13%. Steck et al. (1998) 
also found low velocities extending to the crust-mantle boundary 
(roughly 39 :1: 10 km) and believe this may be caused by under
plating or injection of new basalt magma into the bottom of the 
Valles magma chamber. Thus, the central JMVF and Valles caldera 
overlie fresh, crystallizing magma and the potential for future 
eruptions still exists. 

Volcanism in the Jemez Mountains was first described by J. W. 
Powell during reconnaissance work in the 1880s (Powell, 1961). 
Iddings (1890) presented petrographic and chemical data on vari-
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FIGURE 1. Location map of the Jemez Mountains and Valles caldera with respect to the Jemez volcanic lineament, the 
Colorado Plateau and the Rio Grande rift. EB =Espanola basin segment of the rift. 
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FIGURE 2. False-color LANDSAT image of the Jemez Mountains and Valles caldera, New Mexico. Peaks in the 
Jemez Mountains reach elevations of 3230 m, thus higher elevations are thickly forested and intermountain basins are 
lush grasslands. Note agricultural lands along major streams in surrounding arid areas; C = Rio Chama northwest of 
Espanola, J = Jemez River at Jemez Pueblo, R = Rio Grande at Cochiti Pueblo, N = southern Nacimiento fault zone 
and uplift, and V = Valle Grande in the southeastern caldera. The image clearly shows the circular arrangement of 
post-caldera domes around the central resurgent uplift inside the caldera. 

ous units in the volcanic pile including Bandelier Tuff and quartz
bearing basalts. Comprehensive geologic work by the U.S. 
Geological Survey began in the 1920s (Ross, 1938). Although 
Jemez Mountains volcanism is best known for the formation of the 
Valles!foledo calderas and emplacement of the Bandelier tuffs at 
ca. 1.2-1.6 Ma (Smith and Bailey, 1966; 1968), the calderas are 
constructed within a voluminous and complex sequence of earlier 
flows, domes and pyroclastic rocks (Bailey et al., 1969; Smith et 
al., 1970). Jemez volcanism began roughly 14-13 Ma with various 
mafic to silicic eruptions and continued more or less uninterrupted 
to ~55 ka with effusion of the youngest post-caldera rhyolites 
(Gardner et al. , 1986; Aldrich, 1986; Toyoda et al. , 1995; Reneau 
et al. , 1996; Phillips et al. , 1997). 

The primary object of this paper is to describe the geochronolo
gy, stratigraphy, and evolution of the JMVF and the Valles!foledo 
calderas. The age of hydrothermal activity in the JMVF ·and the 
Valles!foledo calderas is also summarized (WoldeGabriel, 1990; 
WoldeGabriel and Goff, 1989; 1992; Goff and Gardner; 1994). 
Minor attention is devoted to regional tectonics as it affects vol
canism and volcanic stratigraphy. Magma generation and petroge
nesis within the diverse eruptive products of the JMVF will not be 
reviewed but has been discussed previously by Smith (1979), 
Gardner et a!. ( 1986), Loeffler et al. ( 1988), Stix et al. (1988), Spell 
and Kyle (1989), Stix and Gorton (1990), DePaolo et al. (1992), 
Dunbar and Hervig (1992), Perry et al . (1993), Wolff and Gardner 
(1995), Ellisor et a!. (1996), Justet (1996), and Stimac (1996) 
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among others. 

STRATIGRAPIDC AND STRUCTURAL SETTING 

' The modern stratigraphic nomenclature of volcanic rocks in the 
Jemez Mountains was defmed by Bailey eta!. (1969) based most
ly on geologic mapping published by Griggs (1964) and Smith et 
al. (1970), and on K/Ar dates obtained by Dalrymple eta!. (1967) · 
and Doell et al. (1968). Additional dates were later presented by 
Luedke and Smith (1978). Kelley (1978) produced a regional map 
of the Espanola basin that includes the JMVF. The JMVF is divid
ed into three groups, from oldest to youngest Keres, Polvadera, and 
Tewa. Keres rocks are found primarily in the southern JMVF, 
Polvadera rocks are found mostly in the northern JMVF, and Tewa 
rocks are focused in the central parts and flanks of the JMVF (Fig. 
3). Mafic volcanic fields are found within the RGR peripheral to 
the main part of the JMVF, from north to south El Alto, Cerros del 
Ri6, and Santa Ana Mesa (Fig. 3). The early radiometric dates indi
cate that the Keres Group was erupted from about 10.4-7.1 Ma, the 
Polvadera Group from about 9.6-2.0 Ma, and the Tewa Group 
from 1.37 Ma to <434 ka, but >45 ka. The peripheral volcanic 
fields were erupted from about 4.6-2.0 Ma (Bachman and 
Mehnert, 1978; Baldridge et a!., 1980). Beginning in the early 
1980s detailed mapping, radiometric dating and petrologic investi
gations were undertaken to refine our understanding of the stratig
raphy and chronology of the JMVF. These studies, particularly that 
of Gardner et a!. ( 1986), have shown that various units and forma
tions in the three groups overlap in time and were erupted over a 
longer time interval than previously thought. These investigations 
will be referenced as appropriate in the sections below. 

Geothermal and scientific drilling from 1959 to 1988 produced 
enormous amounts of information on the internal stratigraphy, 
structure, geophysical character, hydrothermal alteration, and 
hydrothermal fluids within the Valles caldera (Nielson and Hulen, 
1984; Goff eta!., 1989; Goff and Gardner, 1994). A generalized 
east-to-west cross section of the caldera region (Fig. 4) shows typ
ical relations among the major stratigraphic groups of the JMVF 
and relations to Tertiary basin-fill rocks of the RGR, Paleozoic to 
Mesozoic rocks of the Colorado Plateau, and Precambrian base
ment. Drilling and geophysics have revealed that the caldera is 
structurally asymmetric, being much deeper on the east than on the 
west (a "trap door" caldera; Heiken and Goff, 1983). Miocene sed
imentary rocks of the RGR thicken eastward toward the axis of the 
rift. Particularly noteworthy in the structure is the relative horst 
beneath the Sierra de los Valles between the eastern caldera and the 
deepest part of the RGR (Figs. 3, 4). This horst is bounded by the 
caldera ring fracture zone on the west and the Pajarito fault zone 
on the east. Structurally, the shallow western margin of the RGR 
underlies the JMVF and Valles caldera, but the caldera depression 
and the central and eastern portions of the RGR presently form 
separate hydrologic basins. 

Figure 5 shows a correlation chart of stratigraphic units within 
various regions of the JMVF and RGR. This chart utilizes all radio
metric dates known by the authors that are considered reliable as of 
the year 2000. 

CHRONOLOGY OF VOLCANIC ROCKS 

Inception of Jemez volcanism and basaltic volcimism 
in the Santa Fe Group, middle to late Miocene 

Parts of the Keres Group and underlying rocks were mapped in 
detail and dated by KJ Ar methods to determine the chemistry and 
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petrogenesis of the units, and the inception of Jemez volcanism 
(Gardner, 1985; Goff et al., 1990). Gardner and Goff (1984) and 
Gardner et a!. (1986) indicated that volcanism in the Jemez 
Mountains began > 13 Ma. The oldest age determined from the 
JMVF is a basanite dated at 16.5 ± 1.4 Ma that is interbedded with 
Santa Fe Qroup sediments south of St. Peter's Dome (Figs. 3, 5, 6). 
A recent 40Arf39Ar isochron age of the same unit is 17.7 ± 3.9 Ma 
(G WoldeGabriel, unpubl., 1999) The basanite is one of several 
alkali basalts in a discontinuous group of thin flows at this general 
stratigraphic horizon. The basanite occurs. about 50 m below the 
contact of the main mass of overlying Keres Group. 

The Santa Fe Group exposure mentioned abovels part of the 
Tesuque Formation and is the oldest known exposure of Tesuque 
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FIGURE 3. Schematic geologic map of the Jemez Mountains volcanic 
field showing the distribution of the major stratigraphic groups, the loca
tion of peripheral mafic volcanic fields, and the approximate boundary 
between the Colorado Plateau and Rio Grande rift SC = Santa Clara 
Canyon area, SPD =St. Peter's Dome, VG =Valle Grande. 
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FIGURE 4. Generalized geologic map and east-west cross section of the Valles caldera region show
ing stratigraphic relations among various rocks and structural relations between the caldera and the 
RGR. Geothermal and scientific drilling combined with geophysical studies have revealed the "trap 
door" structure of the caldera and the relative horst between the caldera and the central RGR (modi
fied from Goff and Gardner, 1994). B-4, B-6, and B-13 show locations of three of the Baca geother
mal wells, HDR marks location of the Los Alamos hot dry rock geothermal wells, and VC-2A and 
VC-2B locates two of the Continental Scientific Drilling Program core holes. The locations ofthe drill 
holes in the cross section are generalized. 

within the JMVF (Goff et al., 1990, Cather, 1992). Other patches 
of Santa Fe Group and earlier Tertiary sediments occur in the 
northern, western, and southern JMVF, along the western caldera 
margin (Smith et al., 1970), along the northern caldera margin 
(Gardner and Goff, 1996), and beneath the caldera floor (Nielson 
and Hulc;:n, 1984; Goff et al., 1987, Goff and Gardner, 1994). 

Because they have been little studied, these occurrences of Tertiary 
sediments are poorly identified and dated. 

