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FRONT COVER~Shiprock. in northwestern New Mexico, is a 500 m high erosional remnant of an Oligacene diatreme. It consists mainly of minette
(@ potassic lamprophyre) wil breecia cut by a few thin. irregularly shaped dikes. The wif breccia contiins abundant inclusions of the sedimentury rocks
through which the vent penetrated as well as fragments of plutonic rocks from the Precambrian basement, approximately 2.7 km bencath the present
summit. Maatle xenoliths are also present. Crude bedding formed by fallback of pyroclastic cjecta defines a shallow, saucer-shaped structure near the
top and indicates that the original crater was not much higher. The wif breceia is strongly cemented with caleiie and is much more resistant to crosion
than surrounding Cretaccous shales. Conspicnous vertical jointing, exploited by weathering and erosion, has produced a castellated appearance. Three
dikes radiate from Shiprock; the south dike, shown here. extends 9 km from the vent. Photo H. L. James.

BACK COVER--Digitally enhanced multispectral Landsat image of north-central New Mexico centered on the Jemez Mountains and Valles caldera
(Quaternary). The northern suburbs of Albuquerque are just visible along the Rio Grande at bottom edge of image. Santa Fe can be scen at lower right
and Taos at upper right. The Sungre de Cristo Mountains form the right margin and the curly Tertiary San Juan Basin occupics the left onc-third of the
image. The very straight Nacimicnto oblique-slip fault is conspicuous at left center and trends N4°W along the west edge of the Nacimiento Range.
The snow-covered mountains at top center are the Tusas Mountains. The Albuquerque. Espafiola. and San Luis Basins form a right-stepping chain of
en-cchelon rift basing between the Sangre de Cristo Mountains on the right (cast) and the Jemez and Tusas Mountains on the left (west). The Rio
Grande Gorge and scattered stratovoleanoes of the Taos Platcau volcanic ficld (4.5-2 Ma) are prominent geomorphic features in the Sun Luis Basin at
upper right. A southwest-trending prong of Servilicta Basalt from the Taos Plateau caps Black Mesa ncar the confluence of the Rio Grande and Chama
River at right center. Black Mesa paraliels the Embudo fault zone. an accommodation zone between the east-tilted San Luts Basin to the north and the
west-tilted Espadiola Basin to the south. The Embudo fault. the Valles caldera, and basalti-capped Mesa Pricta and Cebolleta Mesa at lower left lie on
the Jemez lincament, @ crustal flaw of Precambrian ancestry which has been one of the most active magmatic zones in the United States for the past
5 m.y. Sce Excursion 17B for details of the Valles caldera and Jemez voleanic fickd. Excursions SA and 8A cover the southwestern projection of the
Jemez lineument; Excursion [8B visits the Embudo fault zone, the Taos Platcau. and the northeastern extension of the Jemez lineament. Excursion
15B cxamines the Questa caldera (26 Ma) with its plutons and molybdenum mines (just visible at far upper right). The Dulce swarm of carty-rift mafic
dikes (23.5-27 Ma) is visible at upper left.
GEOPIC image provided by Earth Satellite Corporation, 7222 47th Strect. Chevy Chase, Maryland 20815,
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EXCURSION 178B:
Volcanic and hydrothermal evolution of Valles caldera
and Jemez volcanic field

Fraser Goff', Jamie N. Gardner', W. Scott Baldridge', Jeffrey B. Hulen®, Dennis L. Nielson®,
David Vaniman', Grant Heiken', Michael A. Dungan', and David Broxton'

"Eardh and Space Sciences Division, Los Alamos National Laborators, Lox Mlamos, New Mexieo 87545,
*University of Utah Research Instimte, 391 Chipeta Way, Suite C. Salt Lake City, Utah S4108;
Deparment of Geological Sciences, Sonthern Methodist University, Dallas. Texas 75275

Introduction

Valles caldera has become world famous as an example
of a resurgent caldera and as the location of a high-tem-
perature geothermal system of volcanic origin (Smith and
Bailey, 1968 Dondanville, [978). Although the caldera and
its modern hydrothermal system result from events that have
happened during the last {.12 Ma, the Jemez volcanic field
has experienced continuous volcanism for more than 13 Ma
and is known to have had at least threc major periods of
distinct hydrothermal activity (Gardner et al.. 1986;
WoldeGabriel and Goil, 1989). The field-trip guide pre-
sented here will emphasize the results of volcanic, tectonic,
and geochemical research pertaining not only to the Valies
caldera but to the entire history of the Jemez volcanic field.
The last one and one-half days of the trip will also emphasize
drili-hole data that have recently given rescarchers a wealth
of information on extra- and intracaldera structure, stratig-
raphy, hydrothermal alteration, and fluid chemistry in the
most explored Quaternary caldera complex in the United
States. The accompanying paper is not intended to review
exhaustively all aspects of research on the Jemez volcanic
licld: rather, it stresses significant discoveries and interpre-
tations that have occurred since about 1980.

Geologic overview and summary of earlier research

The Jemez volcanic field (Figs. 1, 2) contains a diverse
suite of basaltic through rhyolitic rocks that were erupted
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FIGURE [—Regional map showing gencralized relations of the Jemez
volcanic licld (Jemez Mountains) to basins of the north-central Rio Grande
ritt. VC is the Valles caldern: major fault zones of the region are shown,
LA, SF. and A are the cities of Los Alamos, Santa Fe, and Albuguerque.
respectively (from Seif et al., 1987).

from >13 to 0.13 Ma, although the ficld is best known for
the Valles caldera (1.12 Ma) and the Bandelier Tuff (Smith
and Bailey, 1966, 1968; Gardner et af.. 1986; Self ct al.,
1986). The volcanic field overlies the western edge of the
Rio Grande rift (RGR) at the intersection of the rift and the
Jemez volcanic lincament (JVL.). The lincament is defined
by a chain of Miocene to Quaternary volcanic centers
stretching from southeast Colorado across New Mexico to
central Arizona (Mayo, 1958; Laughlinet al.. 1976, Aldrich,
1986). The largest volume and diversity of volcanic rocks
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FIGURE 2—Generalized geologic map of the Jemez volcanic ficld showing
distribution of major stratigraphic groups. lrregular stipple = Keres Group
formations; coarse, regular stipple = Polvadera Group formations; random
dash =Tewa Group formations; horizontally ruled pattern = youny basaht
fields. Major Fault zones arc Jemez fault zone (JFZ). Santa Ana Mesa fault
zone (SFZ), Canada de Cochiti fault zone (CFZ). and Pajarito fault zone
(PFZ). VC = Valles caldera, R = resurgent dome of Valles caldera, T=Toledo
embayment, SPD = S8t. Peter's Dome (from Gardner and Gotf, 1984).
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along the JVL have been erupted in the Jemez Mountains.
Tertiary basin-fill rocks of the Espafiola and Santo Domingo
Basins of the RGR underlic volcanic rocks on the castern
side of the volcanic field, whereas Palcozoic to Mesozoic
sedimentary rocks and Precambrian crystalline rocks of the
Colorado Plateau underlie volcanic rocks on the west,
Early reconnaissance studies of the geology and petrology
of the Jemez Mountains were conducted by J. P. Iddings
and J. W. Powell (Iddings. 1890; Powell, 1961). Gold claims
were first staked in the Cochiti Mining District in the south-
cast Jemez Mountains in 1893 and ore was mined from 1897
to 1903 and from 1914 to 1916 (L. C. Graton in Lindgren
et al.. 1910). Sulfur was mined from the Sulphur Springs
arca. inside the caldera, from 1902 to 1904 (Mansfield,
1918). There have been various topical studies of the hot
springs ol the Jemez Mountains (Fig. 3) during the last 100

years, beginning with O. Loew in 1875 (see Summers,
1976).

Comprehensive investigations of the geology. volcanism,
and hydrology of the Jemez Mountains began in the 1920's
and were intensified during the 1940°s by members of the
U.S. Geological Survey. These studics continued through
the 1960°s and. in limited fashion. to the present day (Ross
and Smith, 1961; Smith ct al., 1961; Griggs. 1964: Docli
et al.. 1968: Bailey et al.. 1969: Smith ct al., 1970; Smith,
1979). Valles caldera contains the type locality of the Jara-
millo normal-polarity magnetic event (Doell and Dalrymple.
1966).

Atthough a limited number of geophysical studies were
performed in the region before 1980, many were conducted
by oil companics in the RGR or by UNOCAL (formerly
Union Oil Company of California) in the caldera and were,
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FIGURE 3—Map of Valles caldera region showing locations of hot-spring areas and geathermal wells, Hot springs: BS = Bathhouse Spring: SAS = San
Antoniv Hot Spring: SS=Spence Hot Spring: MS = McCauley Spring: SD = Soda Dam: IS = Jemer Spring: HE = Hummingbird Fumarole. All wells

with number only have “Baca™ prefix. B-1 = Westates-Bond #1




therefore, proprictary. Nonetheless, it was known in the
1970°s that large gravity anomalies were associated with
the caldera and the RGR (Cordell, 1978). as were substantial
heat-flow anomalies (Reiter ¢t al., 1975, 1976).

Geothermal development and research

The first “geothermal™ well was drilled in Valles caldera
in 1960 as an oil test on the west flank of the resurgent
dome. Instead of oil. the Westates-Bond #1 well struck
superheated water (~200°C) at shallow depths (Dondan-
ville. 1971). Three more wells were drilled during the 19607s
in the sume general area, achieving maximum temperatures
of 220°C at a depth of 430 m (Fig. 3). UNOCAL drilled
their first well in the central resurgent dome (Baca 4) in
1970 (278°C at u depth of 1435 m) and 20 more wells were
drilled before the geothermal project was terminated in 1984
because of insulficient reservoir permeability (Kerr, 1982;
Goldstein and Tsang. 1984).

As the prospect of geothermal development brightened
during the 1970°s. there were more investigations of the hot
springs and caldera hydrology (Trainer, 1975, 1978). At-
tempts were made (with mixed success) to drill wells to
extract Buids for space heating at Jemez Springs. southwest
of the caldera, and on the Pajarito Plateau east of the caldera
(Golt and Grigsby, 1982). Exploration cflorts by GEO Op-
crator Corporation (formerly Geothermal Resources Inter-
national, Inc.) and SUNEDCO (Sun Energy Development
Corporation), west and south of the caldera, respectively,
resulted in two more deep wells (Shevenell et al.. 1988).
The body of scientific and engineering data gained from
these various drilling programs is immense. Because of
partial U.S. Department of Energy (DOE) funding for the
UNOCAL cflort (Spencer and Tsang, 1984; Mills et al..
1987). virtually all data from all wells mentioned above are
in the public domain,

Fenton Hill, located on the western margin of Valles
caldera, is the site of the first Hot Dry Rock (HDR) geo-
thermal rescarch experiment in the world (Meiken et al.,
1981 Laughlin, 1981 Smith, 1983). Although intended to
develop the technology for commercially extracting heat

“from hot. impermeable rock, the HDR project provides an
extensive geologic data base from relatively unfaulted Pre-
cambrian und Palcozoic rocks just west of the caldera
depression. Efeven heat-low holes and seven intermediate
to deep wells have been drilled for this project. Maximum
temperatures are 325°C at u depth of 4.5 km in complex
Precambrian basement lithologies. The commercial appli-
cations of HDR technology are still under investigation at
Fenton Hill, but this reseurch has spawned other HDR efforts
ol varying scope in Great Britain, France, Germany, and
Japan.

Significant geologic research since 1980

Starting in about 1980, results from diversified research
in the Valles caldera region began to appear in the geological
literature. In addition to graduate-thesis projects (e.g.. Stein,
1983: Gardner, 1985), much of the rescarch was stimulated
by geologic investigations of the HDR program (Kolstad
and McGetchin. 1978; Laughlin et al.. 1983; Heiken and
Goff, 1983) or from data and samples released from the
“Baca™ project of UNOCAL (Faust et al.. 1984: Niclson
and Hulen. 1984). The largest single source of funding for
new Valles research has come through the Continental Sci-
entific Drilling Program (CSDP) (Goff and Gardner, 1988).

Because the Valles caldera has been discussed for nearly 20
years as a high-priority site for the investigation of funda-
mental processes in magmatism, hydrothermal systems, and
ore depositional mechanisms. the DOE/Office of Basic En-
ergy Scicnces has sponsored scientific investigations, task
groups. and workshops to identify critical data gaps. drilling
objectives, and sites (e.g., Luth and Hardee, 1980; Taschek,
1981; Heiken, 1985). The extensive subsurface data base
at Valles caldera (nearly 40 deep wells) makes it the best
explored Quaternary caldera complex in the USA and allows
for very precise planning and realistic expectations to meet
scientific goals. For example. the known composite strati-
graphic section in the Valles region is nearly 7 km (wells
Baca 12 and EE-2), consisting of 1950 m of Quaternary
caldera fill, over 300 m of Tertiary precaldera volcanic and
sedimentary rocks, over 800 m of Palcozoic sedimentary
rocks, and 3700 m of Precambrian basement (Laughlin et
al.. 1983; Niclson and Hulen. 1984). The support of the
CSDP has resulted in continuous coring of three scientific
holes in the caldera (VC-1, VC-2A, and VC-2B) and the
creation of a scientific constituency and long-range plan for
future scientific drilling (Goft et al., 1986, 1987, Goft and
Niclson, 1986).

All this new surface and subsurface work resulted in
important discoveries and refinements of previous knowl-
edge in the Valles caldera region. We categorize these dis-
coveries and refinements in the following sections, and our
field trip touches on many ol the recent rescarch topics.

Stratigraphy, petrology, and tectonic associations
in Jemez volcanic field

Stratigraphy—The formalized stratigruphy for volcanic
and voleaniclastic rocks in the Jemez volcanic field was
developed by Griggs (1964), Bailey et al. (1969), and Smith
et al. (1970). These authors divided the voleanic field into
three stratigraphic groups, from oldest to youngest the Keres,
Polvadera, and Tewa. The Keres Group is dominated by
two-pyroxene andesite, the Polvadera Group is dominated
by dacite, and the Tewa Group is dominated by high-silica
rthyolite. Bailey, Smith, and coworkers believed that cach
group represented discrete time intervals and petrologic en-
tities. After considerably more detailed geologic mapping,
acquisition of radiometric dates. and analysis of the various
rock types by several groups of rescarchers, it is now re-
alized that temporal and petrologic overlap occurs among
all groups and many formations (Gardner ct al., 1986; Loei-
ficr et al., 1988), although the three stratigraphic groups
still retain much of their original petrologic significance.

Fig. 4 shows the generalized stratigraphic relations of
major units in the Jemez volcanic field as defined by Gardner
ct al. (1986), compared with the age relations of the three
groups as originally defined by Bailey et al. (1969). Many
significant changes appear in this figure, which are sum-
marized as follows (see Gardner et al., 1986):

1. The inception of volcanism in the Jemez Mountains
region began at least 16.5 Ma ago (alkalic basalts in the
Suanta Fe Group). but the oldest rocks in formal units of the
volcanic field were erupted between 13 and 14 Ma.

2. Hydrothermally altered volcanic and hypabyssal rocks
of the Cochiti mining district (Bland group of Stein, 1983)
are not Eocenc or Oligocene as previously thought. They
represent the altered and eroded interior of Keres Group
andesitic volcanoes that were intruded by Bearhcad Rhyolite
and later cut by epithermal quartz veins. Ages on all units
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REVISED STRATIGRAPHY OF BASIC STRATIGRAPHY OF
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FIGURE 4—Busic stratigraphy of the Jemez volcanic ficld (Bailey et al.. 1969) compared to revised stratigraphy of Gardner et al. (1986); patterns are
the same as Fig. 2. Dashed lines indicate uncertainty and more revisions may be forthcoming (sce Fig. 27, Day 2). The figure is also a schemitic

south-to-north (lefi-to-right) section through the voleanic field.

and events within this altered sequence range from 11.2 to
5.6 Ma (Stcin. 1983; Wronkicwicz et al., 1984; Gardner et
al.. 1986. WoldeGabriel and Goff, 1989).

3. The Basalt of Chamisa Mesa (10.4 Ma) is indistin-
guishable from basalts of the Paliza Canyon Formation
chemically. temporally, or petrographically.

4. The Cochiti Formation is included within the Keres
Group because of intimate spatial. temporal, genetic, and
tectonic relations to formations in the group.

5. The Lobato Basalt occupies a much wider time range
(14-7 Ma) than previously thought (~8-7 Ma). Lobato
basalts are petrographically and chemically similar to basalts
of the Paliza Canyon Formation and the age range of the
two units is practically identical, indicating that the dis-
tinction between the units is merely geographical.

6. Dacitic rocks of the Tschicoma Formation (7-3 Ma)
are chemically and petrographically similar 1o some mapped
dacites in the Paliza Canyon Formation. On the other hand,

the Tschicoma Formation, originally defined by Griggs (1964)
to consist only of dacite, contains large unmapped areas of
two-pyroxenc andesite grossly similar to andesites in the
Paliza Canyon Formation. OQverlap in chemistry, petrogra-
phy. and age of thesc formations is significant and the age
break between them shown in Fig. 4 acknowledges the
geographical distinction built into the formal stratigraphy
of Bailey et al. (1969).

7. The El Rechuelos Rhyolite, on the northern side of
the volcanic field, is restricted to two domes west of Pol-
vadera Peak dated at 2 Ma. Other rhyolites in the northern
Jemez Mountains are older (5.8~7.5 Ma) (Loeffler et al.,
1988). The older rhyolites resemble Bearhead Rhyolite on
the southern side of the volcanic field.

8. The Tewa Group contains recently characterized ig-
nimbrites that predate the Bandelier Tuff and temporally
overlap the waning stages of Polvadera Group volcanic ac-
tivity (Self et al., 1986).




9. The Cerro Rubio Quartz Latite, located in the Toledo
embayment, chemically and temporally resembles Tschi-
coma Formation dacites and is now included in the Tschi-
coma Formation (Heiken et al., 1986; Gardner ct al.. 1986).

10. Post-Toledo caldera moat volcanism is more com-
plicated than previously thought (c.g.. Smith, 1979). Sev-
eral thyolites formerly thought to be post-Valles in age are
now realized to be post-Toledo in age (Hetken et al.. 1986).
Chemical and petrologic variation within the Cerro Toledo
Rhyolite define subgroups of rhyolite types and show res-
toration of compositional zonation of the Bandelier magma
chamber between two caldera-forming cruptions (Stix et al.,
1988).

11. Post-Valles caldera moat volcanism is far more com-
plicated than previously thought (e.g.. Smith, 1979). Scv-
eral distinct magma batches gave rise to the Valles Rhyolite
(Gardner ¢t al., 1986; Spell, 1987: Sclf ct al_, 1988).

Volcanic petrology—Chemical data for sclected rocks
from all major stratigraphic units of the Jemez volcanic field
show a wide range of compositions (Tuble I Gardner et
al.. 1986). Both chemical and modal classification schemes
tend to obscure the diversity of rock types in the volcanic

ficld (Gardner, 1985). With few exceptions. the rocks of

the volcanic ficld are subalkaline (Fig. 5) and are of the
calc-ulkaline series. In fact, most andesites of the Jemez
Mountains satisfy the criteria suggested by Gill (1981) for

high-potassium orogenic andesites. A notcworthy result of

recent work is that rocks previously termed dacite, latite.
quartz latite, and rhyodacite ure best referred to as dacite.

Fig. 6A shows a representation of dates in the volcanic
ticld plotted with respect to magma type. while Fig. 68
shows a plot of rate of volcanism vs. time for the Jemez
volcanic field (Gardner and Goff. 1984; Gardner, 1985).
Several features are revealed by these figures:

L. Eruptions of mantle-derived basalt span the entire his-
tory of the volcanic ficld with the exception of a tectonic
lull from 7 to 4 Ma (menationed below).

2. Magmas derived by differentiation of mantle-derived
material were erupted early in the history of the ficld with

o TEWA GROUP
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a voluminous pulsc occurring from [0 to 7 Ma. These mag-
mas arc represented primarily by two-pyroxene andesites
and some dacites of the Paliza Canyon Formation and con-
stitute over half the original volume of the volcanic ficld
(~2000 km*). Similar rocks of similar age are now rec-
ognized in units previously mapped as Tschicoma Formation
and Lobato Basalt on the north side of the volcanic ficld
(see Table 5, Day 2 of this guide).

3. High-sifica rhyolitic magmas, derived (rom partial melts
of lower crust, were continuously erupted in the period 13-
6 Ma with & pronounced volumetric pulse at 7-6 Ma (Gard-
nerctal., 1986). These melts are represented by the Canovas
Cunyon and Bearhead rhyolites of the Keres Group. On the
other hand. the *carly rhyolite™ of Loctiler et al. (1988)
(formerly called El Rechuclos) is derived primarily by frac-
tional crystallization of basalt with addition of about 5% of
lower crust. El Rechuclos Rhyolite requires less than 2%
of lower crust. Thus, the origin of rhyolite in the Jemez
Mountains is still the subject of intense investigation.

4. Dacites formed by mixing of basalt or basaltic andesite
and high-silica rhyolitc were crupted beginning at about 7
Ma. Onset of eruption of these mixed magmas was contem-
porancous with cessation of cruption of basalt, differentiates
of basalt, and high-silica rhyolites discussed above. Most
of these mixed magmas are represented by the dacites of
the Tschicoma Formation, but some occur in the Paliza
Canyon Formation.

5. Onset of Tewa Group volcanism, including the caldera
cycles and Bandelier Tuff, was essentially contemporancous
with revival of basaltic volcanism at 4 Ma. Some overlap
with cruptions of mixed magma continued to 2 Ma.

Tectonic history—Following a1 mid-Miocene volcanic
hiatus (Chapin and Seager, 1975), revival of rifting in the
vicinity of the Jemez. Mountains began at roughly 16.5 Ma
(Gardner and Goff. 1984). From 13 to 10 Ma. tectonic
activity was intense and was accompanied by basalt and
rhyolite cruptions along the Cadada de Cochiti fault zone.
These eruptive rocks arc interbedded with immature basin-
fill gravels and laharic breccias of the Cochiti Formation
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Baragar (19713, From Gardner et al. (1986).
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that thicken dramatically from west to east into the Rio
Grande rift. In the period 10-7 Ma, basalt, rhyolite, and

fault zone to the Pajarito fault zone at about 5-4 Mu. This
shift was accompanied by renewed basaltic activity at 4 Ma,

t basaltic difterentiates were rapidly vented along the Canada  peripheral to and basinward of the volcanic field. By about
/ de Cochiti zone to form half the volume of the entire vol- 3.5 Ma, dacitic eruptions in the central field began to be
§ canic field. From 7 to 6 Ma, eruption of differentiates of  intermixed with smail-volume rhyolitic ignimbrite erup-
¢ basalt and rhyolite ccased and eruption of dominantly mixed tions. Dacitic eruptions ceased by about 2 Ma and the first
! magma began with a sharp reduction in the volumetric rate  large-volume ignimbrite of the Tewa Group, the Otowi
of volcanic activity. At 7-4 Ma, a lull in basaltic volcanism  Member of the Bandelier Tuft, was erupted at .45 Ma from
d occurred and the Cafada de Cochiti fault zone became in-  the Toledo caldera. The Toledo and Valles caldera (1.12 Ma)
/ active. cycles, with attendant postcaldera rhyolite dome eruptions,
X We believe the events at about 7 through 4 Ma reflect  continued to 0.3 Ma.
2 pctrogenetic response to a significant reduction in the in- Tectonic activity on the Pajarito and Jemez fault zones
o tensity of tectonic activity in the vicinity of the Jemez Moun-  has continued through the Quaternary (Smith et al., 1970,
1 tains. Instead of being rapidly vented along active faults as  Golombek. 1983; Gardner and House. 1987; Goft and Shev-
fa in earlier stages of the volcanic ficld's development. pockets  enell, 1987). Vertical displacement on the Tshirege Member
in of these mantle- and lower-crust-derived magmas coalesced,  of the Bandelier Tuff is typically about 100-200 m along
:t giving rise to the hybrid dacite volumetrically dominant in  the Pujarito fault zone in Los Alamos County and in Ban-
1 the Tschicoma Formation (Polvadera Group). Additionally.  delier National Monument. Offset of the Tshirege Member
ny the geometry of the Puye Formation, a broad volcaniclastic  is 50 m along the Jemez fault zone in the west wall of San
alluvial fan shed off the Polvadera Group's constructive  Diego Canyon. Numerous localitics show faulting of Qua-
/€ highland, strongly suggests building of most of the fun in  ternary units younger than the Bundelier Tult along both of
€ a period of relative tectonic inactivity from 7 to 4 Ma. these faults (Gardner and House, 1987; Goft and Shevenell,
T Major tectonic activity shifted from the Canada de Cochiti ~ 1987).
Sl
le . . . . - . - .
| TABLE 1—Chemical analyses of rocks from cach major stratigraphic unit of the Jemez voleanic ticld (Irom Gurdner et al.. 19861, Sce Gardner (1Y85)
_e‘ for analytical methods and quality of data. *Chemical data from Loctiler (1984). "Fotal iron as Fe:0. from analysis.
\
er Santa Fe Pu“:; lem.yon Cunovas Canyon Paliza (‘.':.xln%'nn P:llizu' ?urjyun Bear-
8 Group Asalty Rhyalite Andesite Dacite head  Lobato® “Tschicoma® Tschicoma
Ju Basanite Type | Type2 Typel  Type 2 Rhyolite  Busalt  Andesite Dacite
F81-50  IGRO-53 F81-22 JG§1-51 JGRO-47C JGRO-28 JGEI-4B JGRI-31 JGRI-20A JGRO-49  SB224  IMIS}  JGRO-12
K Approx.
age. Ma 16.5 13.2 11 11 K7 ¥ 1] Y b 6.1% % 0.5 S
g Muajor elements
q SiO: 4382 50.62 5095  76.08 76.63  59.9% 6347 66.48 6745 76,16 50.5 60.76 67.21
6 TiO; 2.36 176 137 0.2 0.12 1.09 0.83 0.68 0.4% 0L 147 0.92 0.5
> AlLO; 1374 17771565 1077 1236 1637 1675 1575 1543 1201 e 16.54 15.2%
Ssi Fe.0" 1235 1027 934 0.68 0.77 640 445 327 3R 068 1105 6.02 368
e MnO 0.17 015 0,13 0.05 0.04  0.08 voY 007 0.05 007 016 0.09 0.06
a MgO 10.63 39 796 0.07 00y 2.66 1.65 0.58 112 004 6.7l 2.54 1.69
ne: Ca0O 10.00 9.08 833 0.54 0.47 5.27 3.87 1.91 340 040 9.56 4.62 3do
o Na:O 3.26 399 325 K 380 4.25 4.23 5.49 3.79 302 3.74 3.90
Si¢ K.O 1.47 129 101 4.57 4.62 255 3% 3.81 34 460 003 242 3R
ea P.O, 0.87 0.66  0.34 — 0.03 040 0.24 0.19 0.12 005 040 0.22 014
Xit LO! 2.16 16 143 0,43 0.4 0.47 1.33 0.57 0.60 037 0.6l .82 1.46
xit Total 100.85  100.66 9976  98.02 9934 99.52 L0010 YK.KO Y9.17 Y852 100.51 9910 100.51
i Trace elements
em Ci — — — 300 480 — 620 — 200 80 0. n.a. S00
Sc 24.9 23 26.3 1.9 3.2 12.9 8.1 6.1 5.5 A0S 13 St
car v 260 254 176 — — 144 7 3 56 — 20 104 5%
’ Cr 350 27 280 — — 25 il — Al — 250 29 22
ch, | Zn -— 72 — — 21 n 52 52 0 — n.a. n.a. —
Lo Rb 65 30 na. 185 139 55 68 95 64 154 4 50 )
N Sr 1058 1053 n.a. 56 60 718 769 S05 470 62 716 649 510
. Zr — 151 na. 116 12 241 360 454 23 127 133 201 189
m.“( Nb n.a. 20 n.a. 27 20.6 19.6 253 39 14.7 213 13 20 17.3
™ Cs 94 — 4.7 5.5 39 — 2.2 2.1 4.7 3.1 — 0.6 14
o Bu 1400 710 590 n.a. 810 1280 1440 2400 1390 BOO 483 1157 1180
b La 48 52 206 4L 27.3 50.2 5.9 114 42,9 04 30 49 441
of Ce 96 73 41 54 54 73 83 129 S6 52 54 7 54
- Nd 50 n.a. - na. n.a. n.a. n.a. n.a. n.a. n.i. i n.a. n.a.
c Sm 9.4 7.0 4.5 25 3y 5.8 6.1 13 5.3 44 5.8 7 44
man Eu 23 2.2 1.21 0.25 0.40 1.6 1.6 2.1 0.93 s 150 1.43 t.o
’” Dy 5.2 5.5 4.2 1.4 8 4.3 5.1 2.2 32 5.0 5.0 5.0 3.0
Yb 2.0 2.9 1.9 1.7 3.0 2.2 33 5.3 1.5 26 2.6 27 1.5
Hf 4.9 4.1 34 35 is 5.4 6.3 9.0 KR 32 3.5 5.5 3
Th 4.4 6.1 2.0 22.5 12,9 1.7 9.4 14.3 34 12.0 3.0 8.4 1.5
u 1.47 218 0T 6.19 3.94 2.62 .92 5.22 1.3% 412 0Ks 2.56 329
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TABLE 1, continued.

Cerro Toledo Rhyolite Valles Rhyolite

Tshirege Mbr.

San Dicgo Otowi Mbr. Bundelier, Redondo
Cerro Rubio Canyon El Rechuclos”  Bandelier Cerro Cerro Tsunkawi Creek San Antonio Banco

Dacite Ignimbrite “B” Rhyolite Pumice Toledo  Trasquilar Pumice Rhyolite  Mountain  Bonito

F83-245 F§2-92 ER 3-3 ER2-t1 F&1-145  F81-139 F§2-94 F8I1-109 FR0-74 FR2-7
Approx,
age. Ma Yo 285 2.02 1.45 t.38 1.27 112 K0 0.54 0.13

Muajor clements
Si10: 66.9 74.4 74.8 73.6 77.0 75.2 72.7 73.2 74.0 73.2
TiO: 0.47 0.10 0.08 0.04 0.08 0.08 0.08 0.36 0.14 0.29
ALO. 15.2 1.y 12.4 1.9 12.2 tHY 12.2 128 132 13.5
Fe.OF 3.43 1.54 0.55 1.40 1.19 1.01 1.47 1.04 1.09 I.84
MnQ 0.05 .06 0.06 0.07 0.05 0.07 0.08 0.3 0.05 0.05
MgO I.42 0.08 (1L.0S 0.10 0.02 0.03 0.05 0.09 0.15 0.63
CaQ) IR 0,33 (1.45 0.24 0.14 0.26 0.33 0.69 0.67 1.58
Na.0 3.60 4.00 14 4.36 4.21 4.22 3.08 .66 3.76 384
K.0 320 4.67 4.74 4.61 4.47 4.49 5.36 4.86 5.03 4.1l
PO, 0.15 0.005 — 1.005 0.005 0.005 0.005 0.0 0.01 0.06
LOl 1.37 138 17 4.26 0.25 319 4.01 363 1.96 0.24
Total 99. 1 100.34 100.04 10,59 99.62 100.46 99.37 100,37 100,06  99.34
Trace clements

8] 90 1620 — 2800 790 1990 2200 680 OR0 500
Sc 6.5 27 N 0.5% 1.09 116 1.04 2.9 2.2 4.0
v 64 — — 16 12 14 — — — 19
Cr 51 S — N — 4.2 - 6 4.0 12
Zn 73 40 - it} o) hif] 3 30 40 a0
Rb 52 155 139 330 208 230 330 (a1 160 165
Sr 500 — — 9.9 — 10 —— — — —_
7r 160 180 58 190 130 150 350 210 125 160
Nb na. n.i. 40 n.a. n.a. n.a. n.a. n.a. n.a. n.a.
Cs 0.8 4.1 5.3 10.5 4.6 LA I8 RE 5.4 5.2
Ba 1170 — 17 — — — — 1000 320 900
La M 59 17.2 52 k1l 36 91 57 47 46
Ce 68 L3 44 19 72 K0 17 106 RY 77
Nd 19 30 — 47 18 9 60 21 21 25
Sm 4.4 8.0 16 13.9 7.0 7.4 16.6 5.5 5.6 4.5
fu 1.08 0.16 0.17 24 0.10 0.0 0.08 0.68 0.27 0.51
Dy 2.6 3.0 3.6 I8.S 10.2 1.6 28 53 6.8 38
Yb 1.56 5.6 2.6 12.2 5.7 8.1 15.4 3.0 4.9 35
HY 5.0 8.2 3.7 12.0 8.6 8.8 14.0 8.2 4.9 5.2
Th 4.6 2100 20.4 . 43 24 26 40 5.6 23 23
u 1.16 6.7 8.0 15.9 K.5 K.2 118 4.2 6.3 5.7

Volcanic activity of Toledo—~Valles caldera complex
[gnimbrite platcaus surrounding the Jemez volcanic ficld
are mostly the product of two caldera-forming eruptions that
occurred during the last [.45 Ma. With an estimated min-
imum cumulative volume of 600 km*, the two members of
the Bandelier Tuft are the most evident products of silicic
volcanism of the central Jemez Mountains volcanic ficld.
Concurrent with the cruption of these two batches of rhy-
olitic tephra were the formation, by collapse, of the Toledo
and Valles calderas. Many modern concepts of pyroclastic-
flow deposits and facies. caldera formation, caldera resur-
gence, and zoned magma chambers were developed here
(Ross and Smith, 1961: Smith and Bailey, 1966. 1968:
Smith, 1979; Wright et al., 1981). What arc believed to be
shallow magma bodies associated with the caldera-forming
and postcaldera volcanism are also responsible for the much-
sought-after geothermal resources of this volcanic field.
San Diego Canyon ignimbrites—Underlying the Ban-
delier Tuff and extending southwest of the present-day rim
of the Vailes caldera are crosional remnants of at least two
ignimbrites. The largest of these ignimbrites were previously
designated **Pre-Bandelier ignimbrite A” and *'Pre-Bande-

lier ignimbrite B™ (Sclf et al., 1986) and are now called the
San Diego Canyon ignimbrites (Turbeville and Self, 1988).
These are best exposed along the walls of San Diego Can-
yon, to a distance of I8 km from the Valles caldera wall.
The full extent of these deposits is unknown, but they are
estimated to have a volume of >5 km' (Turbeville and Self,
1988).

The tufts are lithic-rich (>>30% lithic clasts) and overlie
an crosion surface covered with fluvial gravels or a poorly
developed soil. The ignimbrites are nonwelded, but “B"
has incipient welding associated with fossil fumarole pipes.
Ignimbrite “A™ has very distinctive gray pumicc clasts with
highly clongated tube vesicles (Sclf et al., 1986). Co-ig-
nimbrite lithic breccias are found within these ignimbrites
and are belicved to indicate proximity to source vents. These
ignimbrites have been dated, with K-Ar (sanidine) ages of
2.84=0.07 Ma ("B”) and 3.64 = 1.64 Ma (*A”"). Chem-
ically. they are similar to, but slightly more mafic than, the
two members of the Bandelier Tuff (Table 1; Self et al.,
1986; Turbeville and Self, 1988).

Field evidence indicates that these ignimbrites were once
extensive, were erupted from what is now the western mar-
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FIGURL 6—A, Dates of the Jemez volcanic ficld plotted with respect 0
dominant rock type (Gardaer und Goft, 1984). Each vertical line represents
it K=Ar date. Solid lines indicate continuous ceuption of a given magma
type inferred from ficld relations, and dashed dines indicate uncertainty.
Numerous dates from Tewa Group (solid line for Bandelier “cycles”) not
plotted for clarity. B, Rate of volcanism (volume per unit time) vs. time
tor Jemez volcanic activity. Plot goes off-scate with major Bandelier ig-
nimbrite eruptions (from Garduer and Golt, 1984),

gin of the Valles caldera, and may have formed 4 small
culderu. which is now buried within the present-duy caldera
complex (Fig. TA). The San Dicgo Canyon ignimbrites have
been described from the geothermal wells drilled within the
caldera (the “Lower Tufts” of Niclson and Hulen, 1984).
They appear to thicken eastward in the Redondo Creek arca,
reaching a thickness of nearly 400 m in geothermal well
Baca-4.

Otowi Member of Bandelier Tuff and Toledo caldera—
The Otowi Member of the Bandelier Tulf consists of a Pli-
nian pumice-fall deposit (Guaje Pumice Bed). which is over-
lain by thin surge beds and massive pyroclastic-flow units
(Fig. 8). The age of this eruption, bascd upon several K-
Ar dates on sanidine, is 1.45 Ma (Doell et ul.. 1968).

The Guaje pumice-fall deposits are distributed to the east
of the caldera complex. Five fall units have been defined
and cumulatively have a maximum thickness of over 8 m
(Fig. 7B) (Self et al., 1986). Dispersal axes obtained from
isopleth maps of maximum lithic-clast diameters for these
fall units may suggest that this pumice deposit was erupted
from a central vent or closely spaced vents located near the
center of the present Valles caldera.

Surge beds and massive ignimbrite of the Otowi Member
are distributed symmetrically about the Valles calderu (Fig.
7C). Multiple flow units have cumulative thicknesses out-
side the caldera of as much as 180 m and within the caldera
of <60 m to 800 m (possibly twice that in the castern,
undrilied half of the caldera complex). The orangish-tan.
nonwelded to densely welded ignimbrite contains abundant
lithic clasts and pumice clasts in a vitric-crystal or crystal-
vitric ash matrix (30-35% phenacrysts of mostly sanidine
and quartz). Lithic clasts, which make up from a trace to
30% of the tuffs, are mostly derived from older volcanic
rocks but also contain rare fragments of Prccambrian base-
ment (Eichelberger and Koch, 1979).

Lithic (*lag™) breccias are interbedded with the ignim-
britc and are best cxposed along the southwestern caldera
margin. Lithic blocks. up to 2 m in diameter, within the
breccias imply that these deposits are close to vents for the
Otowi Member. Gus-escape pipes are present above some
of the breccias.

The distribution and thickness of the Otowi Member ig-
nimbrite, distribution of lag breccias. flow-direction indi-
cators such as aligned pumices (Potter and Oberthal. 1983),
and K-Ar dates on an intracalders arc of four domes (Goft
et al., 1984) support the interpretation that the Otowi Mem-
ber was erupted from ring fractures more or less coincident
with thosc of the younger Valles caldera. These features do
not support the interpretation that the Otowi Member of the
Bandeclier Tull was crupted from the Toledo embayment, a
structure 9 km in diameter located on the northeast margin
of the Valles caldera. The Toledo embayment may be of
tectonic origin or may be a small crater formed at a slightly
carlier time: in cither case. it is mostly filled with Cerro
Toledo Rhyolite. The Toledo caldera, formed during erup-
tion of the Otowi Member of the Bandelier Tufl, is nearly
coincident with the younger Valles caldera.

Within the caldera, the Otowi Member has a maxinum
thickness of 833 m in Bacu-12 and thins to 177 m in Baca-
4 (Fig. 3) (Nielson and Hulen, 1984). Thus, the unit thins
toward the center of the proposed Toledo caldera. We cannot
explain this contradiction with prevailing theories of caldera
development. However, the datu suggest thut maximum sub-
sidence was centered over the castern ring-fracture system.

Intracaldera volcanic activity, Toledo caldera—The
Cerro Toledo Rhyolite is a sequence of rhyolitic domes,
flows, and associated pyroclastic deposits which postdate
collapse of the Toledo caldera (Izett et al., 1981, Heiken et
al.. 1986). Exposed Cerro Toledo Rhyolite domes are clus-
tered mostly within the Toledo embayment. and along the
north rim and just beyond the southeast rim of the Valles
caldera (Fig. 7D).. K~Ar ages of these domes range from
1.5 Ma to 1.2 Ma, placing them in time between the two,
large-volume members of the Bandelier Tuff. The domes
consist primarily of gray. flow-banded to massive rhyolite
which contains small sanidine and rare quartz phenocrysts.

Contemporaneous with the Cerro Toledo domes are tuffs
and epiclastic rocks. which are best exposed in two areas:
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FIGURE B—ldcalized lithology of the Tshircge and Otowi Members of the Bandelier Tuff.

(1) cast of the caldera on the Pajarito Plateau, and (2) south-
cast of the Rabbit Mountain dome (southcast caldera rim,
Fig. 7D). East of the caldera. seven cruption sequences of
rhyolitic tephra have been studied: most consist of very fine-
grained phreatomagmatic ash. overlain by interbedded pum-
ice-fall beds and fine-gruined ash-fal beds. The wfls are
nearly aphyric. with only traces of K-feldspar and plagio-
clase. Atisolated outcrops. the nearly aphyric naturc of these
tufls can be used to scparate them from the phenocryst-rich
Bandeclier Tuft.

Using cuttings from many deep wells, Nielson and Hulen
(1984) identify a clastic deposit within the caldera fill, the
S: Sandstone, as being correlative with the Cerro Toledo
tufls. The S, Sandstone rcaches ¢ maximum thickness of
70 m and separates the Otowi and Tshirege Members of the
Bandclicr Tuff. This unit appears to be composed of inter-
bedded tuifs and epiclastic sandstones.

Tephra-fall patterns of the Cerro Toledo tuffs indicate
sources located in the castern Valles caldera and the Toledo
embayment. The pyroclastic breccias and surge deposits
along the southeast caldera margin were erupted from the
sume vent that erupted the Rabbit Mountain dome. Muny
of the tufl sequences began as phreatomagmatic eruptions,
perhaps having been crupted through a caldera lake.

Stix et ab. (1988) used the stratigraphy, geochemistry, and
geochronology of Cerro Toledo rhyolite domes and tephra
to investigate the petrogenesis of the unit and the evolution
of compositional zonation within the Bandelier magma
chamber. Thesc authors found that compositional (chemical)
gradicnts were restored over a period of 0.33 Ma after erup-
tion aof the Otowi Member of the Bandelier Tuftf and that
crystal fractionation of quartz, alkali feldspar. zircon. and
a light-rurc-carth-element-enriched phase (probably allanite)
was the most likely mechanism by which these gradients
were re-established.

Tshirege Member of Bandelier Tuff and Valles cal-

dera—The Valles caldera was formed during eruption of
the Tshirege Member of the Bandelier Tuffat 112 Ma (Docll
ct al., 1968). The cruption scquence consists of a basal
pumice-fall deposit overlain by thin surge beds and pyro-
clastic-flow units that make up the ignimbrite (Fig. 8) (Self
ct al., 1986).

The basal Plinian pumice-fail deposit. the Tsankawi Pum-
ice Bed, consists of four pumice-fall units and two finer-
grained ash-fall units, with composite maximum thickness
of 3.5 m. Each fall unit has a different dispersal axis, from
south to west to north: the most common trend is to the
northwest, as shown by an isopach map of fall unit “A”
(Fig. 7E). Trends ot dispersal axes suggest a central vent
for the Phinian cruption within the center of the present
Valles caldera.

The Tshircge Mcmber ignimbrite is exposed on nearly all
sides of the volcanic field and forms the plateaus flanking
these mountains (Fig. 7F). It also forms thick sections of
caldera fill, which have been sampled during geothermai
drilling. The orangish-tan tuffs of the ignimbrite are non-
welded to densely welded crystal-vitric to vitric-crystal tuff
(~32% phenocrysts of mostly sanidine and quartz, with
traces of hornblende and magnetite). Thicknesses outside
the caldera range from 15 to over 270 m. whereas within
the caldera densely welded tufls runge trom 400 to over
1100 m. Proximal breccias within the Tshirege Member are
rarc, with a few thin deposits exposed along the caldera
rim.

Within distal parts of the Tshirege Member of the Ban-
delier Tuff, fow units can be separated visually by thin
surge deposits and “sundy partings™ and by pumice swarms
(Fisher, 1979). Four to five flow units are visible in the
well-exposed section along NM-501, cast of Los Alamos
{Day 3. Stop 1). Overprinting these textural features in the
nonwelded, distal sections are vapor-phase alteration and
columnar jointing of the upper half of the ignimbritc.
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The Valles Rhyolite; intracaldera domes, lava flows,
pyroclastic deposits, and sedimentary rocks—After the
dust scttfed from formation of the Valles caldera, less ex-
plosive activity continued within the caldera until about 130
Ka. Rhyolitic domes and lava flows were crupted from the
caldera ring-fracture system. from the massive Cerro del
Medio in the castern moat 1o the very small Cerro La Jara
dome on the southern margin (Fig. 7G) (Spell. 1987). Some
domes arc up to 700 m thick. Several extensive pumice-fall
deposits and small ignimbrites are associated with dome
growth. Coarse breccias, gravels, and lacustrine mudstones
arc interbedded with tuffs and rhyolite lavas.