Aldrich (1986) determined a date of 14.05 ± 0.33 Ma on a lava 
flow mapped as part of the Lobato Basalt of the Polvadera Group 
in Santa Clara Canyon in the eastern JMVF (Fig. 3). This flow is 
interbedded with Tesuque Formation just below the main mass of 



JEMEZ MOUNTAINS AND VALLES CALDERA 299 

Southern Jemez Mtns Central Jemez Mtns Northern Jemez Mtns Rio Grande Rift, 
M 
0 

a (Keres Group) (Tewa Group) (Polvadera Group) Peripheral Lavas 

' L- El Cajete -l o~~11 Valles 
L- El Cajete -l 

Quaternary ~ -~ Rhyolite Totavi Cerro Toledo interval"' 

I Bandelier Tuff I 

:~t 
-1.6- 13andelier Tufi IS_:!: / - - 1 Bandelier Tuff I 

2 Pre-Bandel~/ EIAito. Q) late ,---- Tuffs I Cerro c 
Cerro Toledo Rubio 

Cerros ~ 
Q) del Rio, if~ u 3.4- Rhyolite Plugs 

.Q Santa Ana -g .g 
3 

VI ----- 0 Mesa ,-?- -~ ~ 0:: early c: ~~ Puye ~6 
c: 0 ~0 

Fm ~"-0 -~ iH' 

4 

-5.3-

~ 
-~ 

Pre-Caldera E lXlX u 
E (; Gj .. 
(5 Volcanics .... - ·?-

ad .... of "' . ., :;t, Rhyolite :~ Polvadera E -?- Santa Fe ~~ ~ ~ 1-?- t-?- 0 

~~ 
u or u 
0 - :E t---

<~ u Keres u 
VI 

late age I- E ...__ 

6 

7 

8 

u.. 
c: c: 
~5 0 co 

1--- » ....... 
cv ·.;::; 0 

9 

~ >.£ ~ .E 
Q) u"' -?- '------ (ij 

Chamisa i:' Q) If) ;g·~u .,E 
10 

c . "' co 
Q) Mesa u-:= ~~ co "'Q)"' .c 
u ~~~~0 g 8.~~ u 

.Q 11 .2- ~& Q. "' ~(60.. 
.0 

11 

~ 
0 ~~ b c: Santa Fe -' Santa Fe "' ~8~ u 12 

I I Group Group '8 c-- -' -----13 

14 mid Santa Fe f-- E 
l..i.... 

Group Group Q) 
:::1 

15 
0'" 

- :::1 

16.6- l Basanite and .I l Basanite and J ~ - older bas a It older basalt 1-
early ------ -----

16 

17 

18 
FIGURE 5. Correlation chart of stratigraphic units by subregion within the Jemez Mountains volcanic field. The chart uti
lizes all available radiometric dates that are considered to be reliable as of the yr 2000. The southern Jemez Mountains are 
dominated by rocks of the Keres Group, the central Jemez Moutains are composed mostly of rocks of the Tewa Group, 
and the northern Jemez Mountains are constructed primarily ofrocks of the Polvadera Group. In contrast, the RGR is filled 
mostly with basin-fill sedimentary rocks of the Santa Fe Group, subordinate volumes of mafic lavas from peripheral vol
canic fields and earlier volcanism, and volcaniclastic units from the JMVF. The only widespread stratigraphic markers 
throughout the region are the Bandelier Tuff and the Santa Fe Group. 

overlying Polvadera Group rocks. Aldrich and Dethier (1990) 
dated a similar basalt lava interbedded with Tesuque at 13 .9 ± 0.4 
Ma. Five other Lobato flows described by these authors have ages 
of 12.4 ± 0.4 to 9.6 ± 0.2 Ma and are interbedded in the overlying 
Chamita Formation. Additional Lobato dates reported in Goff et al. 
( 1989) span a period from 11 to 9 Ma. Clearly volcanism in the 
Jemez Mountains region began as early as about 17 Ma and some 
eruptive products assigned to formal stratigraphic units erupted as 
early as 14 Ma. As pointed out by Gardner et al. (1986), inception 
of volcanism in the JMVF is a problem of semantics rather than a 
problem of geology. 

Because Los Alamos National Laboratory is conducting detailed 
environmental investigations beneath the Pajarito Plateau (Fig. 3), 
many basaltic lavas from surface outcrops and drill holes have 
been recently dated that may or may not be correlated with the 
basalts in the northeast and southeast JMVF (i.e., the Lobato Basalt 
and basalts in the Paliza Canyon Formation, Fig. 5). Two recent 
40Arf39Af dates on basalt lavas exposed on the northern Pajarito 
Plateau are 8.85 ± 0.03 and 8.77 ± 0.04 Ma (G WoldeGabriel, 
unpubl., 2000). These two lavas are also interbedded with sedi
ments of the Santa Fe Group. Purtymun (1995) dated two basalt 

flows at 8-9 Ma that are interbedded with the Santa Fe Group at 
depths between 348 and 424 m in a well several kilometers east of 
Los Alamos. WoldeGabriel et al. (1996) dated a mugearite lava by 
40Arf39Ar at 9.3 ± 0.2 Main the bottom of White Rock Canyon. 
The lava is interbedded in the Santa Fe Group and overlain by the 
Puye Formation (Dethier, 1997). Although quite far from type 
areas of basalt in either the Keres or Polvadera groups, these dates 
indicate that basaltic volcanism was widespread in the western 
Espanola basin during mid- to late-Miocene time. The dates also 
seem to indicate that a lull in basaltic volcanism occurred beneath 
the Pajarito Plateau between about 8 and 4 Ma (see WoldeGabriel 
et al., 1996). 

Keres Group, middle Miocene to late? Pliocene 

Bailey et al. ( 1969) defined the Keres Group as being composed 
of three formations, Canovas Canyon Rhyolite, Paliza Canyon, and 
Bearhead Rhyolite, and an informal unit, the basalt of Chamisa 
Mesa. Compositions from basalt through high-silica rhyolite are 
found in the Keres Group, although rocks of basaltic andesite com
position (52-56 wt.%) are rare (Gardner et al., 1986). 
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FIGURE 6. Sketch showing distribution and approximate limits of 
Keres Group rocks (13-6 Ma) with respect to the present position 
of Valles caldera and Toledo embayment. Most Keres rocks are 
found south of the present Valles caldera. During growth of the 
Keres complex, volcanic detritus was shed to the northeast, east, 
southeast, and south (shown by arrows), particularly into basins of 
the developing RGR. This detritus formed much of the Cochiti 
Formation (as defined by Bailey et al., 1969). Comparatively little 
Keres detritus was shed onto the Colorado Plateau. JFZ = Jemez 
fault zone, PFZ = Pajarito fault zone, LFZ = La Bajada fault zone, 
C = Cochiti mining district. 

Volumetrically, andesite is the most common rock type. The total 
volume of preserved Keres Group rocks is estimated at about I 000 
km3 (Gardner et a!., 1986). Keres Group rocks (Figs. 3, 5, 6) are 
found primarily in the southern JMVF, in the north and west walls 
of Valles caldera, as exotic blocks in intracaldera Bandelier Tuff, 
and as hydrothermally altered lavas beneath the caldera floor 
(Smith et a!., 1970; Nielson and Hulen, 1984; Gardner and Goff, 
1996; Gardner et a!., 1996). 

Basalt of Chamisa Mesa 

Early basaltic lavas in the JMVF consist primarily of relatively 
thin flows and minor cinder deposits that fonn lava stacks and cap 
mesas. Bailey et a!. ( 1969) indicated that the basalt of Chamisa 
Mesa is the oldest stratigraphic unit in the JMVF but dates were 
lacking. At Borrego Mesa (Figs. 3, 6), Chamisa Mesa basalt is sep
arated from overlying Paliza Canyon basalt by an intervening 
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sequence of Canovas Canyon rhyolitic tuffs. Luedke and Smith 
(1978) determined a date of 10.4 ± 0.5 Ma on Chamisa Mesa basalt 
lava beneath these tuffs. More recently, Chamberlin et a!. (1999) 
obtained two 40Arf39Ar dates of 10.8 ± 1.8 and 8.96 ± 0.76 Ma on 
the same flow of Chamisa Mesa basalt underlying Canovas 
Canyon tuff near the type area. Another 40Arf39Ar date of 9.01 ± 
0.14 Ma was obtained on a possible equivalent basalt in an area 
southeast of Borrego Mesa (G Smith, unpubl.). These dates are 
equivalent to many determined for the Lobato Basalt (described 
above). Gardner (1985) described a basalt lava in the Paliza 
Canyon area dated at 13.2 ± 1.2 Ma that overlies a rhyolite tuff and 
Goff et al. (1990) mapped a basalt lava east of St. Peter's Dome 
dated at 11 .3 ± 0.9 Ma that lies between the Santa Fe Group and 
the main mass of overlying Keres Group rocks. As a result, 
Chamisa Mesa basalt in the type area is not the oldest stratigraph
ic unit in the Keres Group or the oldest basalt in the JMVF. 
Nonetheless, it remains a useful stratigraphic unit within the type 
area (R. M. Chamberlin, personal commun., 2000). 

Canovas Canyon Rhyolite 

Bailey et al. ( 1969) indicated that Canovas Canyon Rhyolite 
occurs between basalt of Chamisa Mesa and overlying rocks of the 
Paliza Canyon Formation. Gardner et a!. (1986) pointed out that 
small volumes of rhyolitic rocks are interbedded and intruded 
within much of the Paliza Canyon Formation. Canovas Canyon. 
Rhyolite consists of domes, plugs, flows, and tuffs of mostly 
aphyric, high-silica rhyolite. Many of the lavas are perlitic and the 
tuffs are highly weathered. K!Ar dates range from 12.4 to 8.8 Ma 
(Luedke and Smith, 1978; Gardner eta!. 1986). The oldest strati
graphic unit in the Canovas Canyon Rhyolite may be the ash flow 
tuff in the Paliza Canyon area described above (> 13.2 Ma). It is 
similar in appearance to a widespread, pink, ash flow tuff resting 
on Santa Fe Group sediments south of St. Peter's Dome. The "pink 
tuff" is overlain south of St. Peter's Dome by rhyolite lava dated at 
12.4 ± 2.0 Ma (Goff et al., 1990). The "pink tuff'' has not been suc
cessfully dated by Kl Ar due to the weathered nature of clasts and 
matrix; no date has been attempted on phenocrysts by 40Aff39Ar. 
Relatively voluminous Canovas Canyon lavas in the type area have 
K!Ar dates of 10.0 ± 0.3 and 10.2 ± 0.3 Ma (Luedke and Smith, 
1978) and 40Arf39Ar dates ranging from 9.7 to 9.5 Ma (n = 3, 
Chamberlin eta!., 1999; Chamberlin, 1999). A sample of Canovas 
Canyon Rhyolite southeast of Borrego Mesa was recently dated by 
40Arf39Ar at 9.55 ± 0.34 Ma (G Smith, unpubl.). The youngest 
dated Canovas Canyon unit (8.8 ± 0.7 Ma) is a dome in the Ruiz 
Peak area (Figs. 3, 6) that intrudes rocks of the Paliza Canyon 
Formation (Gardner and Goff, 1984; Gardner, 1985). 

Paliza Canyon Formation 

Rocks of the Paliza Canyon Formation consist of flows, domes, 
and minor pyroclastic rocks of basalt, andesite, and dacite compo
sition. The unit includes thick sequences of flow breccia, dome
collapse breccia, debris flows, and minor stream deposits. The lat-
ter deposits were mapped as part of the Cochiti Formation by Goff 
et a!. (1990; see discussion below). Generally speaking, the 
basaltic rocks are aphyric to slightly porphyritic, whereas the 
andesitic and dacitic rocks are porphyritic to coarsely porphyritic. 
K!Ar dates range from 13.2 to 7.1 Ma with basalts seeming to be 
slightly older as a group than intermediate composition units 
(Dalrymple et a!., 1967; Luedke and Smith, 1978; Gardner et a!., 
1986; Chamberlin et al., 1999). Basal Paliza Canyon basalts of 1 
13.2 and 11.3 Ma have been mentioned above. The oldest interme- j 
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diate composition Paliza Canyon lava is dated at I 0.6 ± 1.4 Ma but 
the majority of units (n ;, 9) are dated between 10.1 and 8.8 Ma 
(see Gardner et al., 1986). Three samples of basal Paliza Canyon 
andesitic rocks in t.he extreme southern JMVF have 40Aif39 AI dates 
ranging from 9.2 to 9.0 Ma (Chamberlin et al., 1999). Chamberlin 
et al. (1999) mapped an andesitic lava underlying Peralta Tuff east 
of Borrego Mesa that was dated by 40Aif39AI at 7.1 ± 0.2 Ma. This 
is the youngest unit presently identified in the Paliza Canyon 
Formation. 

The Cochiti mining district (Fig. 6) includes the ghost towns of 
Bland and Albermarle and consists primarily of hydtothermally 
altered, volcanic and hypabyssal rocks once thought to be Eocene 
in age (Smith et al., 1970). However, Stein (1983) obtained a K/AI 
age of 11 .3 ± 0.3 Ma on monzonite porphyry near dikes of andesite 
and rhyolite with Keres Group affinities. Thus, the Cochiti area 
probably represents the interior of a dissected Keres Group vol
cano (Gardner et al., 1986). If so, this date is the oldest so far 
obtained on an intermediate composition unit within the Paliza 
Canyon Formation. 

Bearhead Rhyolite 

The Bearhead Rhyolite consists of domes, shallow intrusions, 
flows, and pyroclastic rocks of generally aphyric to sparsely por
phyritic rhyolite (Bailey et al., 1969). Some dome complexes, such 
as those at Bearhead Peak (Figs. 3, 6), are quite voluminous. A 
KJAI date of 7.1 ± 0.2 Ma was obtained on a dome intruding 
Peralta Tuff southeast of the Cochiti mining district (Luedke and 
Smith, 1978). Gardner et al. (1986) reported six KJAI ages ranging 
from 7.1 to 6.2 Ma on various Bearhead units. A 40Aif39AI age of 
6.91 ± 0.06 Ma was obtained on a dome in lower Peralta Canyon 
(Mcintosh and Quade, 1995). More recently, Justet ( 1996) 
obtained 19 40 Arf39 Ar dates on Bearhead lavas ranging from 7.06 
± 0.10 to 6.01 ± 0.05 Ma. She also determined that Bearhead erup
tions were clustered in time, with the most voluminous main clus
ter occurring between 7.1 and 6.4 Ma. 

The Peralta Tuff Member of the Bearhead Rhyolite includes 
major sequences of pyroclastic rocks consisting of fall, flow, surge, 
and hydromagmatic surge deposits that were erupted from differ
ent vents (Smith et al., 1991; Gay and Smith, 1996). The Peralta 
Tuff Member is thickest and most widespread in lower Peralta 
Canyon and adjacent canyons, but discontinuous patches of Peralta 
Tuff occur throughout the southeastern expanse of the Keres Group 
(Smith eta!., 1970). A KIAI date of6.8 ± 0.1 was obtained by Goff 
et al. (1990) on a sanidine separate from a fall deposit in the type 
area. Mcintosh and Quade (1995) determined 40Aif39AI ages of 
6.96 ± 0.10 to 6.75 ± 0.09 Ma on five additional Peralta Tuff units 
near the type area. Chamberlin et al. ( 1999) dated a Peralta Tuff ash 
by 40Arf39 AI at 6.25 ± 0.08 Ma that is interbedded in upper Cochiti 
Formation on the northwest flank of Santa Ana Mesa. 

Cochiti Formation (volcaniclastic rocks of Keres Group) 

Bailey et al. (1969) defined the Cochiti Formation as a thick 
sequence of volcanic gravel and sand derived from penecontempo
raneous erosion of volcanic units of the Keres Group. These vol
caniclastic units form coalesced but eroded alluvial fans directed 
east and south toward the RGR. On the southeast side of the 1MVF 
the volcaniclastic rocks are abruptly terminated along and within 
the Pajarito fault zone (Fig. 6; Goff et al. , 1990), the main fault 
bounding the west side of the deepest part of the Espanola basin. 
East of the Pajarito fault zone, the volcaniclastic debris equivalent 
in age to most of the Keres Group is buried beneath younger units 
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and is presumably interfingered with Santa Fe Group. 
Although the definition of the Cochiti Formation seems straight

forward, geologic mapping of the Cochiti has been inconsistent, 
leading to much stratigraphic confusion. Smith et al (1970) mostly 
mapped Cochiti Formation as volcaniclastic units shed from and 
overl:1ing Keres Group rocks in the southeastern Jemez Mountains . 
As such, some of the Cochiti Formation shown by Smith et al. 
(1970) occurs east of the Pajarito fault zone. In contrast, Goff et al. 
( 1990), following Gardner et al. ( 1986), mapped Cochiti 
Formation as a unit of debris flows, various pyroclastic deposits, 
and stream deposits primarily interbedded withiD,Canovas Canyon 
Rhyolite and Paliza Canyon Formation domes and lavas in the 
Keres Group. Smith and Lavine ( 19~6) reviewed the issue and pro
posed that Cochiti Formation be restricted to units mapped more
or-less as shown by Smith eta!. (1970). As defined by Bailey et a!. 
(1969), the Cochiti Formation has a potential age range of <13 to 
<6 Ma whereas, as proposed by Smith and Lavine (1996, Fig. 2), 
the Cochiti Formation would be restricted to an age of about 6 to 
perhaps 2.5 Ma. The younger age is roughly time equivalent to the 
Puye and Totavi Formations in the northeast JMVF and western 
Espanola basin (Fig. 5). , 

Thick sequences of intermediate composition volCaniclastic 
rocks are well exposed in several deep canyons of the southeast 
JMVF (Goff et al., 1990; Lavine et al ., 1996). Six stratigraphic sec
tions from these canyon areas contain four dacitic tephra and pyro
clastic flow deposits dated by 40Aif39AI at 9.47 ± 0.06 to 9.11 ± 
0.05 Ma (Lavine et al., 1996). A fifth 40Aif39AI date of 9.48 ± 0.03 
Ma was obtained on dacitic tephra from a 1-m-thick fall deposit 
exposed in a section of volcaniclastic rocks northeast of St. Peter's 
Dome (F. Goff, unpub/., 1994). These dates are conformable with 
older K/Ar dates of Keres Group lavas presented by Dalrymple et 
al. (1967), Luedke and Smith (1978), Gardner et al. (1986), and 
Goff et al. (1990) and suggest that roost of the volcaniclastic 
sequences were deposited in a relatively short time period. A basalt 
lava in a canyon east of St. Peter's dome dated at 11.3 ± 0.9 Ma 
underlies about 350m of interbedded volcaniclastic rocks and sub
ordinate lavas. Andesite lava at St. Peter's Dome dated at 8.7 ± 0.4 
Ma caps this volcaniclastic section. 

Polvadera Group, middle Miocene to late Pliocene 

The Polvadera Group consists of three formations as follows : 
Lobato Basalt, Tschicoroa Formation, and El Rechuelos Rhyolite 
(Bailey et aL, 1969). Relations of the group to the Puye Formation 
are somewhat analogous to the relations of the Keres Group to the 
Cochiti Formation (Gardner et a!., 1986; Waresback, 1986; 
Turbeville et a!., 1989). Compositionally, the Polvadera Group 
consists of basaltic to high-silica rhyolitic rocks. The group is dom
inated by domes of dacite to rhyodacite composition and has a vol
ume of about 500 kro3. Polvadera Group rocks (Figs . 3, 5, 7) are 
found primarily in the northern and eastern JMVF, in the north, 
west, and east walls of Valles caldera, as exotic blocks in intra
caldera Bandelier Tuff, and as hydrothermally altered lavas 
beneath the caldera floor (Smith et al., 1970; Nielson and Hulen, 
1984; Gardner and Goff, 1996; Gardner et al., 1996). 