The youngest (130 Ka) intracaldera cruption is that of the
Banco Bonito obsidian flow (Marvin and Dobson. 1979),
which crupted along the southwest caldera ring fracture.
The Battleship Rock ignimbrite (well-exposed in San Diego
Canyon) and the widespread El Cajete pumice-fall bed are
both thought to be explosive precursors to formation of the
Banco Bonito luva flow (Self et al., 1988). The pyroclastic
sequence is overlain by 30-70 m thick Banco Bonito ob-
sidian lava flow (12% phenocrysts; plagioclase, hornblende,
biotite. and traces of clinopyroxene, orthopyroxene, and Fe—
Ti oxides). Recently obtained ages for the three eruptions
are: Banco Bonito 130-180 Ka (Self etal., 1988); El Cajete
170-151 Ka (Self ¢t al., 1988); and Battleship Rock 278
Ka (F. Goft, unpubl. data). Additional postcaldera rhyolites

that have chemical similarities to the youngest moat volcanic

rocks were cored in VC-1 (Gardner et al.. 1986).

Within the caldera. in the resurgent dome, is a sequence
of nonwelded to densely welded silicic ignimbrites with an
aggregate thickness of 460 m overlying the Tshirege Mem-
ber of the Bandelier Tuff' (**Upper tufts™ of Nielson and
Hulen, 1984). Little is known ubout this wif sequence,
mainly because of the intensity of hydrothermal alteration,
but it is scparated from the Tshirege Member by a vol-
caniclastic sandstone (Nielson and Hulen, 1984) and un-
derlies tephra deposits believed to be assoctated with the
Redondo Creek Rhyolite in CSDP core hole VC-2A; thus.,
its age is estimated at between 1,12 and 1.0 Ma (Hulen ct
al.. 1987).

Subsurface structure and resurgence of Valles caldera

The structural framework of the Valles caldera is domi-
nated by high-angle normal faulting (including ring faulting)
and resurgent. domal uplift of the subsided cauldron block.
Location of the caldera, and the entire Jemez volcanic field,
is controlled by the intersection of northeast-trending faults
of the Jemez volcanic lineament (JVL) with north-trending
faults at the western edge of the RGR (Fig. 1) (Aldrich and
Laughlin, 1984 Gardner and Goff, 1984). Reactivation of
these carlier structures during and following caldera for-
mation and resurgent doming is responsible for much of the
complex fault pattem presently observed in caldera-fill rocks.
For example, the northeast-trending apical graben of the
caldera’s resurgent Redondo dome clearly is directly on
strike with the Jemez fault zone (the local expression of the
JVL) to the southwest (Fig. 1). Ring-fracture and apical
graben high-angle normal faults are believed to be the prin-
cipal permeable conduits for circulation of the active, high-
temperature Valles hydrothermal system.

The subsurface structure of Valles caldera has been dis-
cussed by Goff (1983), Nielson and Hulen (1984). Heiken
et al. (1986), and Wilt and Vonder Haar (1986). Many of
these interpretations rely on gravity data acquired by UN-
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OCAL during geothermal exploration and on the drilling
results of several organizations. The gravity data of Segar
(1974), based on measurements at nearly 700 stations, show
a pronounced circular gravity low of as much as 35 mgal
that coincides with the location of the caldera depression
(Fig. 9A). Modeling of these data by Segar (Fig. 9B) in-
dicates that subsurface fault patterns trend northeast parallel
to the trend of the JVL and the trend of nearby faults as-
sociated with the RGR. The gravity low, however, is asym-
metric and is greatest in the eastern caldera, coincident with
Valle Grande. In general, zones of steep gravity gradients

Redondo
Peak
A

FIGURE 9—A, First-order residual Bouguer gravity map of Valles caldera
produced from Enclosure IV of Scgar (1974); values in mgal. B, Gravity
interpretation of Scgar (1974) using residual map in (A) and a density
contrast of (.35 g/em’. No effort was made to map features such as slump
along caldera ring fracture. jagged nature of caldera rim. cte. Contour
interval is 1000 fi. Checkered pattern shows approximate position of cal-
dera ring-fracture zone in relation to moat rhyolite vents shown by stars.
Dot pattern shows relative gravity lows (basins) and gray pattern shows
relative gravity highs. Note apparent horst bencath Redondo Peak and
northeast trend of major fault zones. Also note farge gravity low extending
into the Toledo embayment. The near-coaxial relationship of earlicr Toledo
caldera to Valles caldera was not known at the time of this interpretation.
Line A-A" approximates the location of the cross section shown in Fig.
46 (Day 3).
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are interpreted to be fault zones with down-to-the-southeast
displacements suggesting that rift-related faulting controls
the subsurface structure of Valles caldera. An exception to
this down-to-the-southeast fault pattern is the northeast-
trending horst coincident with the Redondo Peak segment
of the Valles resurgent dome.

The model of Fig. 9B is constrained by drilling results
in the southwestern quadrant of the caldera. Contours in
Fig. 9B represent the approximate elevation in feet of Pre-
cambrian busement rocks relative to sca level. For example.
basement beneath the western caldera can be as shallow as
6000 ft (1830 m) ubove sea level or only 2500 ft (760 m)
below ground surface, as verified in the WC 23-4 well (Goft
ct al.. [987. Hulen et al.. 1987). Depth to basement in-
creases castward across faults, being at 5100 ft (1555 m)
beneath Sulphur Springs in core hole VC-2B (J. N. Gardner
and J. B. Hulen. unpubl. data 1988) and at 10.200 11 (3110
m) in well Baca-12 in the Redondo Creek graben (Nielson
and Hulen, 1984). According to the gravity model. depth
to basement is approximately 15.000 ft (4570 m). or about
5000 ft (1525 m) below sca level in the vicinity of Valle
Grande. Such gross asymmetry prompted Nielson and Hulen
(1984) and Heiken et al. (1986) to propose that the Valles
caldera is o “trap-door™ caldera.

Based on drilling results and gravity modeling, the ncg-
ative gravity anomaly was interpreted by Scgar (1974) to
be caused primarily by low-density tutls and sedimentary
rocks filling an asymmetric depression. Segar used a value
of 2.45 gicm® for both his Bouguer and topographic cor-
rections. Density measurements on cight samples of intra-
caldera tuffs and sedimentary rocks from core hole VC-2A
runge from 2.49 to 241 g/em® (Musgrave ct al., 1989},
Segar’s interpretation does not identify a deep circular in-
trusive or plutonic body bencath the caldera, but it is un-
likely that a significant density contrast exists between
Precambrian basement and recently crystallized plutonic rocks.

Formation and resurgence of the Valles caldera is well
documented (Smith and Bailey. 1968). At 1.12 Ma, eruption
of about 300 km' (minimum) of rhyolitic ash-flow tuff led
to collapse of the caldera simultancously with emplacement
of the Tshirege Member of the Bundelier Tuft (Docll et al..
1968; lzett et al.. 1981; Smith and Bailey, 1968; Sclf ct al..
1986). The intracaldera Tshircge Member is therefore much
thicker than corresponding outflow sheets. The intracaldera
Tshirege Member, as thick as 1156 m in Baca 5 (Niclson
and Hulen. 1984), wus structurally uplifted during the
100.000-year interval following caldera collapse by more
than 1000 m ncar the caldera center. During uplift, the upper
portion of the resurgent dome was subjected to extension,
resulting in widespread normal faulting (Fig. 10). Some of
this faulting took place along and within the dome's north-
cast-trending apical graben and through reactivation of older
busement structures. A subordinate fault set orthogonal to
the apical graben upparently lacks deep-seated control
(Behrman and Knapp, 1980).

Niclson and Hulen (1984) suggested a domed plate as a
model for deformation of the Redondo dome. The model
has two important implications. First, on the basis of the
amplitude and diameter of the dome, the top of the presumed

-causative magma body is at depth of about 5 km. Secondly,

the widespread normal faulting presently observed at the
crest of the dome is predicted by the model to have formed
during extension above u neutral plane situated about hall-
way down from the dome crest to the top of the magma

body. compression prevails beneath this ncutral plane. This
rclation., in turn, implies that fracture-controlled hydrother-
mal circulation is confined principally to the upper half of
the domed sequence, a conclusion supported by the limited
downhole data available (Hulen and Niclson, 1986a).

This general model of resurgent doming and fracture
permeability would be complicated somewhat if the Valles
caldera’s precursor, the comparably sized and coincident
Toledo caldera (1.45 Ma) (Smith and Bailey, 1968, lzett ot
al.. 1981; Scif et al., 1986; Heiken et al., 1986) had under-
gone a similar volcanotectonic history. However, structural
evidence in core from CSDP core hole VC-2A suggests that
the Toledo caldera did nor undergo resurgence. Compaction
toliation attitudes in the Tshirege and Otowi Members of
the Bandelier Tuff arc cssentially identical in the VC-2A
core (Goft et al.. 1987): had the Toledo caldera experienced
resurgence, attitudes measured in the Otowi Member pre-
sumably would be steeper than those in the overlying Tshir-
cge. However. on the basis of a single intercept. this hypothesis
must remain tentative until tested by further scientific drill-
ing.

Petrogenesis of Bandelier magma chamber
and associated rhyolites

A comprehensive interpretation of the petrogenesis of the
Bandelier magma system (and indeed, the entire Jemez vol-
canic ficld) has not been published, but much is hidden in
theses (c.g.. Locffler, 1984; Gardner, 1985; Kuentz, 1986;
Spell, 1987). Smith and Bailey (1966) proposed from look-
ing at chemical and petrologic variations in the outflow
sheets of the ignimbrites (primarily the Tshircge Member)
that the Bandelier magma chamber wus compositionally
zoned. Smith (1979) discussed chemical variations as func-
tions of time with respect to both the Toledo and Valles
cycles and suggested that the Bandelier pluton evolved from
a (Tschicoma) dacitic parent magma. This concept was sub-
stantiated by Gardner (1985) using trace-clement and REE
data for all Jemez voleanic rocks. Chemical variations with
respect to time were elegantly investigated for the Cerro
Toledo Rhyolite by Stix et al. (1988), who found that these
post-Toledo caldera rhyolites were generated by fractional
crystallization of Bandelicr magma and not by diftusive
processes or wall-rock assimilation.

The first, post-Valles caldera moat chyolites also appear
to have a close genctic relationship to Bandelier magma
(Spell, 1987), but the latest moat rhyolites, in the south-
western ring-fracture zone. do not (Gardner ct al.. 1986;
Self ct al.. 1988). This latest package (VC-1 Tufls, VC-I|
Rhyolite. Battleship Rock Tuff, El Cajete Pumice, Banco
Bonito Rhyolite) is more “mafic™ in compasition, has *'Sr/
“Sr of about 0.705 (versus about 0.710 for Bandelier Tuft),
and could be derived from a mixture of high-silica rhyolite
(Bandclicr) and dacite magmas (J. N. Gardner and F. Goff,
unpubl. data 1989). Unfortunately, a systematic investiga-
tion of Sr and Nd isotope ratios of Jemez volcanic rocks
does- not exist, although the available Sr data have been
compiled by Vuataz et al. (1988). Where both ratios have
been determined on Jemez rhyolites (El Rechuclos Rhyo-
lite). the results indicate derivation primarily by fractional
crystallization from a basaltic parent (Loctfler ct al., 1988).

Sommer (1977) analyzed the volatile contents of silicate
melt inclusions in quartz phenocrysts of the Tshirege Mem-
ber of the Bandelier Tuff and concluded that the depth of
burial to the top of the chamber was about 5 km (~1.5
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3
) kbar). Warshaw and Smith (1988) investigated thc com-  graphic rim of Valles caldera (Fig. 11). has been studied
(‘:lf Positions of pyroxenes, fayalites, and iron—titaniu;n oxides .extcnsi.vcly (Laughlin, !981 )..The section is very complex
) in both members and reported that the basal ash fall of the  in detail and the orientations of contacts are not well known.
’ Tshirege (Tsankawi Pumice Bed) formed at a pre-eruption  Gneissic rocks interlayered with many schist intervals dom-
« temperature of about 700°C, while the uppermost Tshirege  inate the section. Various types of granitoid rocks occur as
re ignimbrite formed close to 850°C. Depths of formation were  dikes and as small and large intrusive bodies. A very large
fi estimated between 5 and 7 km (1.5 to 2.0 kbar). Nielson  body of biotite granodiorite was observed in the interval
; and Hulen (1984) used a structural model (mentioned above)  2590-3000 m and the first HDR circulating system was
! to estimate the depth to the present top of the (crystallized)  engineered in this rock mass. Laughlin et al. (1983) dis-
m Bandelier pluton at about 4.7 km. Because this estimate  cussed the petrography. chemistry, fracturing, and second-
de accounts for post-cruption resurgence, the depth to the magma  ary minerals of the various Precambrian rocks.
T,] chamber before ignimbrite effusion would be between § and Brookins and Laughlin (1983) performed a Rb-Sr geo-
Vi 6 km. chronologic investigation on 76 Precambrian samples from
pe ) the HDR wells. They concluded that major metamorphism
su Precambrian geology occurred at 1.62+0.04 Ga. which is in agrecment with
Z‘I’ Precambrian rocks occur as small. tectonically disturbed  radiometric ages reported for similar rocks elscwhere in
de lenses of gra'mtg' gnc'lss at ‘Soda Dam :fnd Guadelupe Box TEMPERATURE (°C)
on the Jemez fault zone southwest of Valles caldera, as
o o X ‘ : . STRATIGRAPHY
granitic and metamorphic rocks in the core of the Naci- Patuza Canyon Fin [ T 2 0. 20030 . a0
miento uplift (Laramide age) west of the caldera, and as Ao '“" Gradient
tra granitic and metamorphic rocks in the San Pedro Park arca - N
;‘1 northwest pf the caldera. Precambrian .rf)cks have been en- Groun —-Top of Pracambrian
countered in geothermal wells JS-1 (Gotfetal.. 1981), AET- — v 742 m
ert 4, WC 23-4 (Shevenell et al., 1988), Baca-2 (Dondanville, °
Va 1971), Baca-7 (Lambert and Epstein, 1980), Baca-12 (Niel- s
He son and Hulen. 1984). VC-1 (Hulen and Niclson. 1988a). e
tuf and VC-2B (J. B. Hulen and J. N. Gardner, unpubl. data =
b"’f 1988), in addition to the wells drilled for the Hot Dry Rock Gos £ 20%
lyi program (Laughlin et al.. 1983) (Fig. 3). Precambrian lith- e, E
thr ologics in all non-HDR wells are variously described as § 2st
“fresh™ to hydrothermally altered granitic rocks. gnecisses ot
A( and schists (Table 2), and no detailed work has been per- ranocen sl A
formed on them except for samples from VC-1. If the rock P
descriptions in non-HDR wells arc accurate, it appcars that
Lu metamorphic rocks dominate the upper Precambrian section Sont T
dis outside the caldera. while plutonic rocks dominate the upper
tn: section inside the caldera. Depth to Precambrian basement Metavilcarue 1or
M: increases dramatically from outside the caldera on the west i soocm \ T2:
Ne to inside on the east and from west to east across the grain To 4099 m sl 3334Tm
dat of precaldera RGR faults. 325°C
Mi The thick Precambrian section penetrated by HDR wells  piGure 1 1 —Stratigraphic cotumn and temperature profite. Fenton Hill
cus at Fenton Hill, located a scant 0.5 km west of the topo-  (modified from Laughlin et al., 1983).
an
Me
Me TABLE 2—Wells penctrating Precambrian basement rocks in the Valles caldera region. New Mexico, “See Fig. 3 for well locations: all wells also
wa penctrate Permian Abo Formation and Pennsylvanian Madera Limestone except well 1S-1 (Peansylvanian only).
Sci Top of
Total depth Precambrian
REF Welt' name (m) (m) Ruock types Reference
Aldn Wells dritled for Hot Dry Rock program
Baile GT-1 785 642 Amphibolite and granite-gneiss Perkins, 1973
GT-2 2930 730
finch EE-1 3060 730 Gneiss, schist, granite, granadiorile: Laughlin et al., [UR3
Chap EE-2 4390 730 minor amphibolite and metavolcanic rock
EE-3 39%0 730
8‘:.’5 PC-1 664 655 Granile Shevenetl et ab., 1988
Docll
Wells drilled for other projects
Done 18-1 253 235 Granite-gneiss Gofl et al.. 1981
Fried AET-4 1224 997 Gneiss: minor schist and amphibolite Shevenell et al.. 198K
w(C23-4 200 737 Granite Shevenell et al,, 1988
Baca-2 1725 1524 Granite Dondanville, 1971
Baca-7 1687 1650 Granite Lambert und Epstein, 1980
Baca-12 2hn 3101 Altered granite Niclson and Hulen, 1984
VC-1 856 843 Gueiss: breeciated, altered granite—gnciss Hulen and Niclson. [98%u
VC-2B 1762 1558 Altered biutite quartz monzonite This report




north-central New Mexico. The same authors reported an
age of 1.50=0.12 Ga for the large biotite granodiorite in-
trusive which agrees with the U~Th-Pb age of 1.50x0.02
Ga obtained by Zartman (1979). Brookins and Laughlin
(1983) also indicated that minor dike emplacement contin-
ued to 1.44 0.03 Ga. Harrison et al. (1986) used *"Ar/™Ar
analyses on microcline to suggest that additional Precam-
brian metamorphic events occurred at 1.03 and 0.87 Ga.
Thermal history—Much attention has been paid to the
Quaternary thermal regime beneath Fenton Hill and the
southwestern caldera margin (Heiken and Gof?, 1983). Kol-
stad and McGetchin (1978) used heat-flow data and dates
on major events in the history of the caldera to derive a
modecl of conductive thermal cooling of the Bandelier pluton
after formation of Valles caldera. Heat flow beneath Fenton
Hill averages about 4 HFU but, as can be seen in Fig. 11,
the thermal gradient increases from 60 o 90°C/km with
depth in the Precambrian section. Although most estimates
on the age of most rceent thermal heating at the Fenton Hill
site vary from | to 4 Ma, Harrison et al. (1986) use transient
analyses on the thermal gradients to suggest that the heating
cvent may be as young as 10 Ka. Sasada (1988a) also
recognized a young (postcaldera) heating event from de-
tailed exumination of fluid inclusions in Fenton Hill core
samples. The source of this heating is not entirely clear (the
youngest volcanism in the Valles region is 130 Ka), but it
must be related to magmatic/hydrothermal activity associ-
ated with the southwestern caldera (see also Sass and Mor-
gan. 1988). Thus. two “magmatic” episodes are recognized
in the Precambrian rocks of the caldera region: a series of

© Precambrian events at 1.62-0.87 Ga and much more recent

cvents, or a series of closely related events, associated with
the Jemez volcanic field and Valles caldera.

Geophysical surveys other than gravity
The thermal regime of Valles caldera was investigated by
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UNOCAL during their geothermal endeavors and later in-
terpreted by Swanberg (1983) and Sass and Morgan (1988).
A map of thermal-gradient data (Fig. 12) shows a broad
arca in the southwestern caldera where shallow gradients
exceed 450°C/km. This area includes the Redondo Creek
reservoir and the Sulphur Springs reservoir. These arcas are
known upflow zones for thermal fluids and hot-water pro-
duction. Shallow heat flow in the caldera locally exceeds
10 HFU, caused by convective processes (Reiter ct al.,
1975: Sass and Morgan, [988), whereas heat flow along
the western RGR averages about 2.8 HFU (Reiter et al.,
1976). Deep magnetotelluric investigations of the Valles
caldera and adjacent RGR (Hermance and Pedersen, 1980)
recognized a widespread clectrical conductor at 15 km depth,
but were not able to discriminate unique {magmatic?) sources
beneath the caldera or the rift. A combination of shallower
clectrical and telluric techniques was integrated by Wilt and
Vonder Haar (1986) to define a broad conductive anomaly
bencath the southwestern caldera region at 1-3 km depth
(Fig. 13). Parts of this anomaly correlate with known Huid
production in the Redondo Creek and Sulphur Springs arcas.
Depending on interpretation, the arcal extent of the geo-
thermal reservoir(s) in the caldera varies from 10 to 30 km”.

The most recent compilation of natural seismic activity
for the Valles caldera region has been presented by Gardner
and House (1987} for their investigation of seismic hazards
in the Los Alamos region. Fig. 14 shows a cumulative plot
of all carthquakes located by the Los Alamos Scismic Net-
work from September 1973 to December 1984. A band of
seismicity extending south of Chama, New Mexico, to a
point about 70 km west of Los Alamos coincides with the
Nacimiento uplift (originally a Laramide age structure), which
is bounded by a zonc of oblique-slip faults on its western
edge. The cluster of seismic events northwest of’ Espanola
lies near the intersection of the Pajarito and Embudo fault
zones on the western side of the RGR. Additional seismicity
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FIGURE 12—Thermal-gradient contours (°C/km) of Valles caldera area (modificd from Sass and Morgan, 1988).




3

ef
fir
ca
ca
re
fie

sit

de
TI
vi;
pe
su
Sp
di:
de
co

tre
an
Tu
en
V:
He
tu!
ba
lyi
thi

Al

Lu
dis
tin

Ne¢
da
M
cu
an
M
M
wia
Sc:

RE1
Alde
Banle
Bisct
Chy
Cher
Cray,
Diw
Don

Fries

396

Toledo
Embayment

Valles and Toledo

Fenton Hill
.

Calderas
AET-4
*

FIGURE [3—Maup showing maximum area of geothermal reservoirs) as

defined from clectrical surveys (moditicd from Wikt and Vonder Haar,
1986).

is evident assoctated with faults of the Pajarito fault system
in the Los Alumos area and south. A belt of scismicity
generally follows the trend of the northeast-trending JVL
from & point west of Albuquerque to a point northeast of
Taos. The seismicully quiet area west of Los Alamos cor-
responds with the Valles caldera and is attributed to the
presence of high subsurface temperatures and/or relict zones
of partial melt that exist beneath the caldera.

Attenuation of seismic waves beneath the caldera com-
plex was first recognized by Suhr (1981). Olsen et al. (1986)
studicd the complex, shallow crustal structure bencath the
Jemez volcanic ficld using a time-term technigue to process
first-arrival-time data from a network of temporary seismic
stations of the Caldera and Rift Deep Seismic Experiment
(CARDEX). Station time terms are highly correlated to
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FIGURE [4—Cumulative plot of all carthquakes located by the Los Ala-
mos Scismic Network from September 1973 1o Decermber 1984, The size
of circle indicates magnitude scale (M, ) with the largest indicating >3 and
the smallest indicating a range of ~ 1 10 0. The seismically quict area west
of Los Alamos coincides with the Valles caldera. See text for discussion.
From Gardner and House (1987).,

gravity anomalies and generally support models for which
crystalline basement drops castward to depths of 600 m
below sea level bencath the axial basins of the RGR. Al-
though Olsen ct al. (1986) implied that the large gravity
low of the caldera and associated time-term delays are caused
by residual meit in the silicic Bandelier pluton, other work-
crs have suggested that the gravity low can be modeled
solely as a deep asymmetric hole filled with low-density
caldera fill (Segar, 1974: Niclson and Hulen, 1984; Wilt
and Vonder Haar, 1986). This ambiguity may result because
the density contrast between Precambrian basement and nearly
crystallized silicic melt is small, as mentioned above.