Lobato Basalt 

The Lobato Basalt consists of multiple flows and associated cin
der deposits of primarily olivine basalt. It forms prominent mesas 
in the northeastern Jemez Mountains and overlies the Abiquiu Tuff 
(Smith, 1938). Extensive dikes and lavas of Lobato Basalt intrude 
and are interbedded with the Santa Fe Group. A dacite flow of 
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FIGURE 7. Sketch showing distribution and approximate limits of 
Polvadera Group rocks (14-2 Ma) with respect to the present position 
of Valles caldera and Toledo embayment. Most Polvadera rocks were 
erupted north and east of Valles caldera. During growth of the 
Polvadera complex, volcanic detritus was shed to the northeast and 
east into the developing Espafiola basin. This detritus formed much 
of the Puye Formation. Also shown is the distribution of most of the 
Bearhead Rhyolite, Keres Group (7.1-6.0 Ma) which overlaps in 
time with much of the El Rechuelos Rhyolite of the Polvadera Group 
(7.5-2.0 Ma). Bearhead rocks, particularly the pyroclastic rocks, 
were shed southeast toward the developing Santo Domingo basin. 
Peripheral volcanic fields formed from about 4.6-1.6 Ma. Fault 
labels same as in Figure 6. 

Tschicoma Formation is interbedded with Lobato Basalt east of 
Lobato Mesa (Bailey et al., 1969) but for the most part the Lobato 
underlies Tschicoma rocks. Rocks assigned to the Lobato Basalt 
have K/Ar ages ranging from 14.05 ± 0.33 to 7.6 ± 0.4 Ma 
(Dalrymple et al., 1967; Bachman and Melmert, 1978; Luedke and 
Smith, 1978; Baldridge et al., 1980; Manley and Mehnert, 1981; 
Aldri~h, 1986; Gardner et al. , 1986). A voluminous pulse of Lobato 
volcanism apparently occurred from 10.8 ± 0.3 to 9.1 ± 0.2 Ma (15 
of 22 Lobato dates reported in Gardner et al., 1986). Five more 
dates ranging from 11 to 9 Ma are described in Goff et al. ( 1989). 
Thirteen additional Lobato dates reported by Aldrich and Dethier 
(1990) have an age range of 13.9 ± 0.4 to 9.6 Ma. Most Lobato 
lavas correspond in age with older rocks of the Keres Group in the 
southern JMVF. 

GOFF and GARDNER 

Tschicoma Formation 

The Tschicoma Formation was first defined by Griggs (1964) 
and consists of voluminous domes and flows of porphyritic to 
coarsely porphyritic andesite, dacite, and rhyodacite. These domes 
are best exposed at Tschicoma and Polvadera. Peaks, and in the 
Sierra de los Valles north and east of Valles caldera (Fig. 3). The 
Tschicoma unconformably overlies Abiquiu Tuff and the Santa Fe 
Group in the northern JMVF (Smith et al. , 1970). Porphyritic lavas 
of Tschicoma Formation overlie hydrothermally altered lavas of 
the Keres Group and arkosic sediments resembling Santa Fe Group 
in the northern wall of Valles caldera (Gardner and Goff, 1996). 
Tschicoma rocks interfinger with deposits of the Puye Formation 
in the eastern JMVF. Twelve K/Ar dates on Tschicoma lavas dis
play an age range of 6.9 ± 0.3 to 3.2 ± 0.3 Ma (Dalrymple et al. , 
1967; Luedke and Smith, 1978; Gardner et al., 1986) but the main 
volume of Tschicoma rocks was apprently erupted between 5 and 
3 Ma (Goff et al. , 1989). Subsequent work shows that some 
Tschicoma rocks are both older and younger than previously 
thought and include rhyolitic compositions. A dacite lava underly
ing Lobato Basalt near Lobato Mesa bas a K/Ar date of 9.6 ± 0.2 
Ma whereas a dacite dome east of Polvadera Peak has a date of 
2.96 ± 0.27 Ma (Goff et al. , 1989). Recent analyses show that some 
porphyritic domes in the Guaje Mountain area are compositionally 
equivalent to low-silica rhyolite. A porphyritic rhyolitic lava from 
this area has a K/Ar date of 4.55 ± 0.22 Ma (Goff et al., 1989). 

El Rechuelos Rhyolite 

This name is given to four small, aphyric to slightly porphyritic 
rhyolite domes and plugs, and a small pumice cone west and north 
of Polvadera Peak (Bailey et al. , 1969). Stratigraphic relations sug
gest that El Rechuelos Rhyolite is younger than most Tschicoma 
rocks. Dalrymple et al. (1967) obtained a K/Ar date of2.07 ± 0.06 
Ma on obsidian from one of two glassy domes in the north part of 
the group. A second date on this dome came out 2.01 ± 0.06 Ma 
(Loeffler et al., 1988). However, the two southern domes have 
K/Ar dates of7.5 ± 0.3 Ma and 5.8 ± 0.2 Ma, whereas the pumice 
cone is dated at 5.2 ± 0.2 Ma. Loeffler et al. (1988) revealed that 
the pumice cone is actually rhyodacite in composition, resembling 
average Tschicoma dacite. The older dates in El Rechuelos 
Rhyolite overlap with ages in the Tschicoma Formation and rough
ly correspond in age with Bearhead Rhyolite in the southern JMVF 
(Gardner et al. , 1986). 

Puye Formation 

The Puye Formation is an extensive volcanogenic alluvial fan 
complex shed eastward from volcanic domes and flows of the 
Tschicoma Formation (Smith, 1938). The Puye was studied by 
Griggs (1964), defined by Bailey et al. (1969), and mapped by 
Smith et al. ( 1970). Waresback (1986) studied the sedimentologi
cal evolution of the Puye Formation while Turbeville et al. (1989) 
investigated volcanological origins of the unit. The Puye is well 
exposed north of the Pajarito Plateau and is intersected by all deep 
water supply wells in the northern plateau area (Dransfield and 
Gardner, 1985; Stoker et al., 1992; Purtymun et al., 1993). 

The main mass of Puye Formation is distributed over an area of 
200 krn2 and contains > 15 krn3 of volcaniclastic material deposited 
between about 3.5 and 1.9 Ma. It is mapped as a unit that overlies 
the Santa Fe Group. However, by original definition (Bailey et al. 
1969; Gardner et al., 1986), Puye deposits may be as old as 7 Ma 
and as young as 1.6 Ma (the age of lower Bandelier Tuft). Older 
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debris from Polvadera rocks was shed into the RGR and interfin
gers with Santa Fe Group rocks, primarily Chamita Formation. 
Most of the Puye conglomerates contain cobbles of dacitic to 
andesitic composition in a volcanic sand matrix. At least 25 ash 
beds of dacitic to rhyolitic composition are interbedded within the 
fanglomerates . Some of the dacitic ash beds have KJ Ar dates of 
about 2.5 ± 0.1 Ma (Turbeville and Self, 1988; Goff et al., 1989) 
but, overall, the Puye Formation has few dates. Basaltic ash beds, 
pillow-palagonite complexes and lacustrine deposits are interbed
ded with Puye rocks on the east side of the deposit. 

The fanglomerates display considerable lateral variation and are 
complex, intertonguing mixtures of stream flow, sheet flow, debris 
flow, block and ash flow, pumice fall, and ignimbrite deposits. 
Maximum thickness is about 220 m in Pueblo Canyon (Griggs, 
1964) but thins to 15 m north of the Pajarito Plateau (Dethier and 
Manley, 1985). The Puye is as much as 183 m thick beneath the 
Pajarito Plateau (Goff, 1995). Interbedded Polvadera Group dacite 
and andesite flows, and Cerros del Ri6 basalt flows are common. 
The former relations are documented in water wells on the western 
side of the plateau whereas the latter relations are well exposed in 
White Rock Canyon. 

Totavi Lentil 

The Totavi Lentil is a coarse, poorly consolidated conglomerate 
that appears at the top of the Chamita Formation, Santa Fe Group. 
It contains cobbles and boulders of primarily quartzite, granite, 
pegmatite, and altered volcanics. Griggs (I 964 ), who formalized 
the unit; defined the Totavi Lentil as the basal unit of the Puye 
Formation based on conformable bed relations with overlying fan
glomerate layers. However, the lithologies of the cobbles and the 
arkosic sandy matrix argue that the Totavi is more akin to axial 
deposits of the Santa Fe Group. Present workers (Dethier, 1997; J. 
Hawley, personal com.mun., 1997) assume that the Totavi Lentil 
represents ancestral Rio Grande channel gravels; thus, it would be 
expected to show disconformable relations with finer-grained sed
iments beneath conglomerate layers . The Totavi Lentil is extreme
ly distinctive due to the presence of well-rounded clasts such as the 
quartzite, granite, and pegmatite of Precambrian origin. It is inter
sected by no less than nine of the water wells and test holes stud
ied by Griggs (1964) and is a key marker bed used for stratigraph
ic breakouts in supply wells drilled beneath the Pajarito Plateau. 

The Totavi is exposed at several locations around the margins of 
the Pajarito Plateau but few dates exist to fully constrain the age. 
Manley ( 1979) obtained a fission track age of 2.9 Ma on an ash bed 
in the lower part of the Puye Formation, just above exposed Totavi 
conglomerate. In lower Los Alamos Canyon near Totavi (the type 
section, Fig. 3), it forms a layer of coarse conglomerate approxi
mately 10 m thick that lies above pale buff Santa Fe Group rocks 
and beneath gray, bedded Puye fanglomerate deposits. Lacustrine 
beds and a Cerros del Rio basalt flow and pillow-palagonite com
plex dated at 2.4 ± 0.3 Ma overlie the Puye farther up canyon 
(Luedke and Smith, 1978). Just west of White Rock Canyon, the 
Totavi Lentil appears as a 8-m-thick conglomerate directly beneath 
an undated basalt flow of Cerros del Ri6 affinity. Flows further up 
section have dates of about 2.40 ± 0.06 Ma (WoldeGabriel et al., 
1996). Underlying sedimentary rocks have been mapped as Puye 
fanglomerate by Dethier (1997); thus, this a location where 
exposed Totavi Lentil is interbedded in the Puye Formation. In 
lower Frijoles Canyon, two layers of Totavi Lentil pebble con
glomerate about 5 m thick are interbedded in maar deposits of the 
Cerros del Ri6 volcanic field (F. Goff, unpub/.). The maar deposits 
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lie beneath an undated basalt forming a ledge for a waterfall. The 
age of a benmorite lava overlying this basalt has a 40 Arf39 AI age of 
2. 75 ± 0.08 Ma (WoldeGabriel et al., 1996); thus, the Totavi is 
apparently bracketed between about 2.8 and 2.4 Ma. It is also 
apparent that the Totavi Lentil is not a precise time-stratigraphic 
marker and that it does not always occur at horizons like those in 
the type section. 

Tewa Group, late Pliocene to late Pleistocene 

According to Griggs ( 1964 ), Bailey et al. (1969), and Smith et 
al. (1970), the Tewa Group consists offour follBations. From old
est to youngest, these are the Bandelier Tuff, Cerro Toledo 
Rhyolite, Cerro Rubio Quartz Latite, and Valles Rhyolite. 
However, more recent mapping and radiometric dating show that 
Cerro Rubio Quartz Latite predates the Bandelier Tuff (Gardner et 
al., 1986; Heiken et al., 1 986; Stix et al., 1988; Gardner and Goff, 
1996). In addition, at least three pre-Bandelier ignimbrites occur in 
the southwestern, eastern, and central JMVF that are not described 
by earlier workers (Self et al., 1986; Goff et al., 1 987; Turbeville 
and Self, 1988; Hulen et a!., 1991; Goff and Gardner, 1994 ). Thus, 
as originally defined, the Tewa Group spans a much greater time 
period than previously thought. Tewa units consist of domes, 
plugs, flows, and pyroclastic deposits of rhyodacite, rhyolite, and 
high-silica rhyolite. Tewa Group rocks unconformably overlie or 
intrude other units of the JMVF and are best exposed in Valles and 
Toledo calderas, the Toledo embayment, the Pajarito Plateau, and 
the Jemez Plateau (Figs. 3, 5, 8). 

Cerro Rubio Quartz Latite 

This unit consists of two small plugs with similar hypabyssal 
appearance that occur in the east side of the Toledo embayment 
(Gardner et al., 1986; Heiken et al., 1986; Stix et al., 1988; Gardner 
and Goff, 1996). Mapping shows that Cerro Rubio rocks are 
intruded by Cerro Toledo Rhyolite and overlain by the upper 
(Tshirege) member of the Bandelier Tuff (see Gardner and Goff, 
1996). KJA:r dates are 3.6 ± 0.4 Ma for Cerro Rubio proper and 
2.18 ± 0.09 Ma for the dome north of Cerro Rubio. Chemically, the 
Cerro Rubio rocks resemble average Tschicoma rhyodacite 
(Gardner et al., 1986). It is probable that the Cerro Rubio plugs 
represent remnants of former Tschicoma Formation domes and 
flows that have been modified by events that formed the Toledo 
embayment (Goff et al., 1984; Gardner and Goff, 1996). 

Pre-Bandelier tuffs 

A sequence of at least three tuffs older than, but chemically and 
petrographically similar to, the Bandelier Tuff occurs in the south
western wall of Valles caldera and in San Diego Canyon (Fig. 8) 
for several kilometers southwest of the caldera (San Diego Canyon 
ignimbrites). These exposures consist of fall, flow and surge 
deposits of high-silica rhyolite tuff from 80 to <2 m thick below the 
Otowi Member, Bandelier Tuff (Self et al., 1986; Turbeville and 
Self, 1988). A similar pyroclastic deposit is found interbedded with 
fanglomerate in the upper Puye Formation in the northern Pajarito 
Plateau (Turbeville et al., 1989). Pre-Bandelier ignimbrites (the 
"Lower Tuffs") have also been identified inside the Valles caldera 
beneath the Redondo Peak area (Nielson and Hulen, 1984) and 
beneath the Sulphur Springs area (Goff et al., 1987; Hulen et al., 
1991; Goff and Gardner, 1994 ). Although not recognized by Bailey 
et al. ( 1969) or shown on the map of Smith et al. (1970), the unit 
is designated as an "early leak" of the Bandelier magma chamber 
by Smith (1979). Two early KJA:r dates on these tuffs were too old 
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FIGURE 8. Sketch map showing location ofTewa Group rocks. Bandelier Tuff surrounds the Valles and Toledo caldera collapse depres
sion but is best exposed on the Jemez and Pajarito Plateaus. The Cerro Rubio plugs occur in the Toledo embayment and pre-date the 
Toledo caldera and Bandelier Tuff. The Cerro Toledo Rhyolite post-dates Toledo caldera. Cerro Toledo rhyolite tuffs occur between the 
Otowi and Tshirege Members of the Bandelier Tuff east of the calderas. Near Los Alamos they are interbedded with other volcanic 
detritus shed from the Tschicoma Formation and form the Cerro Toledo interval (Broxton and Reneau, 1995). Cerro Toledo rhyolite 
domes are found within the Toledo embayment, at Rabbit Mountain and Pasco del Norte, and along an arc-remnant that originated in 
Toledo caldera (Goff et al. , 1984). The Valles Rhyolite was erupted locally on the resurgent dome and within the moat zone of Valles 
caldera. CT =Cerro Toledo dome; DC= patch of Deer Canyon Member of Valles Rhyolite dated by Doell eta!. (1968); LP =two Los 
Posos domes; PN =recently recognized patch of Cerro Toledo Rhyolite (Justet, 1996); R = Redondo Peak; RC = two locations of 
Redondo Creek Member of Valles Rhyolite dated by F. Goff (unpubl.); RM =Rabbit Mountain dome; SDC = San Diego Canyon and 
Jemez River; SS = Sulphur Springs; T = Cerro Trasquilar dome; WS = Warm Springs dome. 

(3 .64 and 2.84 Ma; Turbeville and Self, 1988) probably due to con
tamination of the samples. More recent 40 Arf39 Ar dates on the units 
are 1.85 ± 0.07 Ma (Spell et al., 1996). 

Bandelier Tuff 

The Bandelier Tuff is the most famous rock unit of the JMVF 
(Smith and Bailey, 1966; 1968; Self et al., 1986; Heiken et al., 
1990). It consists of two members, the lower (Otowi) member and 
the upper (Tshirege) Member. Each member contains a basal pyro
clastic fall deposit, the Guaje Pumice beneath the Otowi and the 
Tsankawi Pumice beneath the Tshirege (Griggs, 1964; Bailey et al. , 
1969). Both members have been thoroughly studied and are excep
tionally well exposed on the Pajarito and Jemez Plateaus (i .e., 
Eichelberger and Kock, 1979; Warshaw and Smith, 1988; Broxton 
and Reneau, 1995; Broxton et al. , 1995; Caress, 1996; Stimac et 
al., 1996; Werner et al., 1996). The Tshirege Member is a compo
sitionally zoned ash flow tuff composed of several flow units that 
form a compound cooling unit (Broxton and Reneau, 1995). The 

Otowi Member is also a compound cooling unit but generally dis
plays less welding than the Tshirege Member. It is best exposed in 
the deeper canyons and edges of the two plateaus mentioned 
above. Compositionally, both members are porphyritic high-silica 
rhyolites, having distinctive phenocrysts of quartz and sanidine, 
inconspicuous tiny black phenocrysts of clinopyroxene, and large 
silky pumice clasts. 

Because of its fame and stratigraphic position within the Valles 
caldera and the JMVF, the Bandelier Tuff has been radiometrical
ly dated many times as new techniques and methods arise; thus, the 
"accepted" dates have become progressively older since the 
late 1960s (Table 1 ). This has created conflicts with other dated 
units , as discussed below, but it also allows one to examine the 
variation resulting from dates on excellent samples. Radiometric 
dates on the Bandelier Tuff are usually performed on sanidine crys
tals extracted from pumice clasts in the basal fall deposits beneath 
outflow sheets. The first dates were presented by Doell et al. 
(1968) who obtained K/Ar ages of 1.37 ± 0.04 and 1.09 ± 0.03 Ma 

. J 

J 



JEMEZ MOUNTAINS AND VALLES CALDERA 

on lower and upper members, respectively. With new decay con
stants (Steiger and Jager, 1977), these dates changed to 1.45 ± 0~04 
and 1.12 ± 0.03 Ma (Table 1). The first 40fiuf39fiu dates were 
obtained by Spell et a!. ( 1990) who reported 1.51 ± 0,03 and 1.14 
± 0.02 for the lower and upper members, respectively. Izett and 
Obradovich (1994) reported a second pair of40fiuf39fiu ages at 1.61 
± 0.01 and 1.22 ± 0.02 Ma. Spell et al. (1996) performed yet more 
40fiuf39Ar dates that included adjustments of earlier ages based on 
standard comparisons, and got ranges of 1.64 to 1.57 Ma and 1.22 
to 1.19 Ma. From all this analytical work the ages are apparently 
about 1.6· and 1.2 Ma, although the older ages of Spell et a!. ( 1996) 
appear to correlate best with intracaldera rhyolite dates (discussed 
below). These dates also establish the formation times of Toledo 
and Valles calderas . 