Ankeny ct al. (1986) applied a simultaneous inversion of
carthquake and travel-time data to derive a velocity model
of the upper 10 km of crust beneath the Jemez volcanic
ficld. The model displays a prominent. low-velocity, cylin-
drically shaped body bencath the caldera that is 15 km in
diameter and 12-[5 km thick. This low-velocity body is
interpreted to result from the combined effects of a silicic
magma body and associated high temperatures, and is cen-
tered bencath the southwestern sector of the caldera com-
plex. A possible model incorporating the scismic data is
shown in Fig. 1S,

Configuration of hydrothermal system

Valles culdera possesses a diverse suite of thermal waters
that are typical of those cxisting at many geothermal arcas
around the world (Trainer, 1975; Goff and Grigsby, 1982).
Table 3 gives selected chemical data for these types of fluids
and Fig. 16 compares water types on a plot of 8D versus
3"0. Acid-sulfate waters with associated mud pots and fu-
maroles discharge in the central and western resurgent dome
arcas, particularly at Sulphur Springs (Gofl et al., 1985).
These springs result from condensation of stcam and oxi-
dation of H:S to form natural sulfuric acid that mixes with
near-surface ground waters. Thermal meteoric waters occur
at isolated spots throughout the western ring-fracture zone
of the caldera. They appear to be mostly dilute ground water
heated by the relatively high subsurface temperatures pres-
ent at shallow depths. They are not the classic, steam-heated,
NaHCO, waters of Mahon et al. (1980). Deep reservoir
waters arc those encountercd by wells in the Redondo Creek
and Sulphur Springs areas beneath the acid-sulfute/vapor
zone capping the liquid-dominated part of the hydrothcrmal
system. They are neutral-chloride in character, with anom-
alous concentrations of As, B, Br, Cs, Li, Rb, and other
trace elements. Hot springs derived in part from deep res-
crvoir water arc encountered outside the southwest caldera
margin in San Diego Canyon (along the Jemez fault zone)
and in wells drilied in the flanking platcaus. They appear
to be mixtures of reservoir water and various types of ground
water (Gofl et al., 1981, 1988). Yet another type of thermal
water is encountered in Precambrian basement rocks at the
Fenton Hill HDR site and at the WC23-4 well in the rin -
fracture zone just west of Sulphur Springs (Grigsby et al.,
1984, Mecker and Goff. 1988). These waters are more con-
centrated than reservoir waters and their origin is still not
resolved (pore-fluid brine?; magmatic ecmanations?). The
origin and relation of these fluids in Precambrian rocks to
overlying reservoir waters is one of the objectives of core
hole VC-2B in Sulphur Springs.

Vuataz and Goff (1986) presented stable-isotope and trit-
ium data on over 100 thermal and non-thermal waters in
the Valles caldera region. They concluded that recharge to
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FIGURE 15—A schematic cross section through the Valles caldera and Rio Grande rift hased on the three-dimensional inversion interpretation of

Ankeny ct al. (1986). Velocity values (large numbers) in ki/sec are averages determined from the inversion technique. The presence and depth of a
tabular basaltic intrusion in the crust are unknown, but, if preseot, the most fikely location would be at the base of the upper crust. For list of relerences
on surfuce and subsurface control see Ankeny et al. (1986).

TABLE 3—Selected geochemical data for hot springs and geothermal wells, Vatles calderi, New Mexico (values in mg/kp except where noted. Locations

shown in Fig. 3: data fron Goft et al. (1985), Goff et al. (198K), Grigshy ct al. (1984). Shevenefl et al. (1987), Vuataz et ab. (1988), and White (19861
VC-2A data previously unpublished. *Acid-sulfate springs oceur at Sulphur Springs (Fig. 3). "VC-2A data are average of five analyses.

Hot springs

Geothermal wells

Acid-sulfaie springs’ Thermal meteorie springs Derivative Pore Duide?) Sulphur
hot springs Precambrian rocks — Springs Redondo Creek Outllow plne
Wamen's Main EE-3 WC23-4
Bathhouse Footbath — Speace San Antonie: Soda Dam - Jemez Fenton: Thompson
Spring  Spring Mot Spring  Hot Spring  Spring Spring Hill Ridye VC-2A"  Buca-13 Bacu-15 V- 15-1
Sample S-6-K0 5-4-80  VA-120 VA-128 VA-140  VA-2I6 V56 VA-114 — BA-1 BA-X VA-20M  VA-IS
Date 9IR() Y780 183 K3 1184 H4/85  SIRA 1/4/83 R2URT  G82 YIRIR2 YI5IRS 1179
Depth, m =300 21 490 10000 1 4832 152
Temperature, "C 90 kxl 423 41.3 46.8 73.7 =20 233 240 278 267 H 60.5
pH dieldy 1.40 110 7.60 788 6.71 6.90 6.67 7.10 6.20 7.30 7.12 7.06 069
Sin. 16K 214 ({31 74 47 91 156 450 RN 546 441 4 24
Ca 131 56 5.9 3 342 137 140 46.0 5.9 3.35 12.4 49 120
Mg 50.0 26.5 1.6 0.5 210 5. 9.8 .48 0.4 0.04 .02 17.8 Y.\
Sr 0.4 0.10 0.08 0.06 2.84 0.64 — 1.9% 0.76 0.14 013 1.33 .40
Na 18.9 LR 50 23 960 63X 4830 SR 1842 1146 1196 8K3 185
K 72 4 1.4 [ 160 68 730 1020 308 244 261 %S 9.9
Li 017 0.40 0.58 0.06 13.8 890 106 68.0 20.5 17.0 15.0 8.0 2
Rb 18] —_ <01 — I.X 0.7 —_ —_ 4.3 2.7 RN 0.4 ——
HCO, 0 () 140 §7.3 [Bht 745 1IO0 3R 273 168 4% 942 479
SOy 64(K) 7900 17.1 9.5 4 40.% St 98 55 42 29 56.8 38.0
Ci <t <l 8.2 7.0 1480 917 10500 9960 2043 1897 2093 964 243
a 5.2 10.6 0.76 0.79 333 4.99 2.3 13.8 5.68 7.2 5.5 3.94 3.30
iBr <0.4 <4 0.1 <{(.02 4.60 2.40 n 27.0 5.9 53 5.9 280 —
B 0.2 0.2 012 <0.01 121 7.34 72 96.2 25.6 17.0 17.0 8.55 2.20
As 0.04 — 0.05 — 1.5 0.7 18.3 7.8 1.92 1.6 23 <0 —
AD.% -60.8 -K2.1 —86.5 -91.6 -84.9 -81.9 - =718 -74.4 —%6.0 -84.0 ~KR.{)  -R59
A0 -R4AS 204 1225 ~12.70 -10.56 1046 — -5.05 -7.1 -10.0 8.7 -11.38  -ItR
MSe*Srm 0.7106014 —_— 0.708452 — 0721932 0.721742 — —_ 0.718670 0708423 0.709412 0.715220  —
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FIGURE 16—Plot of 8D versus 8™0 for alt thermal water types in the Valles caldera region (data from Vuataz and GolT. 19K6: Golt et .. 1988: and

unpubl.).

the geothermal rescrvoir comes from meteoric precipitation
and slow infiltration of cool ground water to depth, partic-
ularly from the basins of the northern and eastern caldera
moat. They also concluded that derivative thermal waters
in San Diego Canyon and beneath the southwestern plateaus
were mixtures of reservoir water and various cooler ground
waters (Fig. 16). Tritium data could only bracket the mean
age of reservoir water between 60 and 10,000 years, but an
appropriate analytical model has not been applied to the data
{e.g., Pearson and Truesdell, 1978). A *“Cl investigation of
a limited number of hydrothermal fluids in the caldera (Phil-
lips et ul.. 1984) concluded that the chioride of the decp
Valles hydrothermal fuid was in secular equilibrium with
tuffaceous reservoir rocks (half-life of **Cl=3 x 10° yrs).
From examination of thermal-water hydrogeology and
hydrogeochemistry in the many geothermal wells drilled
inside and outside the caldera (including CSDP corehole
VC-1), a reasonably accurate mode! of the configuration of
the present hydrothermal system in the Redondo Creek area
can be depicted (Fig. 17) (Faust et al., 1984; Goff et al..
1988). Metcoric precipitation recharges the hydrothermal
system, which equilibrates at depths of 2-3 km and at tem-
peratures of about 300°C in caldera-fill tuffs and precaldera
volcanic rocks. Thermal waters rise convectively to depths
of roughly 500~600 m before flowing laterally to the south-
west toward the caldera wall. A vapor zone that contains
steam, CO:, H.S, and other volatile components has formed
above a boiling interface at about 200°C. This interface is
the upper surface of a convecting liquid-dominated system.
Acid springs, mudpots, and fumaroles occur in a surface
condensation zone only a few mecters thick (Goff et al..

1987). The lateral flow system crosses the southwestern
caldera wall above Precambrian bascment through the Jemez
fault zone and semipermeable Paleozoic strata. Mixing of
reservoir water and other ground waters occurs along the
lateral Aow path to form derivative waters that issue as hot
springs or flow in subsurface aquilers southwest of the cal-
dera. An extremely good correlation is found in the "'Sr/
*Sr ratio between hydrothermal fluids and coexisting rocks
in the geothermal reservoir and its lateral low system (Vua-
taz et al. 1988).

The model in Fig. 17 is relatively simple in concept and
resembles gencral models of hydrothermal systems pre-
sented by Henly and Ellis (1983). However, we know the
hydrothermal system is more complex when examined in
detail. Smith and Kennedy (1985) and Trucsdell and Janik
(1986) demonstrated that the Redondo Creek arca contains
two somewhat discrete reservoir fluids with subtle differ-
ences in chemical and stable-isotopic composition and "He/
*He. A reservoir fluid (separate from Redondo Creek) or sct
of superimposed reservoirs exists bencath the Sulphur Springs
area that is being investigated in CSDP corcholes VC-2A
and VC-2B. Inverse variations bctween temperature and
chloride content and stable-isotope variations in the deriv-
ative waters southwest of the caldera demand that different
reservoir waters and different ground waters produce the
mixed waters that are observed (Goff et al., 1988).

Chronology of the hydrothermal system(s)

Hydrothermally altered rocks occur in precaldera volcanic
rocks throughout the central and southeastern Valles caldera
region (Fig. 18). Bused on surface mapping, crosscutting
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relationships of veins and intrusive rocks, and K—-Ar dates
on volcanic units. Wronkiewicz. et al. (1984) and Gardner
ct al. (1986) concluded that the gold-bearing quartz. veins
and hydrothermally altered rocks of the Cochiti mining dis-
trict in the southeast Jemez Mountains were formed about
6 Ma, considerably more recently than postulated by pre-
vious workers. Recent K-Ar dates by WoldeGabriel and
Gofl' (1989) on hydrothermal illites pinpoint this ¢vent at
6.5-5.6 Mu. The latter authors have used stable-isotopic
cvidence to argue that the epithermal deposit was formed
from a hydrothermal system composed predominantly of
meteoric water. Wronkiewicz et al. (1984) have demon-
strated from fluid-inclusion studies that the Cochiti veins
were formed at temperatures of about 195-375°C and that
the fluids had salinities of about 0-4.9 wt% equivalent NaCl.
Gardner ct al. (1986} also suggested that other hydrothermal
events occurred in the time (rame 10-7 Ma in Keres Group
mafic to intermediate rocks of the southern Jemez volcanic
ficld. but these altered rocks have been barely studied.

Hydrothermully altered. precaldera volcanic rocks along
the northern and western Valles caldera wall (Gardner ct
al.. 1986) and K-Ar dates on hydrothermal illites from
altered Paleozoic rocks in CSDP corchole VC-1 (Ghazi and
Wampler. 1987) suggest that other hydrothermal events may
have occurred between 6 and 1.12 Ma, associated with
volcunism of the Polvadera Group or with formation of the
Toledo culdera. The absolute ages of these events have not
been verified.

Much more is known about the evolution of the hydro-
thermal system created after formation of Valles caldera.
Goft and Shevenell (1987) applicd U-Th disequilibrium and
U-U dating techniques to the present and ancient traverting
deposits at Soda Dam hot springs to show that the hydro-
thermal system was initiated at about | Ma. Ghazi and
Wampler (1987) obtained a K-Ar date of 1.0£0.1 Ma on
hydrothermal illite from Paleozoic limestone at about 500
m depth in corchole VC-1. Geissman (1988) obtained a
reverse magnetic polarity of unique magnetic character on
hydrothermally altered Palcozoic rocks in VC-1 and con-
cluded that high-temperature (300°C) fluids permeated the
rocks 20.98 Mua. WoldeGabriel and Gofl (1989) dated
hydrothermal illite throughout the VC-2A core by K—Ar and
obtained ages ol 0.83 10 0.66 Ma. Because temperatures in
VC-2A arc still 200°C at only 400 m depth. these dates may
have been slightly reset and could reflect the minimum age
of initial hydrothermal activity.

Lateral flow has been a characteristic feature of the hydro-
thermal system during the last 1 Ma. Dates on the travertine
deposits of Soda Dam (Golt and Shevenell, 1987) and U-
Th dates on calcite veins in VC-1 core (Sturchio and Binz.
1988) indicate that hydrothermal fluids have discharged con-
tinuously from the caldera along the Jemez fault zone
throughout this period.

The age of the vapor cap above the liquid-dominated
rescrvoir is less constrained. Gofl and Shevenell (1987)
suggested that the vapor cap began to form about 0.5 Ma.
This age corresponds (o cessation of travertine deposition
of the oldest. farge travertine deposit at Soda Dam and
coincides with the age of breaching of the southwest caldera
wall and draining of intracaldera takes (Doell et al., 1968:

Niclson and Hulen, 1984). 1t is postulated that draining of

the lukes and resulting loss of hydraulic head on the hydro-
thermal system caused the maximum elevation of the hydro-
thermal fiuids in the geothermal reservoir to drop (Trainer,

[984). 1t so. this is a completely different hypothesis for
formation of vapor zones above liquid-dominated systems
than the “hydrothermal sealing and boiling-down™ theory
proposed by White ct al. (1971). Table 4 summarizes related
voleanic. hydrothermal, and geomorphic events of the Valles
caldera.

Intracaldera hydrothermal alteration

Well-zoned hydrothermal alteration and metallic nuneral
assemblages recognized in deep geothermal wells have proven
usctul not only for locating permeable fluid channcls in the
Valles hydrothermal system, but also for understanding how
that system has evolved with time. For example. we know
from detailed alteration studies based on drill cuttings (Hu-
len and Niclson, 1986a, b) that phyllic (guartz—sericite~
pyrite) alteration in the Redondo Creck arca is commonly
associated with widely spaced but active thermal-fluid cn-
trics, and that similar but impermeable phyllic zones rep-
resent anatogous channels now hydrothermally sealed. We
also know that the Redondo Creek sector of the active Valles
system (the “Baca™ geothermal system) and its alteration
are similar in many respects to fossil systems that formed
certain epithermal precious-metal ores.

Known areas of intracaldera hydrothermal alteration and
mincralization are concentrated at Redondo Creck and in
the Sulphur Springs arca. site of CSDP corcholes VC-2A
and VC-2B (Fig. 18). The two arcas differ considerably in
alteration mineralogy, texture. zoning, paragenesis, and in-
tensity. At Redondo Creek, for cxample. only widely scat-
tered fumarolces, gas sceps, and small patches of acid-sulfate
alteration indicate the liguid-dominated reservoir boiling at
depth (Dondanville, 1978). At Sulphur Springs, by contrast,
these thermal phenomena are much more concentrated, and
occur within a bleached wasteland devoid of vegetation
(Goft and Gardner, 1980; Charles ct al., 1986).

Alteration in the Redondo Creek sector of the Valles geo-
thermal system, from the surfuace through the basc of the
Miocene Paliza Canyon Formation, is of threc principal
types: argillic, phyllic, and propylitic (Fig. 19; Hulen and
Nielson, 1986a). Argillic altcration forms a weak to mod-
crate intensity. high-level blanket, mostly within the sys-
tem’s present vapor cap. and developed within formerly
permeable, non-welded tuffs and tutfaceous sediments. The
argillic zone is dominated by Ca-smectite, but includes sub-
ordinate, Rl-ordered, mixed-layer illite/smectite and kuolin.
All but kaolin were probably deposited under water-domi-
nated conditions, cven though the present water table is now
at a nominal depth of 500 m. Beneath the argillic zone,
pervasive propylitic alteration is dominant. Comprising the
assemblage chlorite—calcite-cpidote-albite—sericite—pyrite-
hematite—sphene (in various combinations). this propylitic
alteration is weaukly developed in the thick. intracaldera
rhyolite ash-flow-tufl’ sequence. but is moderately to strongly
developed in the intermediate-composition volcanic rocks
of the Paliza Canyon Formation; the deeper, more intense
propylitic alteration may be inherited in part from a pre-
caldera (Miocene, as in the Cochiti district?) hydrothermal
system. Phyllic alteration, as noted above, is tightly con-
fined to present and past thermal-fuid channcls. including
fault and fracture zones as well as discrete stratigraphic
aquifers.

The decpest well in the Redondo Creek arca (B-12: 3424
m) may have penctrated the base ol the active Valles geo-
thermal system. Below a depth of 2440 m in B-12, the rocks
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TABLE 4-—Geochronology of voleanic, hydrothermal, and geomorphic events associated with Valles caldera, New Mexico.

Event Ape Method Reference
1. Eruption of Tshircge Member, Bandelier Tufl; formation of Valles 112 Ma K/Ar Doeli ct al., [96K:
caldery. Tzett et al., 1981
2. Uplitt of resurgent dome: eruption of early rhyolites. ~1.0 Ma Inference Smith and Bailey, 1968
3. Emuption of northern are of postealdera mout rhyolites. 1.04-0).45 Ma K/Ar Doctl et al., 1968
4. Initial formation of Valles hydrothermal system and voluminous ~1.0 Mu Ul Golt and Shevenell, 1987
travertine deposit at Soda Dam. 1.0 My K/Ar Ghazi and Wampler, 1987
>0.97 Ma Paleomuag. Geissmun, 19K
5. Formation of Sulphur Springs subsystem of Villes hydrothermal system. Z40.83 Ma K/Ar WaoldeGubrie! and Gotl, 1989
6. Formation of Sulphur Springs molybdenite deposit. Z0.66 Ma K/Ar WoldeGabricl and Golf, 1989
7. Breaching of SW caldera wall: deep erosion of SW caldera moat zone, ~0.5 Ma Inference Doell et at., 1968:
Niclson and Hulen, 1984
~0.5 Mu K/Ar Hulen and Niclson, [98%a
8. Cessation ol voluminous travertine deposition it Soda Dan, 0.48 Ma ury Golt and Shevenell, 1987
9. Initial formation of vapor zone above liquid-dominated hydrothermsl 0.5 Ma Inference Golf und Shevenell. 1987

systen.

. Eruption of southern cluster of postcaldera moat rhyolites. 0.49-0.13 Ma K/Ar FT; Docil et af.. [968:

UrTh Marvin and Dobson. 1979;
Gardner ¢t al.. 1986;
Selt et al.. JURR
11 Partial filling off SW caldera breach. Z£0.65 Ma Palcomag. Guissman, 1988
<0.5 Ma K/Ar Hulen and Niclson, 19884
12, Formation of hydrothermal calcite veins along Jemez fault zone bencath >400-95 Ka UrTh Swrchio and Binz, 1URR
SW caldera ot
13. Late hydrothermal luorite vug in Sulphur Springs subsystem. ~ 150 Ka? Urth N. Swrchio, unpubl. dita
14, Second period ol travertine deposition at Soda Dam., 110-60 Ku Urth Goff and Shevenelt, 1987
15, Last pulse of thermal activity at Fenton Hill, 40-10 Ka Transicm Harrison et al., 1986
analysis
16. Final period of travertine deposition at Soda Dan, 5 Ka-Present Urth Gt and Shevenell, 1987

are esscntially devoid of veinlets and appear more meta-
morphic than hydrothermal; they contain high-temperature
phases such as diopside and actinolite (Hulen and Niclson,
1986a). possibly formed by isochemical thermal metamor-
phism. The appearance of these phases and the simultancous
disappcarance of veinlets coincide with a prominent change

10 LOOKING NORTHEAST
- B2l Bi7

872, 1

—

8 o in the downholc temperature profile from an upper, near-
% u isothermal convective signature to one characterized by a
7 §|  stecp conductive gradient of about 75°C/km.

i o The Redondo Creck sector of the Valles geothermal sys-
.L.s €] tem is similar in many respects to I‘os_sil systems which

g produced Creede-type (or adularia—sericite, or low-sulphur
8 51 typc: Barton ct al., 1982; Hayba et al., 1985) epithermal
‘: 5 2l silver/base-metal ores. The Valles and Creede-type systems
w are similar in terms of tectonic setting, host rocks, alteration

mincralogy and zoning, temperature range, fluid type, and
geochemical zoning (Hulen and Niclson, 1986a; White and
Heropoulous, 1983). The Creede-type systems, however,
are generally more saline than the relatively dilute Valles
fluids (40,000-120.000 vs. 5000-8000 ppm total dissolved
solids), and no Valles borehole has intersected orc-grade
stlver concentrations. However, argentiferous (up to 71 ppm)
pyrite is locally present in well B-17 (Fig. 19) and minor
amounts of pyrargyrite (Ag,SbS,} were discovered in the
upper levels of CSDP corchole VC-2B. Itis entirely possible
that the relatively widely spaced Valles geothermal wells
have missed intervening Creede-type deposits, or that such
ores may remain concealed in another part of the Valles
caldera complex. i
Fluids circulating in the Valles hydrothermal system just

/.“oull. approximately located but
shown as sobd hine for alary
- Borehole
- Major thermai Hnd entry

Propyliic_alteration
! oy weob
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FIGURE 19—Northwest-southeast alteration cross section through the
apical graben of the Valles caldera’s resurgent dome (from Hulen and

....... 2009 Statte asotherm

Nielson. 1986). Control provided by decp geothermal wells completed by
UNOCAL. For location of cross section refer 1o Fig, 18.

southwest of the Valles caldera may have intermittently sculcfl
portions of the Jemez fault zone through deposition of quart?
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and other hydrothermat phases. This “self-sealing™ appears
to have led to frequent hydraulic rupture of the Paleozoic
and Precambrian rocks penetrated by CSDP corehole VC-
I (Fig. 18: Hulen and Niclson, 1988b). The rupture is re-
corded by fluid inclusions with homogenization tempera-
tures exceeding those appropriate for a hydrostatic boiling-
point curve at the assumed depth of brecciation (see also
Sasada, 1988b). The overpressurized fluid responsible for
the brecciation apparently also led to intense quartz—illite—
phengite alteration and sparse molybdenite mineralization
in the resulting hydrothermal breccias.