Cerro Toledo Rhyolite (Cerro Toledo Interval) 

The Cerro Toledo Rhyolite consists of domes, flows, and pyro
clastic deposits found within the Valles caldera and Toledo embay
ment, and as pyroclastic and contemporaneous volcaniclastic units 
found between the two members of Bandelier Tuff on the Pajarito 
Plateau (Griggs, 1964; Smith et a!., 1970; Gardner et a!., 1986; 
Heiken et a!., 1986). Cerro Toledo Rhyolite represents post-col
lapse volcanism associated with formation of the Toledo caldera at 
ca. 1.6 Ma (Smith, 1979). Cerro Toledo rhyolites are primarily 
apbyric with sparse phenocrysts of quartz, sanidine, and biotite, 
and with very sparse phenocrysts of plagioclase, hornblende, and 
pyroxene. The aphyric character of Cerro Toledo tepbras contrasts 
significantly with the highly porphyritic pumice of the Bandelier 
Tuff. 

Smith et a!. ( 1970) and Smith ( 1979) recognized that the 
Pajarito Plateau deposits were correlated with sources in the north
eastern caldera. Izett eta!. (1981) reported a combination ofK/Ar 
and fission track ages on tephra layers in these deposits that ranged 
from 1.47 ± 0.04 to 1.23 ± 0.02 Ma. Stix et al. (1988) reported a 
Klk date of 1.52 ± 0.04 Ma on another tephra layer, at that time, 
significantly older than the accepted age of the Otowi Member, 
Bandelier Tuff. Spell eta!. (1996) later obtained 13 40Arf39fiu ages 
ranging from 1.65 ± 0.03 to 1.21 ± 0.01 Ma. These recent dates 
correlate well with the presently accepted ages on the two mem
bers of the Bandelier Tuff and the two caldera-forming events. 

Poorly sorted, coarse-grained volcaniclastic deposits composed 
primarily of Tschicoma andesite to rhyodacite detritus are locally 
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intercalated with tephras of Cerro Toledo Rhyolite beneath the 
Pajarito Plateau (Heiken et al., 1986; Stix eta!., 1988; Goff, 1995; 
Broxton and Reneau, 1995). Locally, these boulder to gravel 
deposits are rather thick (:$;45 m), are volumetrically more signifi
cant than the tephras, and resemble volcaniclastic units of the Puye 
Form~tion. As a result, Broxton and Reneau (1995} have suggest
ed that the interval of time between the two Bandelier Tuff mem
bers be called the Cerro Toledo interval. 

Cerro Toledo Rhyolite domes were erupted in the northeastern 
part of present Valles caldera, within the Toledo embayment, and 
on the east edge ofValles caldera (Fig. 8). Smi~t al. (1970) orig
inally mapped a group of four domes in the northern caldera, from , 
west-to-east, Warm Springs, Cerro trasquilar, west Los Posos and ·· 
east Los Posos, as Valles Rhyolite. Later mapping and radiometric 
dating by Goff et al. (I 984) revealed that these domes were an arc 
remnant of post-Toledo caldera ring fracture volcanism (see also 
Heiken et al., 1986; Stix et al., 1988; Gardner and Goff, 1996). 
K/Ar dates on these four domes range from 1.50 ± 0.05 to 1.25 ± 
0.04. Later weighted mean 40Arf39fiu dates by Spell et al. (1996) 
span a time of 1.54 ± 0.02 to 1.26 ± 0.01 Ma. All these dates are 
consistent with the most recently accepted ages on formation of the 
two calderas. 

The Toledo embayment was previously called Toledo caldera by 
Ross et a!. ( 1961 ), Doell et a!. ( 1968), and Smith et al. ( 1970), but 
more recent studies have presented evidence showing that the two 
calderas are nearly coincident (Potter and Oberthal, 1983; Self et 
al., 1986; Goff et al., 1989). Possible origins for the Toledo embay
ment are discussed by Heiken et al. (1986), Goff et al. (1989), 
Turbeville et a!. (1989), Gardner and Goff (1996), and Nowell 
(1996). Most researchers argue that the Toledo embayment formed 
along a structurally controlled zone during collapse of the Toledo 
caldera. Rhyolite domes filling the Toledo embayment have K/Ar 
ages of 1.62 ± 0.02 to 1.20 ± 0.02 Ma (Stix et al., 1988) and 
weighted mean 40Arf39Ar ages of 1.46 ± 0.02 to 1.34 ± 0.01 Ma. 
However, examination of the two data sets shows that the sample 
sites are not completely comparable. 

Cerro Toledo rhyolite domes and pyroclastic deposits occur on 
the east edge and flank of present Valles caldera and consist of 
Rabbit Mountain (Smith et al., 1970) and the recently recognized 
unit of Paseo del Norte (Justet, 1996). The latter unit, formerly 
mapped as Bearhead Rhyolite, has a 40fiuf39Ar age of 1.47 ± 0.04 
Ma. Rabbit Mountain has two K/Ar dates of 1.52 ± 0.06 and 1.43 
± 0.04 Ma (Stix et al., 1988). Block and ash flow and landslide 

TABLE !-Comparison of radiometric dates (Ma) on the Bandelier Tuff and San Diego Canyon ignimbrites, 1968 to 1996. 

INVESTIGATION• D TS S90 10 

Method KJAr KJAr KJAr 

Tshirege Member 1.09 ± 0.03 l.J2 ± 0.03 na 1.14 ± 0.02 1.22 ± 0.02 

Otowi Member 1.37 ± 0 .04 1.45 ± 0.04 na 1.51 ± O.G3 1.61 ± 0.01 

San Diego B na na 2.84 ± 0.07 1.78 ± 0.04 na 
SanDeigoA na na 3.64 ± 1.64 1.78 ± 0.07 na 

aD= Doell eta!., 1968; G =Gardner et al., 1986; TS =Turbeville and Self, 1988; S90 =Spell eta!., 1990; 
10 = Izett and Obradovich, 1994; S96 =Spell et al., 1996. 

b Data of Doell et al., 1968 recalculated using decay constants and isotope abundances of Steiger and Jager (I 977). 
c Data of Spell et a!. ( 1990) recalculated using different standard. 
d Mean value of analyes on unique sample. 

S96 

1.19 ± 0.02< 
l.22±0.Jd 
1.57 ± 0.03< 
1.62 ± 0.04d 

1.64 ± 0.05d 
1.85 ±0.04< 
).85 ± 0.07C 
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deposits from the west side of Rabbit Mountain are found between 
the two members of the Bandelier Tuff southeast of Valles caldera 
(Smith et al., 1970; Heiken et al., 1986; Goff et al., 1990). 

Valles Rhyolite 

The Valles Rhyolite was originally named by Griggs (1964) and 
was subdivided into six members by Bailey et al. ( 1969) and Smith 
et al. (1970). It properly includes all intracaldera rhyolites erupted 
after formation of Valles caldera. The group consists of domes, 
flows, and pyroclastic deposits of varied appearance, mineralogy, 
and chemistry. The circular arrangement of the "moat" domes 
around the central resurgent dome is striking (Fig. 8) and has lead 
to speculation that the vents are fed by ring-dikes (Smith et al., 
1961 ). However, no nng dikes have been penetrated by the few 
deep wells drilled in the caldera ring-fracture zone (Goff et al., 
1989; Goff and Gardner, 1994). As discussed below, earliest and 
latest members of the Valles Rhyolite .have been difficult to date 
due to ambiguities caused by early Bandelier Tuff dates, post
caldera alteration, inherited argon problems, and youth. 

The Deer Canyon Member is the oldest and consists of relative
ly small exposures of rhyolite lavas and tuffs exposed on the south
west and northeast flanks of the resurgent dome within Valles 
caldera. It is referred to as "early rhyolite" in Doell et al. (1968) 
and Smith and Bailey (1968). Field relations of Deer Canyon rocks 
are not resolvable at all outcrops but are interpreted as lavas that 
erupted soon after formation of the caldera. Thus, Deer Canyon 
rhyolites are apparently contemporaneous with early uplift of the 
resurgent dome. Petrographically, it is remarkably similar to the 
Bandelier Tuff and easily confused with the latter in outcrop. 
Because it is extensively altered there is little reliable chemistry 
but, apparently, it is a high-silica rhyolite resembling the Bandelier 
Tuff (Spell and Harrison, 1993). Only one Kl Ar date at 1.25 ± 0.11 
Ma has been reported (Fig. 8; Doell et al., 1968), which seemed 
unreasonably old compared to initial upper Bandelier ages but 
which now seems acceptable with the latest ages. 

The Redondo Creek Member is considerably more extensive 
than the Deer Canyon and was erupted from multiple vents in the 
central and west resurgent dome, and in the western caldera moat. 
It is referred to as "middle rhyolite" in Doell et al. (1968) and 
Smith and Bailey (1968), and is contemporaneous with middle to 
late resurgence. Redondo Creek rhyolites are distinctive because 
they contain no quartz but have phenocrysts of plagioclase, biotite, 
and minor clinopyroxene. Chemically, they are rhyolites instead of 
high-silica rhyolites (Gardner et al., 1986). Some exposures of 
Redondo Creek rhyolite contain hydrothermally altered rock yet 
fresh material is relatively easy to find. Early K/Ar dates ranged 
between 3.25 and 1.28 Ma (Doell et al., 1968) and were thought to 
be affected by alteration. Later whole rock K/Ar dates of 1.34 ± 
0.07 and 1.23 ± 0.02 obtained on two different flows in the mid-
1980s were never reported (F. Goff, unpubl.) because they did not 
conform with the then accepted age of upper Bandelier Tuff (Fig. 
8). However, the most recent Bandelier ages are more compatible 
with the younger Redondo Creek KJAr dates. No 40Aff39Ar dates 
on Redondo Creek rocks are known as of the yr 2000. 