Alteration and metallic mineralization in the Sulphur Springs
arca of the Valles caldera complex (Fig. 18) difter consid-
erably from their Redondo Creek counterparts. The Sulphur
Springs alteration is much more pervasive and intense. and
generally of higher grade than at corresponding levels in
the Redondo Creek area. Surficial alteration at Sulphur
Springs. mapped by Goff und Gardner (1980), has been
studicd in detail by Charles et al. (1986). who note that
typical acid-sultate alteration (kaolin—opal-pyrite-atunite-
miscellancous sulfates) is concentrated around active ther-
mal phenomena. Although this acid-sulfate alteration is the
surfuce expression of an underlying vapor cap on a deep,
liquid-dominuted geothermal system (Goff et al., 1985, 1987y,
it is supcrimposed on an older, higher-temperature, liquid-
dominated assemblage. Subsurface alteration in Sulphur
Springs area geothermal wells and scientific corcholes has
been characterized by Hulen and Niclson (1986b). Hulen
ctal. (1987). Sasada (1987}, Gonzalez and McKibben (1987),
Bayhurst and Janecky (1987). and Janecky et al. (1987). In
the northern part of the Sulphur Springs area. as exemplifed
by borchole B-8. a high-level. mixed-layer illite/smectite
zone overlies an intermediate-depth phyllic interval which
in turn overlies an unusual adularia—illite~quartz—cpidote
zone (Hulen and Nielson, 1986b). The illite in this zone is
late-stuge, replaces adularia, and is believed to indicate a
shift toward more acidic conditions after adufaria deposi-
ton.

Hydrothermal alteration of the rocks penetrated by CSDP
coreholc VC-2A is the most intense and pervasive yet en-
countered in any Valles borchole. The alteration is separable
into an intense, upper phyllic zone (0-163 m depth) and a
subjacent, mostly moderate-intensity chlorite-sericite zone
(163528 m; Fig. 20. Hulen ct al., 1987). The high-level
phyllic zone is notable in containing a unique occurrence
of poorly crystalline molybdenite, locully reaching concen-
trations of 0.56 wt% in scattered breccia zones. The mo-
lybdenitc occurs in veinlets and vugs intergrown with quartz,
sericite, fluorite, and pyrite, and locally with traces of rho-
dochrosite, sphalerite. and chalcopyrite. Fluid-inclusion ho-
mogenization temperatures obtained for quartz and fluorite
intergrown with the molybdenite suggest that it was depos-
ited from dilute liquid at temperatures averaging about 200°C
(Hulen et la.. 1987: Sasada. 1987; Gonzalez and McKibben.
1987). )

Clay mineralogy and zoning in VC-2A support fluid-in-
clusion data in suggesting that a high-temperature, liquid-
dominated reservoir once extended up to. and probably above.
the level of the present ground surface in the Sulphur Springs
arca (Hulen and Niclson, 1988b), even though the system
is now vapor-dominated to a depth of at lcast 240 m. Textural
evidence from VC-2A core suggests that the high-temper-
ature alteration postdated or accompanied the waning stages
of resurgent doming. Baca-8, located north of VC-2A, has

shown a similar cooling and drop in the water table (Hulen
and Nielson, 1986b). Wells in the Redondo Creek area also
show cooling of 50-100°C relative to past activity; this
temperature decline has been attributed to draining of an
intracaldera lake (Hulen and Nielson. 1988b).

Intense sericitization affects the uppermost in-place rocks
penctrated by the VC-2A corehole. This high-level sericite
is principally R3-ordered, illite-rich, mixed-layer illite/smectite
(I/S), which, according to the methods of Srodon (1980)
and Srodon and Eberl (1984), contains an average 5-10%
interlayer smectite. Numerous clay studies (e.g., McDowell
and Elders, 1980; Steiner, 1968; Muffler and White, 1969)
in active geothermal systems worldwide have shown that
tllitic 1/S of this type forms under water-dominated condi-
tions at temperatures near 200°C. This is also the approx-
imate average homogenization temperature for prinary fluid
inclusions in quartz and fluorite intergrown with the sericite
at high levels in VC-2A. Thus. both fluid-inclusion and
sericite geothermometer data indicate that the present vapor-
zone cvolved rom a much higher-temperature. liquid-dom-
inated precursor.

Conclusions

The major conclusions that we would like to stress are
as follows:

1. The Jemez volcanice ficld has been continuously active
for more than 13 Ma and volcanic rocks are predominantly
calc-alkaline in composition. Although basaltic to rhyolitic
rocks have been produced. the most voluminous pulses of
activity consisted of two-pyroxene andesite crupted from
about 10 to 7 Ma and high-silica rhyolite erupted from 1 .45
to 0.13 Ma. Petrogenesis of the older volcanic sequences
involved mostly fractional crystallization, although magma
mixing and melting of lower crust were involved in some
of the more silicic rocks. Volcanism is intimately related to
tectonic activity assoctated with the RGR and the JVL.

2. High-sitica rhyolite ignimbrites crupted from the
cvolving “*Bandelier™ magma chamber were first produced
as carly as 3.64 Ma from the approximate center ol the
volcanic field. It is now known that the Valles caldera com-
plex contains at leust two small and two large calderas, but
the carlier collapse features have been nearly obliterated by
Valles caldera (1.12 Ma). Several petrologic studics indicate
that the Bandelier magma chamber is compositionally zoned,
but the petrogenesis of the chamber (estimated volume at
least 3000 km') is still not resolved.

3. The subsurface structure of the calders complex is
controlled by northeast-trending structures associated with
the earlier RGR and JVL. Drill holes throughout the south-
western sector of the caldera and gravity modeling over the
entire caldera indicate that the caldera-fill sequence is threc
or more times thicker than originally proposed and that the
depth of the caldera floor is asymmetric, relatively shallow
on the west and deep on the cast. As a result, the interior
structure of the resurgent dome is much more complex than
previously thought. Drilling results have not verified that
resurgence occurred after the comparably sized and coin-
cident Toledo caldera (1.45 Ma). Structural models and
petrologic studies indicate that the roof of the Bandelier
magma chamber was at a depth of 5-6 knmy when the Tshirege
Member was vented and that the eruption temperature varied
from 700 to 850°C.

4. The highest convective heat low and subsurface seis-
mic attenuation in the culdera complex occur in the south-



western sector coincident with the main zones of hydrothermal
upflow and the youngest moat rhyolite eruptions (<0.5 to
0.13 Ma). Two different investigations in the thick Precam-
brian section on the west caldera margin indicate that sub-
surface temperatures bencath the caldera may be increasing.
If so, the “reheating™ must be caused by evolution of the
ncw batch of “mafic” rhyolite in the southwestern moat.
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5. The Valles hydrothermal system is configured like most
volcanic-hydrothermal systems the world over. The basic
hydrologic elements consist of local meteoric recharge,
equilibration at temperatures approaching 300°C, convec-
tive upflow along faults and fractures, and lateral flow along
structures that cut the southwestern caldera wall (Jemez fault
zone). A vapor zone and acid-sulfate condensation zone

~
& Alteration Vein-Forming Phases
Lithologic < oo <%
RS
Description :,i 4\,\'\73‘:\\/‘ \,ot\(,\(
Q #ON A

o

LANDSLIDE DEPOSIT

VOLCANICLASTIC SAND-
STONE WITH INTERBEDDED
?L/C,_(T‘CRETIONARY LAPILLY

FELSIC ASH-FLOW TUFF
QUARTZ PHENOCRYST-RICH

DEBRIS FLOW DEPOSIT -
VOLCANICLASTIC _,/’ .

SANDSTONE

FLTS <

fre

FELSIC ASH-FLOW TUFF,
QUARTZ PHENOCRYST-RICH

Facour TueF— (it
~

FELSIC ASH-FLOW TUFF, —we

QUARTZ  PHENOCRYST-RICH

VOLCANICLASTIC
SANDS TONE

FELSIC ASH-FLOW TUFF,
QUARTZ PHENOCRYST-
RICH

FALLOUT TUFFS

FELSIC ASH-FLOW TUFF, e
QUARTZ PHENOCRYST-RICH

Z

BRECCIAS —

LAG

~ "
]

““rier

Depth (Fft X 102

7

|
|

|

L]

2z

W

&

FELSIC TO INTERMEDIATE — N
COMPOSITION ASH-FLOW 5 i
TUFFS; OUARTZ PHENO-— 3 : A —| |— 3
CRYSTS SPARSE TO ABSENT 9 3
282 5276 —_— —_— 4———4-4-17.33
/DENSELV WELDED CPROJEC TED) —emmm

MOOERATELY FLY—FAULT
~ WELDED TR ——TRACE f y T g Y &
I THIC-RICH TONE RN — RNODOCHROSITE [¢) 50 100 150 200 220
SP-——SPHALERITE
P CHALC OPYRITE o,
"~ pOORLY WELOED 2,105 C—-«é\fza:mr: Temperature ( C)
TO NON-WELDED e SORDISITE -
FIGURE 20—Generalized lithologic. structural, alteration. and vein-mineralization log for CSDP corchole VC-2A, Sulphur Springs, Valles caldera

(modified from Hulen et al., 1987).




N < = e o~ e -

E-]

Al
Ba
B
Ch
Ch
ln
Do
o

‘it

404

originate from subsurface boiling (200°C) above the liguid-
dominated reservoir inside the caldera. The fateral flow sys-
tem produces a subsurface tongue of mixed reservoir water
and cooler ground waters in Palcozoic rocks around the
southwestern caldera margin. The areal extent of the geo-
thermal reservoir inside the caldera is 10 to 30 kni*, but
permeability is extremely localized. About 20 MW(e) was
proven by UNOCAL before they terminated their lease in
1984.

6. Episodic hydrothermal events have occurred in the
Jemez volcanic field for about the last 8 Ma (e.g.. the Cochiti
gold—silver district at 6.5-5.6 Ma). The Valles hydrothermal
system has been continuously active for the fast | m.y.. but
the vapor zone first formed about (.5 Ma. Creation ol the
vapor zone is apparently linked to breaching of the south-
western caldera wall by the ancestral Jemez River. draining
of intracaldera lukes. and resulting loss of hydraulic head
on the liquid-dominated hydrothermal reservoir.

7. Hydrothermal alteration and orc mineralization in Valles
caldera resemble those found at many fossil calderas hosting
economic ore deposits. Alteration style ranges from ad-
vanced argillic to anhydrous calc-silicate, depending on depth
and location. Sccondary mineral assemblages and fluid-in-
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clusion studies indicate temperatures of formation and sa-
linities similar to those presently occurring in the hydrothermal
system, although a complex cvolutionary history can be
unraveled. Sub-ore-grade molybdenite (up to 0.56 wt% MoS:)
is the primary ore mineral found so far, but Cu, Pb, Zn,
Mn, and Ag minerals have also been recently identified.

First-day road log:
Tectonic and magmatic development of the
southern Jemez volcanic field

Summary—The route of the first day takes us across the
southern Jemez Mountains where we will sce representatives
of most precaldera magma types described by Gardner (1985)
and Gardner ct al. (1986). Although most of the rocks we
will took at today are of the Keres Group, the group also
contains rocks petrologicatly analogous to rocks of the Pol-
vadera Group. We will also view the Pajarito fault zone,
which is a major active fault along the Rio Grande rift, and
deposits of the Cochiti Formation. Much of the early tectonic
activity in the volcanic field’s history can be interpreted by
analysis of the Cochiti deposits.
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Overpass at junction [-25 and US-285 on south side
of Santa Fe. Head south on 1-25 into the southern
Espanola Basin of the Rio Grande rift. Between
1:00 and 3:00 in distance are the Jemez Mountains.
In middle distance are the low hills of the Cerros
del Rio. At 10:00 are the Ortiz Mountains; the white
scar marks the Ortiz gold mine.  19.6

On left are the Cerrillos Hills, consisting of Oli-
gocene voleanic rocks and plutons known for their
turquoise mines. On right, roadcuts of Santa Fe
Group and basalts of Cerros del Rio. 3.8

Santo Domingo Basin of the Rio Grande rift comes
tnto view with Suandia Mountains on skyline. 1.4
Head of La Bajada grade, a fault scarp separating
the Santo Domingo and Espaiola Basins, 1.3
Exit on turnoff’ #264 toward Cochiti Pueblo. 0.2
Turn right on NM-16. 0.9

Zia Sandstone of Oligocene age (white outerops) at
base of La Bajada fault on right. 5.1

Junction with road to Cochiti Lake: continue on
NM-16. 2.0

Junction with NM-22. Turn right toward Cochiti
Pucblo. 2.6

Turn left toward Cochiti Pucblo on NM-22. 1.7
Turn right on Forest Rouad (FR) 266 (dirt road)
toward Bear Springs. 1.2

Rift-fill gravels on hills at right. 1.3

Bandelicr Tuff overlies rift sedimentary rocks on
right. 2.3

Turn right on dirt road toward white cliffs. 0.1
STOP 1. Peralta Tuff Member of the Bearhead
Rhyolite. Park anywhere on dirt roud. This is the
type arca for the Peralta Tuff Member of the Bear-
head Rhyolite (Bailey ct al., 1969). Here the bed-
ded, high-silica rhyolitic pyroclastic rocks are mainly
reworked or water-lain tuff's with subordinant fullout
and flow units (Fig. 22). The wif was apparently
vented from within a dome and flow complex of
high-silica Bearhead Rhyolite about 10 km north-
west of here. Sanidine from pumice lumps. col-
lected about 200 m north of here, yiclded a K-Ar
age of 6.85+0.15 Ma (Gardner ct al., 1986). The
Peralta Tuft forms a prominent stratigraphic marker
in the southern Jemez Mountains, and as such ap-

WIS SN Daae. °

FIGURE 22—Peralta Tuff type section; Jower Peralta Canyon, Jemez

Mountains. View to north.
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proximates the somewhat arbitrary boundary. at about
7 Ma, between the Canovas Canyon and Bearhead
rhyolites (Gardner et al., 1986). These two rhyolite
formations are the products of a continuum of high-
silica rhyolite volcanism from 13 to about 6 Ma.
The Bearhead Rhyolite represents an appurent vol-
umetric pulse that postdated most of the voluminous
andesitic activity of the southern Jemez Mountains.
Working within the rift basin to the south, Kelley
ct al. (1976) included the tuffs at this locality as a
facies of the Santa Fe Group rift-fill sequence. Thesc
are also some of the most photographed *tent rocks™
in New Mexico.

Turn vehicles around and retrace route to Co-
chiti Pueblo. 4.9
Turn left on NM-22 toward Cochiti Dam. 1.6
Junction, turn left on FR-268 toward town of Co-
chiti Lake. 2.1
43.1 STOP 2. Vista of the southeastern Jemez Moun-
tains. Park on right side of road just beyond summit
of hill. From this vantage point we can look west-
northwest and see Tertiary to Quaternary domes and
tgnimbrites of the southeastern Jemez, volcanic ticld
(Fig. 23). The rounded hills are primarily andesitic
and rhyolitic domes of the Keres Group (>13-6
Ma). Bearhead Peak is the type locality of the Bear-
head Rhyolite. Cerro Boletas is a sequence of bed-
ded rhyolite tuffs of the Bearhcad Rhyolite. Cerro
Picacho is yet another Bearhead dome and St. Pe-
ter's Dome is a complicated pile of andesitic lavas
and interstratified volcaniclastic rocks (both to right
of photo). Low places in volcanic rocks of the Keres
Group were subsequently fitled by the mesa-form-
ing Otowi and Tshircge Members of the Bandelier
Tuft (1.45-1.12 Ma) crupted from the Toledo and
Valles calderas. The visible scarp is the Pajarito
fault, which has been periodically active in this arcu
over the last 16 Ma. In the forcground are various
sedimentary units that are mostly Quaternary in age
and have been shed from the Jemez Mountains to-
ward the Rio Grande.

Continue straight ahcad (FR-268). 1.2
Golf course on right; begin dirt road. 0.8
Junction FR-289 on right: continuc straight ahead
on FR-268. 1.4

£
—
< B

N
o
—

P CcP SD
8! i = 3 5 o

(A
-] “
-
ta S o
; he Yoo, 3 %4‘ -
FUPE R R M

FIGURE 23—View 1o west-northwest of southeastern margin of the Jemez
volcanic ficld: BP = Bearhead Peak. BC = Blund Canyon, CC = Cochiti
Canyon, CB = Cerro Boletas, CP=Cerro Picacho, and SD=St. Peter’s
Dome.
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of the Bandelier Tuff, we can see ridges of Paliza
Canyon andesite cut by faults of the Canada de
Cochiti fault zone (east to southeast). Borrego Mesa,
basalt capped with andesite (9 Ma: Luedke and Smith.
1979) (south-southeast); the transition {rom the Al-
buquerque Basin of the Rio Grande rift to the Colo-
rado Platcau (south to southwest); a distant Mount
Taylor, the next volcanic field of the Jemez linca-
ment to the southwest: and the Nacimicnto Moun-
tains. a Laramide structure (southwestern to western
skyline).
Continue ahead on FR-10. 2.1

87.0 Poorly exposed Triassic red shales of Chinle For-
mation. 0.1

87.1  Turn left on FR-271 toward Paliza Canyon. 0.5

87.6 Gravels of Cochiti Formation on left. 0.4

88.0 STOP 10. Dacitic plug and Cochiti Formation
deposits. Pull off along side of road beyond cattle-
guard. This volcanic plug is one of several in the
southern Jemez Mountains that show geochemical
similarities to dacite of the Tschicoma Formation.
Petrologically, these dacites appear to have becn
gencrited by mixing of andesite and high-silica rhy-
olite. magmas. This plug probably intruded sur-
rounding Cochiti Formation gravels. which are well
exposed about 100 m farther up the canyon. This
is close to the western limit of the Cochiti For-
mation. Here the maximum thickness of the im-
mature basin-fill sequence is about 30 m, but the
formation thickens to over 300 m eastward into the
rift.

Turn around and retrace route toward south.

0.9

88.9  Junction with FR-10: turn right and retrace route
(about 12 mi) back to NM-4: turn right and drive
about 22 mi to Los Alamos.

Second-day road log:
‘Tectonic and magmatic development of the
northern Jemez volcanic field

Summary-~This day's ficld trip focuses on rock types
and stratigraphic relationships of the northern Jemez vol-
canic field. The basic stratigraphy for the area was estab-
lished by Bailey et al. (1969) and Smith et al. (1970).
Volcanic rocks range in age from 10.8 to 2.0 Ma and in
composition from basalt to rhyolite. The earliest rocks arc
predominantly basalts (but include minor volumes of dacite)
erupted in the eastern part of the arca 10.8-9.2 Ma ago
(Fig. 27). The sources for the basalts included several broad
shicld cones. These basaits were followed (7.9-7.4 Ma ago)
by a suite of rocks runging from basalt to dacite erupted in
the western part of the area. Evolved rocks of this suite
were probably derived from the basaltic endmember by a
combination of fractional crystallization and assimilation of
granitic crust (Singer and Kudo, 1986). Rocks from both
of thesc areas were defined as Lobato Basalt by Bailey et
al. (1969) und Smith et al. (1970). Because of the range of
compositions (basalt to dacite), Baldridge and Vaniman pro-
pose to rename this unit Lobato Formation. In addition. a
single dome of rhyolite (“"Early Rhyolite” of Loeftler et al.,
1988) was crupted 7.5 Ma ago.

Large volumes of andesites, ducites, and rhyodacites were
erupted 6.9-2.3 Ma ago. K-Ar dates define two main pe-
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FIGURE 27—Generulized stratigraphic relations of volcanic units in the
northern Jemez valeanic field. Units are arranged schematically from west
(left) to cast (right). Note, however, that distribution of Txchicoma For-
mation is portrayed simplistically; much overlap of older and younger
dacites actually oceurs. A schematic topographic profile is shown across
the bottom of the figure.

riods of activity: 6.9-3.5 and 3.3-2.3 Ma ago. Rocks of
the older phase of activity. which consist mainly of horn-
blende- and biotite-bearing dacites. many containing mafic
clots, arc exposed predominantly in the western part of the
arca. Flows on the northern flank of the Valles/Toledo cal-
deras were crupted from highlands (named by us the *pre-
caldera highlands™: Baldridge et al., 1987) that existed in
the arca presently occupied by the calderas. These highlands
subsequently collapsed and were buried during caldera for-
mation, leaving only the flows on the lower slopes exposed.
Fewer dacitic lavas from the highlands are recognized after
the first rhyolitic ignimbrites were erupted from the devel-
oping Bandelier magma chamber at 3.6 Ma.

Rocks of the younger phase consist both of hornblende-
and biotite-bearing dacites and of relatively anhydrous da-
cites, many ol which are clot-free. These younger dacites
crupted both from the precaldera highlands and from a group
ol domes and fows in the eastern part of the area. Flows
from the precaldera highlunds were erupted as recently as
2.18 Ma (Heiken et al., 1986). This timing overlups with
carly rhyolitic ignimbrites from the Bandelier system (San
Diego Canyon ignimbrites of Turbeville and Self. 1988),
indicating that multiple magma chambers still existed be-
neath the central volcanic field at that time. Small quantities
of basalts were erupted 4.6-4.4 Mu ago. The areal and
temporal ¢xtent of this phase of basaltic activity is poorly
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characterized at present. A single dome of rhyolite (“inter-
mediate chyolite™ of Loeftler et al., 1988) was erupted at
5.8 Ma. Both the carly and intermediate rhyolites are prob-
ably related to the Keres Group rhyolites (Canovas Canyon
and Bearhead Rhyolites) south of the Toledo/Valles calderas.

In the northern part of the area, basaltic lavas (El Alto
Basalt) were erupted between 3.2 and 2.8 Ma (Baldridge
ctal.. 1980: Manlcy. 1982). contemparaneously with ncarby
dacite domes of the Tschicoma Formation. The close spatial
and temporal association suggests a close petrological re-
lationship. In addition, three rhyolite domes (El Rechuelos
Rhyolite) were erupted 2.0 Ma ago. Although extrusion of
these domes occurred while precursor rhyolitic ignimbrites
wecrc being erupted from the Bandclier magma chamber, Sr-
and Nd-isotopic data suggest that the El Rechuelos was not
derived from the upper-crustal Bandelier chamber, but rather
from lower-crustal magma chambers. The origin ot this
rhyolite is compatible with fractional crystallization from a
basaltic parent with concomitant assimilation of small amounts
(<6%) ot lower crust (Locffler ct al.. 1988).

Note: The following trip is divided into three main and
two optional segments. If it is desired to complete the trip
in onc day. only segments A, C, and E should be followed.
Two days are required to complete all segments. All seg-
ments are on poorly to non-maintained dirt roads: four-
wheel-drive vehicles are strongly recommended!
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Segment 2A: US-84/285 to Forest Road 427

Mileage

0.0 Junction of US-84/285 und Forest Road (FR) 144
{District 7 Headquarters of New Mexico State Po-
lice), 0.1 mi (160 m) north of stop light at junction
of US-84/285 and NM-584. Espafiola. Drive west
on FR-144. 0.3

0.3 For the next 4 mi (6.6 km) the road ascends onto
a series of successively older geomorphic surfaces,
labeled (from lowest to highest) Q4 to Q1. These
surfaces formed over the periods 130 to >80, 240
to 150, 350 to 240, and 1100 to >350 ka. respec-
tively, in response to climatic variations and down-
cutting during the Pleistocene (Dethieret al., 1988).
9.0

9.3 Sharp curve to left; begin steep uscent. You are
crossing the trace of the northeast—southwest-trend-
ing Santa Clara fault zone, part of a transfer fault
connecting the Espaiola graben with the San Luis
graben to the northeast (Aldrich, 1986). Eight ki-
lometers to the southwest, this fault zone merges
with the north-south-trending Pajarito fault zone.
Cerro Roman, the ridge to the cast, is the remnant
of a Lobato shield cone. 1.7

11.0  Basalts of Clara Pcak. The basalt here, part of the
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Lobato *Formation,™ is olivinc-phyric and hyper-
sthene-normative (P533 and P534, Table 5), with a
K-Ar age of 9.99 +0.27 Ma (P533). It was erupted
from i shield cone on the mesa directly above (one
of several shield vents from which basalts of the
Lobato “*Formation™ were crupted). For the next
1.4 mi (2.2 km) you wiil be driving through the
subsurface conduit of this vent.

0.2

t1.2 Subvoicanic plug underlying the Clara Peak shield
cone. This basalt (P551. Table 5) is the intrusive
equivalent of the flows on the mesa above. 0.6
11.8  Cinders. inferred to be an interior part of the Clara
Peak shield cone. intruded by the basaltic plug.
0.6
12.4 STOP 1. Lobato Basalt. This stack of thin How ’
units separated by scoriaceous rubble (Fig. 29) rep- - ' T ) ot
resents a cross section through Clara Peak shicld FIGURE 29—Thin flow units of ‘t?l{V|n3:-phyrlc. hypcrslhcnc-nf)frl?ufnvc
o L . hasalt, probably representing a cross section through the Clara Peak shicld
cone. The basalt is an olivine-phyric. hypersthene- "
normative tholeiite (P552. Table 5). equivalent to
other basalts associated with the Clara Peak center.
Here the basalt contains resorbed crystals of quartz. foreground are remnants of older (up to 6.6 Ma)
Low hills in the foreground to the west (Los Cerri- domes(?) and flows of dacitic lava. The low terrain
tos, Fig. 30) are underlain by dacite (of the Lobato to the west is formed on Tschicoma andesitic lavas
“Formation™) dated at 9.6 = (0.2 Ma (P75, Tablc 5). (approximately S Ma) that fiowed to the north along
The peaks in the background (including Polvadera paleovalleys.
Peak and Tschicoma Mountain) are younger (<4 The palcovalleys followed a set of major faults
Ma) dacites of the Tschicoma Formation. Gallina along the western margin of the Rio Grande rift.
Mesa is underluin by a dacite flow. dated at Chunnels along these faults persisted after Tschi-
3.900.15 Ma (P68), which was vented from near coma time and provided the major northern route
the top of Tschicoma Mountain. 2.1 for Bandclicr ignimbrites (crupted at 1.45and 1.12
14.5  Lobato dacite is exposed in low outcrops along the Ma). which form the butl-colored columnar-jointed
south side of the road (P74, Table 5). This dacite platcau in the middle ground to the north. In the
contains phenocrysts of hastingsitic homblende (with middle distance to the northwest is a 7.5 Ma rhyolite
cores of orthopyroxene) and of plagioclase (Fig. dome. the oldest rhyolite in the northern volcanic
3. 2.3 ficld (Stop 4). Beyond and to the north s Cerro
16.8  Canyon at bottom of Gallina Mesa Hlow. For the Pedernal. capped by 7.8 Ma basalt flows of the
next 7.mi (1.2 km) you will drive along the surface Lobato “Formation™ (Manley, 1982), and thick strata
of the Gallina Mesa flow. This dacite is character- of the Colorado Platcau above Abiguiu Reservoir.
ized by phenocrysts of hastingsitic hornblende. In the lur distance to the north are the Tusas and
plagioclase, and in some samples biotite: and mi- Sun Juan Mountains.
crophenocrysts ol bronzite, augite, magnetite, and Walk 160 m farther west to a small dirt road,
occasionally apatite (Fig. 31). 14.8 then 160 m south to the rim of the Toledo embay-
31.6 STOP 2A. Overview of the northern Jemez vol- ment.
canic field and Rio Grande rift/Colorado Plateau STOP 2B. Panorama of the Toledo embayment
margin. The high pcaks to the northeast (Fig. 32). and Valles caldera. Duc south is the large Cerro
including Polvadera Peak (3.13 +0.07 Ma) and Cerro Toledo rhyolite dome (1.38 Ma; Heiken et al.. 1986).
Pelon (2.96 =0.27 Ma). are younger dacitic domes In the distance to the southwest is the far rim of the
of the Tschicoma Formation. The low hills in the Valles caldera. 24 km away. The Redondo resurgent
TABLE 5—Major-clement compositions of selected voleanic racks from the northern Jemer, volcanic licd,
Early North  Tschicoma  Cerra Lobato Ducite - North  Cerrito Clara Peak Shicld
Rhyulite  Rim Mt Petlon — 7  Rim  Chato
Py P52 P6Y P71 P74 P75 P79 P9y F212 P430 P487  PS3Y PS34 PSS PS§2
SiO: TI6K S840 6594 65.68 6432 6563 60.94 6485 5225 5103 SLAL 4K59 0 5103 SL74 5132
TiO; 01.25 0.88% 0.56 0.57 057 056 086 0.60 148 L300 120 140 125 19 120
ALOL 1391 1586 13.29 IS70 1640 1651 1648 1503 1680 17060 1650 ISES 1602 1053 15497
Fe.0n 179 6.2 3.93 4.04 409 401 547 4.5 920 1037 847 1086 YOX 1014 96K
MnO 0.07 .12 0.07 007 007 D07 009 0.08 — 006 003 007 016 005 04
MO 0.26 362 1.72 1.95 1.99 Q.05 2.59 2.29 5.84 7.3 5.39 7.33 7.01 7.12 .84
Cu0 1.29 6.25 3.67 308 407 427 489 42 845 039 %73 1008 ROK O KR O3
N, O 3.98 3.63 2.78 i 332 3.33 2.97 3.66 4.46 3.29 32 2.49 2.583 37 3.7
K0 388 208 318 203 204 HOR 2N 276 153 064 FY8 074 GRY 086 0.9y
P.O: 0,03 0.4% 0.22 025 026 026 043 023 e 024 06l 029 0 025 oM
Tol  99.16  97.63 9736 9829 97.23 98.67 9743 9826 10071 [00.KD UR.I6 YTRI 9TTY Y999 YK.93
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FIGURE 30—Panorama of Tschicoma terrain from Stop .
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dome dominates the middle of the caldera; from this
observation point you are looking along the south-
west-trending axial graben which cuts the resurgent
dome. The rhyolitic domes of Cerro Santa Rosa
(0.88 Ma), Cerro San Luis (0.69, 0.82 Ma), and
Ccrro Seco (0.73 Ma; Docll et al., 1968) lic within
the northern moat of the caldera. To the cast, the
dacites of Tschicoma Mountain (3.2 +0.1 t03.7+0.2
Ma: P47 and P69, respectively, Table 5) are high
on the rim of the Toledo embayment.

The origin of the Toledo embayment is still un-
certain. 1t may be partly tectonic, partly erosional,
and partly the result of Tschicoma pyroclastic erup-
tions which deposited dacite pumices (2.5 0.1 Ma)
in the Puye Formation to the cast. The Otowi Mem-
ber of the Bandelier Tuff may lic buried within the
embayment, but the major deposits within the em-
bayment arc the Cerro Toledo Rhyolite domes. on-
lapped by a thick sequence of the Tshirege Member
of the Bandelier Tuff (1.12 Ma). The Tshirege partly
filled the Sunta Clara paleocanyon but has since
been deeply eroded. The ridge on which this stop
is located is underlain by flows from the precaldera
highlands, which once occupied the region of the
Toledo embayment. These flows. which form the
northern rim of the Toledo embayment, range in
age from 2.3 to 4.2 Ma. The flow which caps this
ridge (P52, Table 5) is a distinctive dacite with
remnants of olivine crystals (Fos:). probably inher-
ited from a basaltic magma which was petrograph-
ically similfar to the Lobato and El Alto basalts. A
small remnant of the precaldera highlands may be
preserved within the embayment as Cerro Rubio
dacite (2.2-3.6 Ma), a pair of ducite plugs at the
far castern end of the embayment (Table 1: Gardner

&
L3

FIGURE 3[—Mincral compositions for Lobato dacite, Gallina Mesa low,
and Early and El Rechuclos Rhyolites.
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etal., 1986, Heiken ct al.. 1986), which are hidden
behind the Cerro Toledo Rhyolite domes and the
Bandelier Tuff. 0.4

lying in the valley (forcground). The white rocks
cropping out in the canyon walls to the cast (right)
of Canones at the same clevation are Abiquiu For-

32.0  Turn right onto FR-27. Clot-rich Tschicoma dacite mation of late Oligocene to early Miocene uage,
extends for the next 1.9 mi. 0.7 deposited in broad basins during an carly phase of
32.7 STOP 3. Clot-rich dacite. Park at junction with rifting. The bounding faults along which the Abi-
minor road to right. Mafic clots are common in quiu was displaced downward underlic Cafones.
dacites of the Tschicoma Formation. but they arc The Bandclier Tuft, capping thc mesa to your left,
rarely as large or as abundant as they arc in this flowed down paleovalleys excavated along these
unit (P79, Table 5). These clots have generally been rift-bounding faults. The nearest mesa to the right
interpreted as remnants of quenched malic magma consists of Tschicoma dacite, with internal structure
that was mixed into a more silicic host (Eichelber- that indicates flow from the southeast. The farther
ger. 1980}, This clot-rich unit. dated at 4.2 Ma. is mesa behind it is capped by El Alto Basalt dated at
one of the major dacite lows from the precaldera 2.8 Ma (Manley., 1982).
highlands. The ruin of Tsiping. a prehistoric Tewa pueblo,
Continue to left (northwest). 1.8 is visible on the mesa capped by Bandelier Tuff to
34.5 STOP 4. Dome of early rhyolite (7.5 Ma; Loeftler the left. Occupied during the |3th and 14th centuries
etal., 1988). This rhyolite (P8, Table 5) is unusual A .D.. Tsiping had over a hundred ground-floor ma-
in that it contains phenocrysts of plagioclase, bio- sonry rooms constructed of cut blocks of Bandelicr
tite. and edenitic amphibole. but not quartz or atkali Tufi. A line of “caveate™ rooms hollowed out of
: feldspar. The compositions of these phenocrysts (Fig. the soft tulf is visible at the base of the escarpment
; 30) are similar to those of Tschicoma ducites. Another mmediately below the main pucblo. Fifteen or more
( rhyolite plug tIntermediate Rhyolite, 5.8 Ma old) “kivas™ (subtcrrancan ceremonial chambers) were
: occurs 2 km to the southeast, and the El Rechuelos also excavated into the tuff bedrock along the west-
! Rhyolite domes (2.0 Ma) lic a few kilometers to ern edge ol the pueblo. Tsiping was a fortified vil-
} the cast and northeast (Stop 6). Each of these three lage. Protected on the north, east, und west by a
v rhyolites 15 chemically and petrographically dis- vertical escarpment, a high masonry wall protects
s tinctive, but all three appear to have originated from the sitc on the south.
mafic magmas with little crustal assimilation (Loef- Return to FR-27. 0.8
fler et al., 1988). 0.8
" 35.3  Road crosses onto the Tshirege Member of the Ban-
Al deher Tuff, which extends for the next several miles.
By 8.5
e 43.8  Turn left onto small track. 0.8
- 44.6 STOP 5. Overview of western margin of Rio
. Grande rift (Fig. 33). The broad valley in the dis-
Cn tance is underlain by coatinental red beds of the
bn Chinle Formation (Triassic). Above it. the Entrada
b Sandstone and overlying gypsum of the Todilto For-

73

mation (Jurassic) form 4 very prominent white marker
unit over wide arcas of the Colorado Plateau. The
Morrison Formation (Jurassic) forms the slopes and
benches above the Todilto. Above the Morrison is
the Dakota Sundstone (Cretaceous), which crops out
as a clifi-forming unit capping the mesas.

The Entrada and Todilto Formations arc visible
in the cliffs northeust of Canones, the small village

i
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45.4 Junction with FR-27. Turn left. 2.1

47.5 Junction with FR-422. Bear left and continue on
FR-27. 1.7

49.2  Junction of FR-27 and 427. Bear left on FR-27 for
continuation of onc-day trip: refer to Segment 2C
of road log. Turn right onto FR-427 for Optional
Segment 2B.

Optional Segment 2B: El Rechuelos Rhyolite dome

Milcage
0.0 Junction of FR-27 and 427. Follow FR-427 (main
track) to south (see map, Fig. 34). 4.3
4.3 STOP 6. Middle dome of the El Rechuelos Rhy-
olite (2.0 Ma). End of road. This is a very finc-
grained biotite rhyolite (Fig. 31), which is distinc-
tive from the Early Rhyolitc of Stop 4. The El
Rechuclos Rhyolite is higher in Si0; and KO (P22,
Table 5) and has lower overall REE contents. Nd-
and Sr-isotopic data indicate that the El Rechuclos
Rhyolite is derived from fractional crystallization
of basalt similar to that of the Lobato **Formation,”
combined with assimilation of a small amount of
lower crust (Loefficr et al., 1988).
Obsidian remnants within the banded perlite arc

!
ORTHERN /

N
\, DOME {

visible along the flanks of the rhyolite dome. Ob- /'/
sidian—perlite associations in the El Rechuclos Rhy- \
olite were used by Fricdman and Smith (1958) to \.\
study deuterium-hydrogen relations. They deduced \ ~.
that the water in obsidian is largely magmatic, ~ *
whereas the additional water in perlite is meteoric. N
The dacites (3.7-6.6 Ma) across the canyon to \\‘
the west form an older and lower terrain. The younger h
dacite flanks of Potvadera Peak (3.1 Ma) lie bencath
the El Rechuclos Rhyolite to the cast.
Return to FR-27.
MIDDLE
DOME
Segment 2C: Forest Road 427 to Forest Road 31 POL';@ ADKERA
Mileage \\ }//
0.0 Junction of FR-27 und 427. Bear left on FR-27. ‘; g
1.4 71N
1.4 STOP 7. Cerrito Chato. This is a dome. dated at 0 ) 1MILES
3.81 £0.19 Ma. of hornblende-biotite dacite with 0 ! 1 KILOMETERS

minor pyroxenc (P99, Table 5). To the north is Cerro
Pelon, a younger (2.96 +£0.27 Ma) dacite veat with FIGURE 34—Map of Scgment 2B of road log.




S FFE O DA e e o~ e

5]

Che

D

Do

“nie

a well-preserved steep flow lobe emanating from
the central crater, which breached to the south. The
dacite from Cerro Pelon is similar in composition
to that of Cerrito Chato, but contains augite and
orthopyroxene with minor hydrous minerals (P71,
Table 5). A similar petrographic relationship occurs
throughout the younger (3.3-3.2 Ma) Tschicoma
Formation: the hydrous mafic minerals which are
abundant in the earlier dacites are largely absent
from the later. Absence of hydrous minerals from
the youngest dacites probably reflects decreasing
Pu,o in these magmas. If this difference in water
pressure results from evolution of the youngest da-
cites at the shallowest depths, then the younger
eruptions came from chambers at <2 kb (<7 km,
assuming Py,o=Puaw). 2.7

4.1 Flow of the El Alto Basalt. The El Alto basalts,
which include both hypersthene- and nepheline-nor-
mative types, were erupted approximately concur-
rently (3.2-2.8 Ma; Baldridge et al.. 1980; Manlcy.
1982) with young dacite domes of the Tschicoma
Formation, such as Cerro Pelon (Stop 7).

Junction of FR-27 and FR-31 (Vallecitos Road).

Turn left for continuation of one-day trip; refer to
Segment 2E of road log. Tura right for Optional
Scgment 2D.
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FIGURE 35—Map of Segment 2D of road log.

Optional Segment 2D: Lobato Mesa
Mileage

0.0 Junction of FR-27 and 31 (Vallecitos Road). Pro-
ceed south (see map, Fig. 35). 4.1

4.1 Junction of FR-3! and FR-418. Turn left. 4.3

8.4 Junction with FR-418A. Turn right and continue
bearing to right (south). Road ascends fault scarp.
2.1

10.5 STOP 8. Lobato basalt and overview of the Rio
Grande rift. Park along edge of meadow. Walk 0.3
mi to the south-southecast along ridge crest and de-
scend approximately 100 ft ta view point. The flow
exposed along this ridge is hawaiite, dated at 9.2 +0.2
Ma (P487, Table 5). It is typical of the youngest
flows on Lobato Mesa. which in general are slightly
more evolved than most of the Lobato **Formation™
on Lobato Mesa. The source of this flow was a
broad vent 3.3 km to the north-northwest. which
was subsequently downfaulted some 130 m relative
to the block on which this stop is Jocated. The platy
structure which characterizes this flow and other
hawaiites of the Lobato “*Formation™ probably re-
sulted from alignment of plagioclase microlites dur-
ing flow.

Across the canyon to the south, a section of more
than 30 flows is exposed (Fig. 36). These flows
consist of fine-grained, olivine-phyric tholeiitic ba-
salt of fairly uniform composition. The lowermost
fow (P430) is dated at 10.8 0.3 Ma and an upper
flow (P465) at 10.1 0.3 Ma. We interpret these
tlows to be part of a shicld cone (La Sotella shicld),
the central vent of which was located on the ridge
crest | km west ol the exposure. Evidence for a
shield structure comes mainly from topography and
from the uniformity of basalt compositions, both
vertically und arcally. Subsequent faulting displaced
these flows 120 m upward refative to the vent. The
central vent was bisected by & normal fault. The
western half was displaced at least 190 m downward
and is now buried beneath the alluviem in the small
valley west of the fault scarp. The La Sotella shield
cone is onc of a small number of shicld vents from
which basalts of the Lobato *‘Formation™ were
erupted.

To the cast is an excellent overview of the Es-
panola Basin. The Sangre de Cristo Mountains in
the far distance mark the castern side of the Rio
Grande rift. The rift is filled dominantly with con-
tinental sediments of the Miocene Santa Fe Group,
which in the foreground consist mainly of acolian
sands (Ojo Caliente Sandstone Member of the Te-
suque Formation; Galusha and Blick, 1971; Dethier
and Manley, 1985). In the middle distance is Black
Mesa, capped by a 2.8+0.4 Ma (Maniey, 1976)
basalt flow that was erupted from the Taos volcanic
tield and flowed down the channel of the ancestral
Rio Grande.

Return along same route to FR-31.

Segment 2E: Forest Road 27 to US-84
Miteage

0.0 Junction of FR-27 and FR-3! (Vallecitos Road).

Proceed north. 3.1
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FIGURE 36—Scction through La Sotelly basaltic shield cone as seen fram Stop 8, showing individual lavat flows (where discernible). Fault somewhere
near base of section duplicates lower part of section. Dots show sample location. Dashed line is limit of photomap base. Inset: $i0; composition of
flows (only alternate flows analyzed). Location of Fig. 36 is shown in Fig. 35.

3.1

Flow of El Alto basalt. This hawaiite flow (F212,
Table 5). which extends 6 km to the northeast, flowed
down the ancestral channel of Abiquiu Creek. It
now caps Mesa de Abiquiu, which at its northern
end is 224 m above Abiquiu Creek and the Rio
Chama. This low, K~Ar dated at 3.2 Ma (Baldridge
et al., 1980), contains xenoliths of pyroxenite and
megacrysts of plagioclase and orthopyroxcne (Bald-
ridge, 1979). 0.6

Ford Abiquiu Creek and turn right. Sediments of
the Santa Fe Group are exposed along the sides of
this canyon. Lobato basalts cap the mesa to the left;

~Ne
O\ OC

the Mesa de Abiguiu flow (El Alto) is on the right.
3.1

Bear left. 0.8

Junction with US-84. Turn right and drive about
36 mi to Los Alamos.

Third-day road log:

Bandelier Tuff, Valles caldera, and resurgent dome

Summary—The route of the third day will begin with a
distal view of the Bundelier Tuff (Smith and Bailey. 1966)
and will progress toward the rim and center of Valles cal-
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FIGURE 37—Route map. Day 3.

dera. The ignimbrites will appear more welded with each
stop and we will have an opportunity to look at some base-
surge deposits. Within the caldera we will discuss early and
present models of caldera development and structure, look
at the youngest moat rhyolites. und wander into the Redondo
Peak resurgent dome. From within the Redondo Creck gra-
ben we will begin our detailed discussion of the intracaldera
stratigraphy. structure, hydrothermal system. and alteration.

Mileage

0.0 Hilltop House parking lot at the junction of NM-
502 (Trinity Drive) and Central Avenue, Los Ala-
mos. Drive east on NM-502. In the distance (east)
arc the Sangre de Cristo Mountains forming the cast
flank of the Rio Grande rift. 3.3

3.3 Clinton P. Anderson Memorial Overlook. The cliffs
are composed of the Tshirege Member of the Bun-
delier Tuft. Cerro Toledo Rhyolite tuffs and the Otowi
Member of the Bandelier Tuff are mostly buried by
talus. Pink. sculptured sediments of the Rio Grande
rift can be seen in the middle distance between the
mesas. These sediments are part of the Santa Fe
Group of Miocene age. 1.1

4.4 Junction with NM-4; continue straight ahead (east).
0.9 :

5.3 STOP 1. Guaje Pumice and late Tertiary stra-
tigraphy. Park in large turn-out, right side of high-
way. Guaje Pumice Bed of the Otowi Member of
the Bandelier Tuff overlies 2.4 Ma basalt in roadcut
on lelt (Fig. 38). Note soil developed on top of
basalt. In the slopes and cliffs above the basalt,
about 100 m of Bandelier Tuff is exposed. The
Guaje Pumice Bed is about 7 m thick here. but the
bed is commonly as much as 10 m thick on the east
side of the mountains. Underlying the slopes and
cxposed in gullies to the base of the clifts are about
50 m of nonwelded Otowi ash flows. At the base
of the clifts is | m of fine-grained ash fallout of the
Tsankawi Pumice Bed of the Tshirege Member. and
above are 50 m of partly welded Tshirege ash flows.
In the upper 30 m of columnar-jointed tuff, at least

cight distinct flow units scparated by sandy partings
and pumice concentrations are discernible.