The Valle Grande Member consists of all post-Valles moat rhy
olites in the northern sector of the caldera plus two units in the 
southeast sector. The various rhyolites of this group consist prima
rily of domes and thick flows, and have variable appearance arid 
mineralogy, although most are highly porphyritic. Chemically, they 
are high-silica rhyolites (Gardner et al., 1986; Spell and Harrison, 
1993). Early K/Ar dates obtained mostly on sanidine separates 
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ranged from 1.15 ± 0.03 to 0.43 ± 0.02 Ma (Doell et al., 1968). 
Later 40Aff39Ar dates by Spell and Harrison (1993) on the same 
units range from 1.13 ± 0.01 to 0.52 ± 0.01 Ma. 

The youngest three members of Valles Rhyolite occur in the 
southern moat and were named, oldest to youngest, Battleship 
Rock, El Cajete, and Banco Bonito (Bailey et al., 1969). A rhyolite 
lava encountered only in the subsurface of the southern moat 
resembles rhyolites of the three youngest members and should be 
grouped with them (VC-1 Rhyolite, Goff et al., 1986). No other 
rocks in the JMVF have been as difficult to date as these, because 
of their youth and inherited argon problems. In addition, they have 
been the subject of several flawed stratigraphic assignments and 
geologic interpretations (Goff et al., 1986; Self et al., 1988, 1991; 
see discussion in Toyoda et al. , 1995). Because they are chemical
ly similar, originate from adjacent vent areas, and seem to be near
ly co-magmatic, Self et al. (1988) proposed that they be grouped 
into the El Cajete Series (Fig. 8). Wolff et al. (1996) suggested that 
the El Cajete Series may be a sequence of three co-magmatic · 
cycles beginning with pyroclastic activity and ending with lava 
effusions. 

Chemically, the three youngest members (and VC-1 Rhyolite) 
contain roughly 73 wt.% silica. Petrographically they are charac
terized by lack of sanidine but with variable amounts of quartz, 
plagioclase, biotite, hornblende, and clinopyroxene (Gardner et al., 
1986). Bailey et al. ( 1969) tried to date charcoal in the El Cajete by 
14C but the age was >42 ka, the upper age limit of the method at 
that time. Several fission track ages on the three members (sum
marized in Self et al., 1988) range from 170 ± 70 to 130 ± 100 ka. 
Most researchers accepted an age of roughly 130 ka throughout 
most of the 1980~. Goff et al. (1986) obtained a K/Ar date of 0.36 
± 0.06 on a biotite separate from the VC-1 rhyolite lava. A K/Ar 
date of 0.28 ± 0.05 was obtained on a feldspar separate from 
pumice in basal Battleship Rock tuff (F. Goff, unpubl.). Although 
these two dates are analytically precise, they are probably too old 
due to presence of xenocryst phases. Spell and Harrison (1993) 
reported similar problems with their 40 Arf39 Ar measurements of 
these units (18 biotite ages >205 ka). An attempt to date the El 
Cajete by Uffh disequilibrium methods also failed (Self et al., 
1991 ). 

The Battleship Rock Member consists of rhyolitic ash flow tuffs 
whereas the El Cajete Member consists of rhyolitic falls with sub
ordinate ash flows and surges. Fall deposits ofEl Cajete are found 
throughout·the southeastern JMVF and out into the RGR whereas 
Battleship Rock ignimbrites are restricted to intracanyon environ
ments in and near the southern caldera moat. Battleship and El 
Cajete Members share the same apparent vent (Bailey et al., 1969) 
and truly seem to be co-magmatic, representing different phases of 
the same eruption (Self et al., 1986, 1988; Wolff et al., 1996). 
Although Bailey et al. (1969) claim that the Battleship Rock is 
older than the El Cajete, more recent work indicates that the 
reverse is true; i.e ., fall deposits are precursors to predominately 
ash flow and surge deposits (Self et al., 1988; Wolff et al., 1996). 
Electron spin resonance (ESR) dates on quartz phenocrysts indi
cate that the Battleship and El Cajete Members have an age of 
about 55± 6 ka (Toyoda et al., 1995). Thermal luminescence dates 
obtained by Reneau et al. (1996) suggest a similar age. A second 
attempt to date carbon in the El Cajete came out >50 ka (Reneau et 
al., 1996). 

The Banco Bonito Member undeniably represents the youngest 
eruption in Valles caldera and the JMVF due to stratigraphic rela
tions (Smith et al., 1970). It is a porphyritic rhyolitic lava that 
varies in texture from pumice-breccia to vitrophyre. The flow orig- ., 
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inates from a vent about 0.5 km west of the El Cajete vent and 
flows roughly 8 km to the west and southwest, partially following 
preexisting drainage in the southwest moat. It has a very young 
geomorphic surfac,e with deep, arcuate pressure ridges (Bailey et 
al., 1969) and consists of at least two flow units (Manley and Fink, 
1987). Chemically and petrographically, the Banco Bonito is very 
similar to rhyolites of the Battleship Rock and El Cajete Members. 
Both Self et al. (1988, 1991) and Wolff et al. (1996) consider the 
Banco Bonito to be co-magmatic with the two earlier members, 
although their interpretations are quite different. 

A hiatus in eruptive activity, represented bY, erosion and sedi
mentation, occurs between the Banco Bonito Member and the 
underlying two members (Goff et al., 1986; Self et al., 1988). Two 
paleocanyons more than 50 m deep cut into the Battleship Rock 
tuff are filled with thick flows of Banco Bonito rhyolite. In addi
tion, an extensive debris flow deposit shed from the resurgent 
dome of the caldera underlies the Banco Bonito lava over a dis
tance of several kilometers (F. Goff, unpubl. 1997). These relations 
suggest that Banco Bonito may be several thousand years or more 
younger than the Battleship Rock and El Cajete Members. Ogoh et 
al. (1993) obtained ESR dates of 45 ± 2 to 37 ± 6 ka on a sample 
of Banco Bonito rhyolite near the flow top. Phillips et al. (1997) 
reported a date of 37 ± 5 ka based on six Ne-21 exposure meas
urements. Nearby carbon-bearing deposits having a 14C date of29 
± 0.3 ka are overlain by terrace gravel containing cobbles of Banco 
Bonito rhyolite (F. Goff, unpubl., 1998). These results suggest that 
the age of the Banco Bonito eruption may.be between 45 and 35 
ka. 

Peripheral mafic volcanism, Pliocene to early Pleistocene 

· Three peripheral basalt fields of mostly Pliocene age occur in 
the JMVF (Smith et al., 1970) and are called, from north to south, 
the El Alto, Cerros del Ri6, and Santa Ana Mesa volcanic fields 
(Figs. 3, 7). The Cerros del Ri6 field is the largest and best studied, 
and includes compositions ranging from tholeiitic to alkali basalt, 
as well as hawaiite, benmorite, mugearite, and dacite (Baldridge, 
1979; Baldridge et al., 1980; Dunker et al. , 1991; WoldeGabriel et 
al., 1996). The fields are dominated by low shield volcanoes, 
which produced lava flows and cinder deposits, but the Cerros del 
Ri6 field also includes considerable volumes of maar deposits in 
lower stratigraphic positions exposed along and near the Rio 
Grande (Aubele, 1978; Heiken et al., 1996). At least one plug 
(undated) is exposed along the Rio Grande in White Rock Canyon 
(Dethier, 1997). Gardner et al. (1986) listed 16 K/Ar dates from 
these three fields ranging from 4.62 ± 0.12 to 1.96 ± 0.06 Ma but 
13 of these ages span 3.2-2.4 Ma. WoldeGabriel et al. (1996) 
reported 40Arf39Ar dates ranging from 3.2 ± 0.4 to 2.33 ± 0.08 on 
19 Cerros del Ri6 lavas and dikes exposed in and near White Rock 
Canyon. 

Although the radiometric dates clearly argue that the greater 
volume of Cerros del Ri6 rocks were erupted in <I Ma, most sam
ples are from lavas overlying thicker sections of exposed maar 
deposits . Nonetheless, a thin basalt lava interbedded with the maar 
deposits along the Rio Grande is dated at 2.78 ± 0.04 Ma while the 
age of a thick benmorite lava overlying the maar deposits is 2.75 ± 
0.08 Ma (WoldeGabriel et al., 1996). The geologic map of Smith 
et al . (1970) shows that at least some of the chemically evolved 
Cerros del Rio lavas were erupted after emplacement of the Otowi 
Member, Bandelier Tuff ( 1.6 Ma) but field relations with the Otowi 
are not always clear. A basaltic andesite vent and associated flows 
exposed a few kilometers south of Frijoles Canyon has a 40Arf39Ar 
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date of 1.62 ± 0.36 Ma (F. Goff, unpubl., 2000). Although this 
complex underlies the Tshirege Member, Bandelier Tuff(l.2 Ma), 
relations with the Otowi Member are not exposed. 

CHRONOLOGY OF HYDROTHERMAL ALTERATION 

The age of hydrothermal alteration and mineralization in the 
JMVF and Valles caldera received considerable attention during 
the late 1980s and early 1990s because of the many investigations 
devoted to understanding the active Valles geothermal system. It 
was already known that alteration was quite pervasive in older 
rocks of the southeast JMVF (Stein, 1983; Wrtmkiewicz et al. , 
1984) but this alteration was not described by Bailey et al. (1969) 
or shown by Smith et al. ( 1970). In~stigations since that time gen
erally show that there are two periods of widespread and intense 
hydrothermal activity: A period from about 8.5-5.5 Ma correlated 
with Keres Group volcanism and a period :;;1 .6 Ma associated with 
formation of Toledo and Valles calderas (WoldeGabriel and Goff, 
1989; 1992). A period ofhydrothermal activity related to Polvadera 
Group volcanism has never been recognized. Significantly, 
Polvadera and Keres Group rocks are in juxtaposition along the 
western and northern walls of Valles caldera. In both areas; Keres 
Group rocks show weak to intense alteration, whereas . Polvadera 
Group rocks do not. During field mapping, alteration and primary 
textural differences contribute to determination of the boundary 
between the two groups (Gardner and Goff, 1996). 

Keres Group alteration, late Miocene 

Keres Group rocks display considerable argillic, phyllic, and 
propylitic hydrothermal alteration centered near the Cochiti gold 
mining district of the JMVF (Fig. 6; Stein, 1983; Wronkiewicz et 
al., 1984; Gardner et al., 1986; Goff et al., 1990). WoldeGabriel 
and Goff (1989) dated hydrothermal illite by the K/Ar method in 
various altered units at and near the Cochiti district. An altered rhy
olite lava 10m east of the Albermarle bonanza quartz vein gave an 
age of 8.1 ± 0.2 Ma while two other altered rhyolites yielded ages 
of 6.1 and 6.0 Ma. Presumably, the former unit is an altered 
Canovas Canyon Java whereas the latter two units are altered 
Bearhead Rhyolite. Hydrothermal illite from the quartz vein sys
tem is dated at 5.9 ± 0.2 Ma. Three altered Paliza Canyon andesites 
have dates ranging from 6.5 ± 1.0 to 5.6 ± 0.3 Ma. Chamberlin et 
al. (1999) found a hydrothermally altered tuff in middle Santa Fe 
Group sediments in the southern JMVF that provided a 40 Arf39 Ar 
date of 5.3 ± 0.1 Ma. 

Most of the alteration described above can be related to intrusive 
and hydrothermal activity contemporaneous with and post-dating 
the Bearhead Rhyolite. However, WoldeGabriel (1990) obtained 
hydrothermal illite ages ranging from 8.2 ± 0.3 to 7.0 ± 0.4 Main 
Keres Group rocks exposed along the northern and southern Valles 
caldera wall, suggesting that widespread hydrothermal activity was 
well established in Keres time before the Bearhead Rhyolite. 

Alteration related to Toledo and 
Valles Calderas, Quaternary 

Hydrothermal activity within the Toledo and Valles calderas has 
been widespread and intense due to the existence of a long-lived 
hydrothermal system that presently has measured temperatures 
:;;340°C (Hulen and Nielson, 1986; Goff and Shevenell, 1987; Goff 
and Gardner, 1994). Fumaroles and acid springs characterize sur
face features within the caldera and are associated with argillic to 
advanced argillic alteration (Charles et al., 1986). Travertine 
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deposits formed by bicarbonate-rich hot springs discharge near 
Jemez Springs (Fig. 8). These deposits were dated by Uffh dise
quilibrium and 234UflJSU methods and were found to span a time 
interval of about 1 Ma to present (Goff and Shevenell, 1987). The 
dates were correlated with volcanic, hydrothermal, and geomor
phic episodes in and near the Valles caldera. Subsurface activity 
within the caldera consists of a liquid-dominated geothennal reser
voir in which alteration is characterized by argillic, phyllic, propy
litic, and calc-silicate zones (Hulen and Nielson, 1988). 
WoldeGabriel and Goff (1989) studied alteration in the near-sur
face to moderate depth environment (10--527 m) at Sulphur 
Springs (Fig. 8). Four KJAI dates on hydrothermal illite in veins 
and altered intracaldera Bandelier Tuff range from 0.83 ± 0.11 to 
0.66 ± 0.21 Ma with a fifth sample producing a zero age. 

WoldeGabriel and Goff (1992) presented a more detailed study 
that examined alteration in intracaldera and pre-caldera rocks from 
48 to 1817 m depth. Six intracaldera samples yielded KJ Ar dates 
on hydrothermal illite ranging from 1.09 ± 0.10 to 0.35 ± 0.05 Ma. 
A single sample of hydrothermal illite fiom a Keres Group andesite 
below the tuffs was dated at 0.59 ± 0.38 Ma. Three illite dates from 
underlying sandstones in the Santa Fe Group and Yeso and Abo 
Formations (Permian) range from 6.7 to 4.3 Ma. However, vol
canic clasts from a conglomerate layer in the Yeso Formation pro- . 
duced three illite dates:::;].] Ma. Altered Precambrian quartz mon
zonite from beneath the caldera produced four dates ranging from 
276 to 2.9 Ma. Obviously, Valles hydrothermal activity has a pro
found effect on all rock types within and below the caldera by 
forming K-rich minerals and resetting potassium-argon activities 
in existing minerals. 

Post-caldera age alteration also affects pre-caldera rocks located 
outside of Valles caldera, especially along the Jemez fault zone 
(Fig. 8). WoldeGabriel (1990) dated hydrothermal illite in core 
from the VC-1 hole located near the Jemez fault zone just south
west of the stnictural margin of the caldera. Two illite samples 
from an argillic sandstone in the Pennsylvanian Madera Limestone 
at 479 m depth yielded ages of 1.34 ± 0.05 and 1.21 ± 0.08 Ma. 
Four illite dates from Mississippian Sandia Formation (817 m) and 
brecciated Precambrian rocks (843-854 m) yielded ages ranging 
from 17 to 11 Ma. While it could be argued that the latter group of 
illites was initially formed in Keres Group time, the hole contains 
hydrothermal fluids derived from the present Valles geothermal 
system (Goff and Gardner, 1994); thus, it is probable that Valles 
activity has partially reset these illites (see also Sasada, 1988; 
Sturchio and Binz, 1988; Hulen and Nielson, 1988). 

FUTURE GEOCHRONOLOGY INVESTIGATIONS 

The collective work of many researchers has unraveled the basic 
geochronology of volcanism and mineralization in the JMVF. 
However, the majority of dates have been obtained on rhyolites or 
their alteration products because they contain high-K20 contents or 
K-rich minerals. Basalts are the second most commonly dated rock 
type while andesite and dacite dates are the least common. Because 
dating techniques inevitably become more precise and varied (if 
not more accurate), we feel compelled to identify a few subjects of 
special interest that remain for future investigators: 

1. 40Arf39AI dates are needed on the oldest Keres Group rocks and 
underlying mafic lavas in the Santa Fe Group, particularly those 
exposed on the southeast side of St. Peter's Dome. There is still 
some ambiguity about the ages of these rocks and the possible time 
break between oldest Keres and Santa Fe Group in this well-
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exposed section. Because this area is a roadless wilderness, most 
investigators have ignored it. 
2. 40Arf39Ar dates are needed across the Polvadera Group-Keres 
Group boundary exposed in the north wall of Valles caldera and on 
the northwestern Pajarito Plateau. Recent maps now exist for these 
areas (i.e., Gardner and Goff, 1996), but few dates, other than alter
ation dates, have been obtained from rocks in key contacts. The 
presence of minor Santa Fe Group rocks in the caldera wall adds 
interest. Because Valles caldera is now part of the public domain, 
the formerly inaccessible slopes of the north caldera wall will soon 
be easily visited. 

3. 40AIJ39Ar dates are needed on more ash beds and other strati
graphic layers in the Puye Formation, particularly in areas proxi
mal to sources in the northeast Jemez Mountains. Because of envi
ronmental studies conducted on the Pajarito Plateau, it may be nec
essary to resolve the temporal, spatial, and compositional overlap 
of Cochiti Formation (as proposed by Smith and Lavine, 1996) and 
Puye Formation. 

4. 40Arf39Ar dates are needed on the youngest eruptions in the 
Cerros del Ri6 volcanic field. It would be interesting to quantify 
the amount of mafic volcanism that overlaps with early Tewa 
Group volcanism. These rocks are best exposed in the roadless 
areas of the southern Pajarito Plateau. 

5. Reliable ages of any kind possible are needed on the El Cajete 
Series and associated volcaniclastic units in the southwestern 
caldera. These rocks have been incredibly difficult to date, yet they 
are the youngest in the JMVF. There is still no consensus on the 
overall stratigraphy and geologic history of these rocks. 

6. Reliable dating and detailed mapping are needed on intracaldera 
sedimentary rocks to understand how they relate to caldera devel
opment, erosional history, and climate change. This subject has 
been barely touched because access to the caldera has been restrict
ed. 

CONCLUSIONS 

The Jemez Mountains volcanic field consists of roughly 2000 
km3 of volcanic rocks erupted primarily from ca. 14 Ma to 55 ka. 
Compositions vary mostly from tholeiitic and alkali basalt to high
silica rhyolite but intermediate compositions (andesite and dacite) 
comprise about 75% of the volume of the volcanic pile. In a gen
eral way, compositions have evolved from mostly andesite to high
silica rhyolite through time, although basalts are erupted through
out most of the history of the field. The JMVF has developed con
temporaneously with the middle to late evolution of the Espanola 
basin of the RGR; thus, considerable detritus from the JMVF par
tially fills the western side of the RGR_ 

Although it was originally thought that the Keres, Polvadera, 
and Tewa groups were more-or-less sequential (Bailey et al., 1969; 
Smith et al., 1970), subsequent dating reveals that there are con
siderable stratigraphic overlaps between various formations and 
compositional types within and among the groups_ Nonetheless, 
the accepted stratigraphic nomenclature provides a useful and con
venient basis for geologic mapping and petrologic study of most 
areas because the volcanic field is so large and diverse. 

The JMVF also contains significant areas of hydrothermally 
altered and mineralized rocks that were produced during middle to 
late Keres Group time and after formation of Valles/Toledo 
calderas (during Tewa Group time). No hydrothermal episode has 
been identified that correlates with rocks of the Polvadera Group. 
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Geochronology of the JMVF has focused on rhyolites of the 
Tewa Group because they are products of the famous Vallesffoledo 
calderas and are relatively easy to date. Considerably fewer dates 
have been produc<;d on volcanic rocks in the two earlier groups, 
except for their rhyolites. In spite of all the dates in the JMVF 
(probably more than 200 dates of all types), we have identified six 
research topics that would benefit from additional geochronology. 
These topics vary from better resolution on the volume, composi
tion, and age of earliest volcanism to a full understanding of post
Valles caldera sedimentation and erosion. 
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