Rocks exposed in lower Los Alamos Canyon are
typical of sequences along the length of White Rock
Canyon. They record interfingering stratigraphic re-

-, "

"® = T "™ GUAJE PUMICE BED-+
. R -_ ) .. x-..‘ ‘, ."‘; £

; 1 "F " ‘
Qe |28 MYR BASALT
AN e e
FIGURE 38—Phaoto of the Guaje Pumice (1.45 Ma). the ash-fall unit at
the base of the Otowi Member. Bandelier Tuft. The pumice hed overties.
a thin soil horizon. lake deposits and olivine basalt and pillow breceia (2.4

Mu) of the Cerros del Rio voleanic field.
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lations between lavas and tuffs of the Cerros del
Rio volcanic field with rift-basin sedimentary units
(cspecially those derived from the Jemez volcanic
field). regional tilting. uplift. and erosion of the
Espadola Basin in the late Cenozoic, and the Qua-
ternary pyroclastic deposits erupted from the Vailes
and Toledo calderas. Locally, there were inter-
actions between magma and meteoric/surface waters
resulting in phreatomagmatic tuff rings: lava flows
crupted within the course of the ancestral Rio Grande
repeatedly dammed it to produce lakes in which
lacustrine-deltaic sedimentary sequences were de-
posited. The geology of the small area included in
Fig. 39 illustrates this complex history.
Sedimentary units of the lower Puye Formation
(Waresback. 1986) comprise a volcaniclastic apron
shed from the northeustern margin of the Jemez
volcanic field. The roadeuts along NM-502 expose

coarsc debris-flow and fluvial facies (plus minor tutf

and facustrine facics) containing a high proportion
of Tschicoma andesite to dacite clasts. The Totavi
Formation, which underlies the Puye Formation, is

Po2e

a%a%"
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similar but also contains a significant fraction of
Precambrian clasts, carried southward by the an-
cestral Rio Grandce. Transport directions of fluvial-
sediment systems were dominantly south-southeast.
The debris-flow dominated unit (Ts1) is abruptly
succeeded in this area by a lacustrine sequence (Ts2)
that overlies an erosion surface and grades upward
from dark, thinly laminated silts, through lighter
colored sandy beds, to fluvial gravels with southerly
transport directions and dominantly Precambrian
clasts (derived from reworking of the Totavi). This
sequence records the damming of the ancestral Rio
Grande and filling of the consequent luke basin.
The basalt flow that formed the drainage obstruction
is exposed to the southeast on the rim of Los Alamos
Canyon. The paleotopography of the lake basin is
recorded by the geometry of this sediment package,
which thins to the cast, north, and west from a
maximum local thickness of 30 m.

At 2.4 Ma (Baldridge, 1979), a basaltic eruption
west of the map area produced a lava flow and
associated dark-green, thinly laminated basaltic wff

0.25 kilometers

OJ.25 miles

FIGURE 39—Detailed geologic map of northern rim Los Alamos Canyon. Map units: Ts1 and T52 = informal units of Puye Formation (voleaniclastic
facies of the Tschicoma Formation, Polvadera Group). The fower unit (181 consists of coarse debris flows, tils, and Huviad sediments dominated by
material derived from contemporancous Tschicoma andesite and dacite voleanic constructs 1o the west. The upper unit (Ts2) is an upward-coarsening.
lucustrine silt w0 Nuvial pebble-conglomerate sequence deposited in a fuke basin, QTh=hasalt Java Now and pillow breccia, tocally forming well-
developed casi-dipping foreset beds (vent located | mi west). QTts = titfaceous sedimentary units related o cruption and subagueous emplacement of
hasalt QTb. A basaltic i (0.2-3 m). locally fluvially reworked. has been overridden by the hasalt and associated pillow breccia, Lava and tuff are
averlain by green lacostrine silt (gypsum-hearing) deposited in lake hasin dammed by the basalt (QTh). Qbtl and Qbtu = Otowi and Tshirege Members
of the Bandelier Tulf. Dips in stumped and tilted Bandelicr Tull in northern part of the map area are 15-25°,
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(<1 m) that spread across a braided-stream system
in the map arca. Where the basaltic ash was de-
posited within channels, it was reworked, mixed
with clastic sediment. and filled these palcochannels
to thicknesses >3 m. As the basalt How moved
castward it overrode the tuff, which exhibits both
brittle and soft-sediment deformation (see roadcut
exposurcs ncar water tank). The river became
dammed to the south by the lava and the flow front
became a pillow-palagonite delta. Eastward-dip-
ping forcset beds of this delta are spectacularly ex-
posed in Los Alamos Canyon south of the water
tank. Ashy sediment. forming the green lacustrine
shale unit, filled the lake to a level which locally
topped the lava flow.

The Bandelier section is in pluce where it rests
on the basalt flow. but northeast of the flow front
it is thinned by erosion of the Otowi Member prior
to cruption of the Tshirege Member and it is al-
lochthonous. having slumped extensively. The green
lacustrine shales have acted as a highly deformable
decollement; the underlying basaltic tuft is virtually
undeformed by post-Bundelicr slumping.

Turn around and go west on NM-502. 0.8

6.1 Junction with NM-4; return toward Los Alamos on
NM-502. 2.0

8.1 STOP 2. Pueblo Canyon and Cerro Toledo Rhy-
olite tuffs. Park vehicles in turn-out on right side
of road where canyon view fades away. Walk right
(north) toward canyon rim. From this vantage point
we can look into Pucblo Canyon, named for the
many Indian ruins that occur here (Fig. 40). The
tip of the near mesa displays a beautiful exposure
of Tshirege Mcember of the Bandelier Tuft (1.12 Ma)
overlying bedded air-fall and reworked tuffs of the
Cerro Toledo Rhyolite (1.45-1.20 Ma). These in
turn overlic Olowi Member of the Bandelier Tuff
(1.45 Ma). The “Toledo tuffs™ are missing to the
left of the scene where the Tshirege Member rests
dircctly on the Otowi. The Toledo tutfs were vented
from domes erupted within the Toledo caldera and
Toledo embayment (Smith ct al., 1970; Heiken ct
al.. 1986; Stix et al.. 1988).

Continue west on NM-502. 2.6

FIGURE 40— View northwest into Pueblo Canyon showing Tshirege Mem-
ber, Bandelier Tuff, overlying bedded pyroclastic rocks and tuffuccous
sediments of the Cerro Toledo Rhyolite. Note that Cerro Toledo Rhyolite
has been cut out at left of photo and that Tshirege rests on the Otowi
Member.

10.7 Keep left on NM-502 (Trinity Drive). 0.8

11.5 Ashley Pond on right; one of the old sites of the
Manhattan Project. 0.9

12.4  Junction with Diamond Drive, turn right. 1.2

13.6  Turn left into the parking lot of the Church of Christ
and park; backtrack along sidewalk south to cliff
face exposed on Diamond Drive.

STOP 3. Surge deposits in the Tshirege Mem-
ber, Bandelier Tuff. The proximal. welded. upper
part of the Tshirege Member here contains beds of
pyroclastic surge material with prominent cross-
bedding (Fig. 41). Thicknesses of these surge units
reach 0.5 m. These units oceur in the upper cooling
unit of the Tshirege Mcmber, which has a gray color
because of welding. The crystal-rich surge beds are
intimately related to welded flow units. Sparse lithic
clasts of rocks from the Jemcez volcanic field occur
in the ignimbrite. These surges may be either ground
surge deposits left by the passage of flow units or
surge layer deposits at the edge of the flows chan-
neled down local drainages (Self et al.. 1987). Flow
direction was roughly castward, perpendicular to
the outcrop face.

Turn right (south) on Diamond Drive and rcturn
toward Los Alamos. 1.2

14.8 Junction with NM-502. continue straight ahead over
bridge. 0.4

15.2  Junction with NM-501 (West Jemez Road). turn
right. 0.2

15.4  Muin catrance to Los Alamos National Laboratory
on left. 1.0

16.4  Surge deposits in Tshirege Member, Bandelier Tuft
on right. 0.2

16.6 Junction with FS-i (Camp May Road): turn right.
0.3

16.9 Keep left on FS-1. 0.3

17.2 STOPA4. Pajarito Plateau overlook. Turn left into
parking lot at top of stecp grade. The escarpment
below our vantage point marks the Pajarito fault.
which extends 50 km along the cast side of the
Jemez Mountains and is one ol the main displace-
ments on the west side of the Rio Grande rift. The
Pujarito fault in this arca has been intermittently
active throughout Pleistocene time. It has displaced
5-4 Ma dacites of the Tschicoma Formation as much

; PR
FIGURE 4!1—Surge beds between flow units of the Tshirege Member,
Bandclier Tuft, along Diamond Drive. Los Alamos. Thickness of surge
deposit is about 30 ¢m.




as 300 m and the Bandelier Tuft 100-150 m. Below
the escarpment of the Pajarito fault, the Pajarito
Plateau stretches eastward. The town of Los Alamos
and the Los Alamos National Laboratory sit on the
Tshirege Member of Bandelier Tuff on, or adjacent
to, several fault strands of the Pajarito fault zone
(Gardner and House, 1987). In the near distance is
White Rock Canyon, gorge of the Rio Grande. and

Just beyond are the Cerros del Rio, composed of

Pliocenc and Pleistocene basaltic rocks that are cov-
cred locally by distal Bandelier Tuff. On the skyline
are the Sangre de Cristo Mountains which border
the east side of the Rio Grande rift.

Ignimbrites blanket the southwest segment of the
Espanola Basin, one of the sedimentary basins of
the Rio Grande rift. The Espafiola Basin is asym-
metric in configuration: being deepest on the west,
next to the Pajarito fault and becoming shatlower
to the east. Depth to Precambrian basement just cast
of the escarpment is estimated to be about 3.5 km,
A 3-7 w-m resistivity low between 2 and 3 km
depth adjacent to, and east of, the fault suggests
that warm and/or saline fluids exist in Paleozoic-
Mesozoic rocks, probably Madera Limestone above
basement (Goff and Grigsby, 1982). Many scismic
reflectors of continuous horizontal extent above the
busement interface also suggest as much as 1.5 km
of Palcozoic-Mesozoic rocks. Tertiary fill is esti-
mated to be roughly 1400 m thick overlain by 600 +
m ol Puye Formation and Bandelier Tuft (Budding.
1978: LANL unpubl. data, 1979; Williston, McNeal
and Associates. 1979).

The Tshircge Member of Bandelier Tuff at this
location is densely welded because of proximity to
its source in Valles caldera. Pumice fragments are
flattencd and chatoyant blue sanidine and clear quartz
phenocrysts are conspicuous.

The mountainous highlands that flank the castern
margin of the Valles caldera are made up of dacitic
to rhyolitic volcanic rocks of the Tschicoma For-
mation. The Tschicoma Formation in this part of
the volcanic tield consists of coalescing lava domes
with little or no pyroclastic rocks. Individual lava
{tows can often be recognized by their basal flow
breccias and/or zones of dark cryptocrystalline de-
vitrification. The interior of the lava flows is de-
vitrified and in some cases has undergone vapor-
phase alteration.

The oldest recognized unit is a thick accumula-
tion of Jow-Si rhyolites (or rhyodacites) in the Ren-
dija Canyon and Guaje Mountain arcas. These
thyolites typically contain 72% SiO.. 2.60% Fe:Os;.
120 ppm Rb, and 300 ppm Sr. Phenocrysts make
up 1[~16% of the rock and include quartz, plagio-
clase. anorthoclase. sanidine, biotite, sphene. and
zircon. Quartz is often wormy and feldspar phe-
nocrysts are characterized by disequilibrium tex-
tures. Clots of andesite and dacite and xenocrysts(?)
of hornblende. clinopyroxene. uand orthopyroxcne
are minor (<1%) contaminants. A K-Ar age of
4.55%0.22 Ma was obtained for sanidine from the
thyolite (date courtesy of F. W. McDowell, Uni-
versity of Texas, Austin).

The low-Si rhyolite is overlain by two-pyroxene
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dacites at Pajarito Mountain. These dacites increase
in SiO; content upsection from 66% to 69% and
are relatively potassic (~3% K.0). These dacites
have 10-24% phenocrysts consisting of plagio-
clase. clinopyroxene. and orthopyroxene. Plagio-
clase crystals have sieve and skeletal textures. The
rims of pyroxene phenocrysts are sometimes altered
to hornblende. Xenolithic clots made up of sub-
hedral and interlocking clinopyroxene and otho-
pyroxene are common in these rocks. A K-Ar age
of 4.81 +0.53 Ma was determined for plagioclase.
This age overlaps that for the low-Si rhyolite; thus,
the two units were probably erupted in close succes-
sion.

Hornblende-bearing dacites crop out at Cerro
Grande. These hornblende dacites arc chemically
and petrographically distinct from the two-pyroxene
dacites at Pajarito Mountain. The dacites of Cerro
Grande are slightly less siticeous (63-66% SiO,)
than those at Pajarito Mountain. They are also less
potassic (2.7 vs. 3.0% K:0) and more iron-rich (4.3
vs. 3.7% FexOyy). The hornblende dacites contain
~20% phenocrysts, consisting of plagioclase, horn-
blende, and orthopyroxene. Clinopyroxene is found
only in trace amounts. The stratigraphic rclations
between the hornblende-bearing and two-pyroxene
dacites arc not known, but a published age of 3.67
Ma (Dalrymple et al.. 1967) for the dacites of Cerro
Grande suggest they are the younger unit.

The southernmost cxposures of Tschicoma For-
mation occur at Sawyers Dome on the southeast rim
of the caldera. Sawyers Dome is made up of horn-
blende-bearing andesite and dacite. SiO; contents
of lavas range from 62% near the base of the dome
to 66% at the top. The rocks of Sawyers Dome are
crystal-rich (32-34% phcnocrysts) and have a phe-
nocryst assemblage of plagioclase, hornblende, and
minor orthopyroxene. The youthful morphology of
the dome suggests an age younger than hornblende-
bearing ducites of Cerro Grande. Unfortunately,
critical contacts between the two units are covered
by Bandelicr Tuff,

Turn right on Camp May Road and return to
NM-501. 0.6
Turn right on NM-501. 2.9
Junction of NM-501 with NM-4 (“*Back Gate™);
turn right toward Jemez Springs. 0.6
Small turnout on left in hairpin turn affords another
spectacular view of the Pajarito Platcau. 0.7
Pumiceous flow top of Tshircge Member, Bandelier
Tuft, on right. 1.2
Hornblende-bearing dacite flows of Cerro Grande,
Tschicoma Formation, on right. 1.0
Frijoles Canyon on left. Thick accumulations of the
Bandelier Tuff ponded in this arca in a low on the
pre-Bandelicr topography. 2.4
Road to St. Peter's Dome on left. Continue straight
ahead on NM-4. 0.8
East rim of Valles caldera; descend into Valle Grande.
1.3
STOP 5. Valle Grande overlook into Valles cal-
dera. Park in turnout on right side of road adjacent
to yellow sign. Valles caldera formed 1. 12 Ma dur-
ing catastrophic eruption of approximately 300 km’




FIGURE 42—Panoramic view of Valle Grande looking northwest toward the resurgent dome of Redondo

of ignimbrite of the Tshirege Member. Bandelicr
Tuff. By comparison, the amount of ash released
during the May 1980 cruptions of Mt. St. Helens
is estimuted at <2 km*. From this vantage (Fig. 42)
we can gaze across Valle Grande. the eastern section
of the caldera ““moat,” toward the broad mountain
of Redondo Peak (3460 m) forming the castern seg-
ment of the resurgent dome. This segment is really
a northeast-trending ridge that includes the knob of
Redondito (see Figs. 7 and 18 for geology and geo-
morphology). The resurgent dome is composed pri-
marily of densely welded Bandelier Tuff that was
uplifted during postcaldera tumescence of the vol-
atile-depleted Bandelier magma chamber (Smith and
Bailcy. 1968: Smith. 1979). Dips on foliations in
the ignimbrite are generally south to southcast on
the Redondo Peak scgment of the dome. The re-
lations between the tilted ignimbrites of the resur-
gent dome. overlying volcaniclastic rocks and
lacustrine deposits. and postealdera rhyolites indi-
cate that resurgence probably occurred within 50—
100 Ka after caldera formation (Doell ¢t al., 1968
Smith et al.. 1970; Hulen ct al., 1987).

Visible postcaldera. ring-fracture rhyolites of the
Valles Rhyolite that partly surround the resurgent
dome ure Cerro del Medio (1.04 Mu), Cerro del
Abrigo (0.89 Ma). Cerro Santa Rosa (0.88 Ma).
Cerro la Jara (0.50 Ma). and South Mountain (0.49
Ma). These rhyalites range from crystal-poor (Cerro
del Medio) to coarsely porphyritic (South Moun-
tain), but all are high-silica rhyolites (c.g.. San
Antonio Mtn. Rhyolite, Table 1). Geochemical data
presented by Spell (1987) indicate that they were
derived from Bandelier parental magma.

Geothermal development and the cooperative
agreement between UNOCAL and the U.S. De-
partment of Energy have provided drill-hole and
geophysical data that give us an interesting picture
of subsurface caldera structure. The gravity model
of Segar (1974) indicates the floor of the caldera is
very asymmetrical, being shallow on the west and
deep in the cast (Fig. 9): this model is veritied by
drill-hole data in the western and central caldera.
The model also indicates a series of steep. northeast-
trending gravity gradients that are probably precal-
dera structures inherited from the Rio Grande rift
(Golt. 1983; Niclson and Hulen. 1984; Hciken ct
al.. 1986; Aldrich, 1986). Depth to Precambrian
basement west of the ring-fracture zone beneath
Valle Grande is estimated at 5000 m.
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If you look northwest between the extension of
the resurgent dome and Cerro del Medio, you can
sce the northwest wall of the caldera (about 18 km
distant) formed primarily of Tschicoma Formation
dacites overlying hydrothermally altered Paliza
Canyon Formation andesite and dacite. The caldera
waull immediately to our right is formed of Tschi-
coma Formation, but to our left is formed mostly
of Paliza Canyon Formation. The exception is Rab-
bit Mountain (1.43 Ma), part of the Cerro Toledo
Rhyolite that was vented after formation of Toledo
caldera (1.45 Ma).

Several lines of evidence indicate that the Toledo
caldera, which erupted 300-400 km* of the Otowi
Member, Bandelier Tuff. is coaxial with the Valles
caldera. This evidence includes isopachs on the Guaje
Pumice Bed (Sclf et al.. 1986). radial distribution
of the Otowi Member around the present Valles
caldera (Smith et al.. 1970). fow-dircction indi-
cators in the Otowi Member (Potter and Oberthal,
1983). an arc of post-Toledo-age rhyolite domes
exposed in the northern moat of Valles caldera (Gofl
etal.. 1984). and the thick sequence of Otowi Mem-
ber beneath the Valles resurgent dome (Nielson and
Hulen, 1984). The feature denoted as Toledo caldera
on the northeast margin ol Valles caldera by Smith
ctal. (1970) represents some other structural feature
(sce Self et al., 1986, and Heiken et al., 1986) and
has been renamed the Toledo embayment (Gott et
al.. 1984).

Continue southwest along NM-4. 3.9
Sheceted, devitrified core of South Mountain rhyolite
flow on right. 1.9
Several outcrops of bedded ash-fall tutt (El Cajete
Pumice) arc cxposed for the next 2 mi. They com-
prise the only extensive postcaldera ash-fall erup-
tion in the Jemez Mountains. 1.5
View of Tshircge Member, Bandelicr Tuff, along
upper west wall of San Diego Canyon in far dis-
tance. 2.2
Cross East Fork of the Jemez River. 0.2
STOP 6. Southern moat-rhyolite stratigraphy.
Purk along lcft side of road near head of short grade.
Exposcd in downward succession in roadeut (Fig.
43) are three members of the Valles Rhyolite: (1)
vitrophyric blocks of cotluvium of the Banco Bonito
Rhyolite, (2) well-bedded ash-fall tuff and ignim-
brite of the El Cajete Pumice. and (3) a coarsely
porphyritic flow of South Mountain Rhyolite.

The Banco Bonito Rhyolite is the youngest erup-
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Peuk and northward toward the northern moat rhyolites and Cerro Rubio. in the Toledo embayment.
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tion in Valles caldera (0.13 Ma; Marvin and Dob-
son. 1979) and forms a 7 km long sequence of four
flow units that filled a paleovalicy in the southern
moat of the caldera (Manicy and Fink, (987; Goff
etal.. 1986). The El Cajete Pumice (0.15 Ma) fills
in topography on the South Mountain Rhyolite at
this location but the main dispersal direction of the
pumice and ash was to the southwest (Self et al.,
1988). El Cajete Pumice is casily distinguished from
Bandelicr pumice because the fatter does not have
obvious, visible biotite phenocrysts but does have
chatoyant-bluc sanidine phenocrysts. South Moun-
tain Rhyolite (0.49 Ma) is very frothy and perlitic
at this locality. The Banco Bonito Rhyolite, El Ca-
Jete Pumice, and Battleship Rock Tuff arc consid-
cred to be one co-magmatic suite of rhyolites
according to Self’ et al. (1988), but sec discussion
at Stop 5. Day 4.

Two previously unrecognized moat rhyolites were
discovered during drilling of CSDP corehole VC-
I, located about 4 km west of here (Golf et al.,
1986). Onc is named the VC-1 Rhyolite, a slightly
porphyritic obsidian (0.365 Ma). and the other is
named the VC-1 Tuffs, which consist of three flow
units of lithic-rich ignimbrite (<0.49 but >0.365
Ma). South Mountain Rhyolite, VC-1 Tuffs, VC-1
Rhyolite, Battleship Rock Tuff, and Banco Bonito
Rhyolite fill a palcocanyon in the southern caldera
moat that was 335 m deep (Gofl et al., 1986; Hulen
and Niclson, 1988a).

FIGURE 43—The bedded ash-fall and ash-flow deposits of the El Cajete
Member of the Valles Rhyolite overlie crosional topography on South
Muuntain Rhyolite and underlic colluvium of porphyritic obsidian of the
Banco Bonito Member.
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Compositionally, the youngest moat rhyolites
composed of the VC-I Tuffs, VC-1 Rhyolite, Bat-
teship Rock Tuff, El Cajete Pumice, and Banco
Bonito Rhyolite arc distinct from other members of
the Valles Rhyolite because the former have less
$10, but more Fe;0, (total), MgO, CaO, and P.Os
(water-free basis, sce Table 1) (Gardner et al., 1986).
The youngest moat rhyolites also have relatively
low *'Sr/*Sr compared to other Valles rhyolites (sec
Vuataz ct al., 1988). Thus, the youngest mout rhy-
olites are probably not derived solcly from the Ban-
delier magma chamber. According to Ankeny ct al.
(1986). the southern moat zone appears to be the
best location for a present (liquid) magma chamber
and the geothermal features of the caldera are fo-
cused toward the southwest quadrant of the caldera
(Sass und Morgan, 1988).

Continue west on NM-4. 1.0
Road ascends onto top of Banco Bonito Rhyolite
(0.13 Ma). L8
Junction with FR-1850 on left; CSDP corchole VC-
1is 0.8 mi (1.3 km) south trom this point on FR-
1850. 1.2
Turn right on Redondo Creck roud. 0.7
Locked gate to Baca Land and Cattle Co. NOTE:
Access by special permission only; do not tres-
pass. Continue only if on approved ficld trip. 0.3
Banco Bonito Rhyolite on right. South edge of re-
surgent dome on left. 0.8
Redondo Flats, a vallcy formed at the mouth of the
Redondo Creek graben, on right. 0.7
Enter Redondo Creck graben. Redondo Peak on
right, Redondo Border on left. 0.9
Well pad to Baca-12 on left. This was the decpest
well in the old Baca geothermal lease of UNOCAL,
reaching a depth of 3211 m and bottoming in hydro-
thermally altered Precambrian granite. 0.4
Old UNOCAL headquarters building on right. 0.9
STOP 7. Redondo Creek graben and Baca-6.
Park along road and walk into clearing bounded by
retaining walls on left. This beautiful site was cleared
in the early 1980s for construction of a 50 MW(e)
geothermal power plant (Fig. 44). UNOCAL in-
tended to sell power to the Public Service Company
of New Mexico, but after drilling 24 geothermal
wells only 20 MW(e) was proven. The project wis
terminated in 1984 because of lack of permeability
and the threat of lawsuits by various Indian pueblos
over water-rights issues (Kerr, 1982; Goldstein and
Tsang, 1984). The turbines intended for use at Valles
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FIGURE 44-—View northeast up the Redondo Creek graben from the
former site of Baca-6 well (marked by pole). The gravel embankment and
cement retaining wall at the back of the clearing protected the site of the
proposed 50 MW(c¢) geothermal power plant that was never constructed
due to permeability problems. Redondo Border, the west segment of the
resurgent dome, is at left of photo.

caldera are now in use in the Los Azufries geo-
thermal field, Mexico. In spite of the problems. a
few wells in this area are very productive.

The principal zone of geothermal exploration was
centered in the Redondo Creek graben that formed
in response to stresses developed by uplift of the
resurgent dome (Fig. 45), Details of the stratigraphy
and structure within this area have been presented
by Nielson and Hulen (1984) und are shown in Fig.

10. The steep dips observed to either side of the
valley are the result of rotation along listric faults,
probably representing a response to topographic in-
stability along the boundary faults of the Redondo
Creek graben. Units at depth are nearly horizontal
across the crest of the dome.

Drilling results and gravity modeling indicate that
the subsurface structure of Valles caldera is consid-
erably different from that postulated by earlier workers
(Goff, 1983; Nielson and Hulen, 1984; Heiken et
al., 1986) (Fig. 46). The caldera floor is controlled
by preexisting structures of the RGR and is much
shallower on the west side than on the east side.
The thickness of caldera-fill ignimbrites in the Re-
dondo Creek area is approximatcly three times greater
than previously thought based on surface mapping
(Smith et al., 1970). Although the caldera is very
symmetrical and has a near-perfect ring of moat
rhyolites and a central structural uplift, the struc-
tural interior of the resurgent dome is more com-
plicated in detail than the model presented in Fig.
45 because of preexisting structures and the pres-
ence of the earlier, coaxial Toledo caldera.

Geothermal fluids produced by welis in this area
(Table 3) are very typical of volcanic-type geo-
thermal waters the world over (Goff and Grigsby,
1982). They are neutral chloride in character, hav-
ing about 5000-8000 mg/kg total dissolved solids
(TDS) and anomalous concentrations of As, B, Br,
Li, ete. Formation temperatures range from about
220 to 300°C depending on depth and location. Both

FIGURE 45—The six stages of caldera formation and resurgence according to the madel of Smith and Buailey (1968). 1. Regional tumescence and
generation of ring fractures: 1. Caldera-forming eruptions: 1. Caldera collapse: 1V. Preresurgence volcanism and sedimentation: V. Resurgent doming:

VL. Major ring-fracture volcanism.
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FIGURE 46—Schematic northwest—southeast cross section across Valles caldera based on the stratigraphy of many geothermial wells projected into the

planc of the section and the gravity interpretation of Scgar (1974): intracaldera voleanic rocks are omitted for clarity. Structure between Valles caldera
and Pajarito fault zone is poorly constrained due to paucity of geophysical and drill-hole information. Structure cast of Pajarito fuul zone is discussed
by Goft and Grigsby (1982) and Gardner and Goft (1984). Other inteepretations can be seen in the section of Heiken et al. (1986, tig. 7) and in Fig.
17 of this report. See Fig. 10 for a detailed seetion of the interior of the resurgent dome,

Smith and Kennedy (1985) and Truesdell and Janik rocks were ever identified in any of the wells drilled
(1986) claim that two subtly different fluid types in the graben arca.
accur in this arca. Scaling by calcite and silica was Continue northeast up Redondo Creck. 0.5
not a problem during any of the flow tests of the  47.6  Altered caldera-fill rocks and fumarole area on left.
wells. A vapor zonc about 280 m thick overlies the 0.1
liquid-dominated system in Baca-6. 47.7 Bear right. 0.3

Hydrothermal alteration can be observed in the 48.0 Roud to Baca-13 on left. This well, drilled to a
arcas excavated for the drill pads and through the depth of 2472 m. attaincd a bottom-hole tempera-
woods to cither side of the road. Present alteration ture of about 300°C and was onc of the best pro-
is acid-sulfate in character and results from small ducers in the tield. 0.1
gas secps along {aults of the Redondo Creek graben. 48,1 Bear left up hill. 0.2
The gas sceps and alteration result from subsurface  48.3  Bear left; right fork leads to Baca-4 (280°C, 1915
boiling and release of acid gases from the under- m), the “discovery well” and also one of the best
lying liquid-dominated reservoir. There is no evi- " producers in the field. 0.6
dence that neutral-chloride hot springs were once  48.9  Puss at head of Redondo Creck and Jaramillo Creek.
present along Redondo Creek. Seven dirt roads join herc. Turn left on main road

Rocks exposed along the walls of the graben are contouring around hill. 0.4
primarily Bandelier Tuff with caldera-fill breccias  49.3  STOP 8. View of Redondo Peak/Redondo Creek
and debris. Redondo Creck Rhyolite, a postealdera Rhyolite. Stop along road and be careful of cliff.
dome, fow, and intrusive complex thought to be From this spectacular view point, Redondo Peak
about 1.0 Ma, also is found in this area. No intrusive and Redondito can be seen to the left (Fig. 47) and

Redondito

FIGURE 47—Panvramic view looking southeast to south of the east segment of the resurgent dome of Valles caldera; Redondo Peak (3430 m) on
right, Redondito on left. The well pad for Baca-4, the “discovery™ well of the geothermal system, is shown. The valley in foreground is part of the
Redondo Creek graben. Redondo Border, the west segment of the dome., is behind photographer.




Redondo Border to the right. Looking down (south-
west) the Redondo Creek graben. we can sce the
southern moat zone of the caldera, Sun Diego Can-
yon, the Jemez Plateau, and the Nacimiento uplift
in the far distance.

Although Redondo Creck appears to be the center
of resurgent uplift. Redondo Peak is the highest
topographic point on the resurgent dome. Strati-
graphic work (Nielson and Hulen, 1984) as well as
the previously cited gravity study of Segar (1974)
demonstrate that the ignimbrite section thickens to
the cast. It is likely that the higher topography on
the eustern portion of the resurgent dome is a man-
ifestation of isostatic uplift of this thicker, low-
density tuft section.

Behind us is a small hill of Redondo Creck Rhy-
olite which has crupted in the graben area between
the two creek drainages. Redondo Creck Rhyolite
is a formal stratigraphic unit; there are several patches
of it mapped in the resurgent dome arca that orig-
inated from discrete eruptions. It is distinctive in
the ficld becuuse it lacks quartz phenocrysts (all
other postcaldera rhyolites have some visible quartz)
but has obvious biotite and plagioclase phenocrysts.
The unit has been difficult to date by K-Ar because
it is usually altered. No dikes or sills of Redondo
Creck Rhyolite have been identified in cuttings in
the Baca wells.

Continue straight ahead on roud. 0.7

Turn right and drive down Redondo Creck past
Stop7. 0.6

51.7 Bear right at junction.
57.0 Gate. 0.8

57.8 Junction NM-4: turn left and return to Los Alamos
(about 28 mi).

5.3

Fourth-day road log:
Hydrothermal systems/hot springs

Summary—The fourth day’s route returns to Valles cal-
dera to look at some of the hot springs and other geothermal
projects besides the earlier Baca geothermal development.
These projects include the Continental Scientific Drilling
Program. the Hot Dry Rock program. and a small space-
heating project at Jemez Springs. Besides providing abun-
dant information on subsurface structurc and stratigraphy
across the boundary of the caldera, these wells and corcholes
have yielded a wealth of information on hydrothermal-fluid
compositions, configuration and plumbing of hydrothcrmal
tluids. evolution of the systems with time, and sccondary
altcrations.

Valles caldera contains a varicty of hot-spring types (Table
3). although the absolute number of hot-spring sites is rel-
atively small. Included are acid-sulfate hot springs, mud
pots, and fumaroles inside the caldera; a ring of dilute,
conductively heated hot springs in the caldera moat zone;
and necutral-chloride hot springs derived from the deep geo-
thermal reservoirs but located outside the caldera. Recent
projects have shown that the Valles hydrothermal system

50.0  Turn around in junction arca of roads and return  has been active for the last 1 Ma and has deposited molyb-
the way we have come. 1.1 denite and other ore minerals.
VALLES CALDERA
San Antonio
Hat Spg.
s9rospp% San Antonio
AMln.
JEMEZ Sulphyr ’
, N
Cuba
~— @Baca 4 Valle
Fenton Hill Grande
(HDR) o
Redondo
La Cueva Peak
PLATEAU
Banco Bonito Mtn. Los Alamos
Vent
—
STOP 6 Los [ 1 s 1 3 N
& Griegos 5 MILE
ALBUQUERQUE Springs

/ FIGURE 48—Route map. Day 4 (use Day 3 route map to get from Los Alamos to Valles caldera).




Mileage
0.0

i
.
.8

fo 00 S I

Hilltop House parking lot. Turn right (west) on
NM-502 (Trinity Drive). 1.7

Turn left on Diamond Drive, cross bridge. 0.4
Turn right on NM-501. 4.7

Turn right at the “*Back Gate™ on NM-4 toward
Jemez Springs. Drive into caldera and past the
crossings over the East Fork Jemez River. 22.0

Junction with FR-105. Turn right beyond row of

mailboxes toward Sulphur Springs. 0.1

Junction with Thompson Ridge Road (FR-106) on
{eft. Continue on FR-105. 1.5

Cross bridge over Sulphur Creek, drive past several
outcrops of hydrothcrmally altered rhyolite flows
and flow breccias of Redondo Creek Rhyolite. 0.3
Locked gate across road to Sulphur Springs. NOTE:
Access by special permission; do not trespass.
Continue only if on approved ficld trip. 0.7

The blcached-out area and the smell of hydrogen
sulfide signity the location of Sulphur Springs. Con-
tinue straight ahead. 0.4

STOP 1. CSDP corehole VC-2B and Turkey Flats.
Park along the side of road. Walk to right (cast)
onto grassy meadows. Turkey Flats is a park-like
spot in a large landslide complex that occurs on the
west side of the resurgent dome of Valles caldera.
West of the toe of the slide is the ridge capped by
Sulphur Point, which consists of San Antonio
Mountain Rhyolite (0.5 Ma) overlying Redondo
Creck Rhyolite. The face of the northeast-trending
ridge is in part the trace of the Sulphur Creek fault
(Gofl and Gardner, 1980) along which Sulphur Creek
flows. Hydrothermally altered. tectonically bree-
ciated. rhyolitc flow breecia is well exposed along
Sulphur Creek upstream ol our vantage point. Typ-
ical alteration minerads are kaolinite, pyrite, stlica,
iron oxides, and soluble sulfates.

VC-2B is the third continuously cored hole drifled
in Valles caldera tor the U.S. Continental Scientilic
Drilling Program (Fig. 49). Objectives of the proj-
cct were: (1) to penetrate through the main hydro-
thermal system inte a conductive regime between
convecting fluids and crystallizing magma. (2) to
study structurc/stratigraphy necar the boundary of the
resurgent dome and the western ring-fracture, and
(3) to investigate possible ore-deposit mechanisms

FIGURE 49—Corchole VC-28 during coring operations, July 1988,
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in a large silicic caldera. VC-2B was cored from
July to October 1988 and achicved a total depth of
1762 m (5780 ft) (Fig. 50). Bottom-hole temper-
ature was 295°C as of carly November 1988, mak-
ing this one of the hottest. decpest corcholes in the
U.S. VC-2B penetrates a relatively thin caldera-fill
sequence at 700 m and then Tertiary Santa Fe Group,
Permian Abo-Yeso Formations, Pennsylvanian
Magdalena Group. and Precambrian quartz mon-
zonite. Many lost circulation zones indicate that
hydrothermal fluids probably exist at all levels. Al-
teration mincrals include quartz, calcite. fluorite,
illite, chlorite, epidote, anhydrite, anorthoclase, py-
rite, chalcopyrite, sphalerite, pyrargyrite, and rho-
dochrosite. Scientific’ investigations have barely
begun.

The depth to Precambrian basement in VC-2B is
1558 m (5110 ft). Just west of the Sulphur Creck
fault, beyond Sulphur Point, the WC23-4 geother-
mal well hit Precambrian rocks at 737 m (2417 ft);
thus, considerable offset occurs along this ring-frac-
ture fault (or fault zone) going cast into the caldera
depression. Maximum temperature in the WC23-4
well is 233°C at 1890 m (6200 ft); temperature thus
decreases noticeably going west out of the caldera
depression.

Turn around in wide spots along road and re-
trace route. 0.4
STOP 2. Sulphur Springs and CSDP corehole
VC-2A. Park along road or on.dike to left of road.
Do not block traffic. Walk to feft (cast) toward pond
and then walk up road to wellhcad. Sulphur Springs
was a4 small resort where people bathed in waters
from the springs and mudpots. The resort burned
down several years ago and most of the original
facilities have fallen to ruin (Fig. 51). The hot springs
oceur at the intersection of the northeast-trending
Sulphur Creck fault and scveral cross faults (Goff
and Gardner, 1980). A varicty ol thermal features
is visible here: fumaroles, hot springs. mud pots,
and gaseous cold springs. Temperatures at Sulphur
Springs range from background to about 94°C (the
boiling point at 2530 m), pH may be less than 1,
and SO, may be as high as 8000 mg/kg (Table 3).
Gases contain 98 mol-% CO- and 1.25 mol-% H.S
(dry-gas basis). Empirical gas geothcrmometry in-
dicates that gases originate from a reservoir at about
215°C, and stable-isotope relations between fu-
marole steam and meteoric water also suggest about
200°C boiling at depth (Fig. 16) (Golt et al.. 1985).
Wells drilled in this general arca (east of the Sulphur
Creek fauit) have cxtremely low formation pres-
sures (£0.76 MPa) to a depth of about 500 m.

CSDP corchole VC-2A (Fig. 52) was drilled at
Sulphur Springs ncar Footbath Spring in Scptember
1986. Scicntific objectives were: (1) to study the
vapor zone und its “interface™ with the underlying
liquid-dominated reservoir, (2) to study structure/
stratigraphy, and (3) to study orc-deposit mecha-
nisms (Goff et al., 1987). Technical objectives were
to obtain a temperature of at least 200°C and a depth
of at least SO0 m while obtaining continuous core.
VC-2A is 528 m deep and has a BHT of 212°C.

The configuration of the Sulphur Springs hydro-
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FIGURE 50—Stratigraphy and temperature tog of VC-2B.

thermal system consists of an acid-sulfate conden-
sation layer (pH <1.5) no more than 5 m thick. a
vapor zone extending to roughly 240 m depth, a
“transitional™ layer or “cap rock™ of fractured but
tightly sealed rock that extends from 240 to about
490 m., and a liquid-dominated zonc at the bottom.
A zone at 490 m and at 210°C was perforated in
1987 and stimulated. After several months of short
tests this horizon was purged of drilling fluids.
Chemically, the aquifer at 490 m is similar but more
concentrated than other “reservoir™ fluids in Valles
caldera (Table 3). Sr-isotope data indicatc more in-

teraction of the fluid with precaldera basement rocks
compared with fluids to the east (Meeker and Goft,
1988).

The stratigraphy. alterations. and mincralization
in VC-2A appear in Fig. 20 (Hulen et al.. 1987,
1988). Shallow, sub-orc-grade molybdenite min-
eralization was penctrated by VC-2A from 25 to
125 m. The MoS: ts an unusual. poorly crystalline
variety that occurs in vuggy veinlets and breccia
cements. Other associated minerals are quartz, fluo-
rite, illite. pyrite, chalcopyrite, sphalerite, und rho-
dochrosite. Analyses of selected zones grade as high
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FIGURE 51—View looking north from Women's Bathhouse Spring (~90°C)
toward the main arca of Sulphur Springs. Men's Bathhouse Spring (75°C)
lics under pile of tallen lumber of ofd bathhouse. Note bleached appearance
of rocks that have been altered by acid-sulfate waters,

as 0.56 wt% cquivalent MoS:. Fluid-inclusion data
from quartz and fluorite suggest that this assemblage
was deposited from dilute fluids (0.2-0.5 cquivalent
wit% NaCl) at temperatures of 195-215°C. Because
the molybdenum mineralization was deposited from
liquid water but now occurs in a zonc where low-
pressure vapor fills fractures, the surface of the lig-
uid-dominated reservoir has descended since the
deposit was formed. An illite separate from the mo-
lybdenite zone has u K-Ar age of 0.66 Ma
(WoldeGabriel and Goff, 1989): thus. the present
vapor zone is younger than this age.

Continue straight ahead toward NM-4. 0.5
Gate. 2.1
Turn right on NM-4. 0.8
La Cueva and junction with NM-126. Bear right
on NM-126. 2.1
Outcrops of Permian Abo Formation on left and
then on right. 1.3
Outcrops of Miocene Santa Fe Group on right. 0.4
Turn right on FR-376 toward Sun Antonio CC
Camp. 1.2
Outcrops of Tschicoma Dacite and Paliza Canyon
Basalt underlic Bandelier Tutf along left side of road
for next 2 mi (3.2 km). 2.3
Permian Abo Formation on left. 0.9
Turn right and descend into San Antonio Creek.
0.1
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FIGURE 52—Corehole VC-2A crupting after perforation and stimulation
operations. May 1987, Flashed water and steam flow from 210°C aquifer
at 490 m in hydrothermally altered. pre-Toledo caldera ignimbrite.

43.9 Park in turnout beforc crossing bridge. NOTE: San

Antonio Hot Spring cannot be used for bathing;
$50 fine. Walk across bridge to rail tence. Walk
uphill on left side of fence to big trees. Cross fence
and walk south through forest to cascade from hot
spring. Walk uphill to spring.

STOP 3. San Antonio Hot Spring. This spring
(Table 3) is one of several dilute hot springs that
issuc from the western ring-fracture zone of Valles
caldera (Fig. 53). Isotopically, the waters are me-
teoric (Fig. 16) and contain extremely low concen-
trations of As, B, Br, Cl. and Li that arc often
cnriched in high-temperature geothermal fluids. Water
issues at the base of fractured San Antonio Mountain
Rhyolite (0.5 Ma), a moat rhyolite of the western
caldera (Table ). The rhyolite resembles South
Mountain Rhyolite in appearance (scen at our carlier
stops).

If you gaze west across San Antonio Canyon
toward the caldera wall, you can see the Otowi
Member of Bandelier Tuff overlying red stratified
sandstones and shales of the Permian Abo Forma-
tion. This unit is the uppermost Palcozoic formation
in the immediate vicinity of the caldera. As much
as 400 m of Permian rocks have becn penctrated
by some geothermal wells to the southeast, and 500
m of Permian is present in corcholc VC-2B. Be-
cause it is well cemented and lithified by eons of
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FIGURE 53— View to north of San Antonio Hot Spring (~41°C), which
issues from the contact of San Antonio Mountain Rhyolite and Redondo
Creck Rhyolite. This spring is a favorite destination of cross-country skiers
in winter. CHIT in background is composed of Otowi Member, Bandelicr
Tutf. overtying Permian red beds of the Abo Formation.

diagenesis. the Abo is fairly impermeable: thus,
shallow ground waters are perched above the Abo
all over the region,

Return to vehicles. tum around. and retrace route
to NM-126. 4.5

48.4 Turn right on NM-126. 0.5
48.9 STOP 4. West caldera overlook; corehole VC-1

and Hot Dry Rock project. Turn left onto paved
drive to picnic area. Park at end of drive and walk
cast toward overlook. From this vantuge point (elev.
2615 m) on the southwest topographic rim of Valles
caldera, we can gaze across the caldera moat toward
Redondo Peak (elev. 3460 m), the resurgent dome
occupying the approximate center of the caldera
(Fig. 54). The nearcr and lower ridge to the left of
Redondo Peuk is Redondo Border, which forms the
western half of the resurgent dome. The valley be-
tween the two is the northeast-trending Redondo
Peak graben.

To the northeast, in the middle distance, are San

Redondo Peak
Redondn Bocder

R

FIGURE 54-—View looking east toward Redondo Peak. Redondo Border
on left. The lincar valley separating these two ridges is the Redondo Creek
graben, the medial graben of the resurgent dome. In foreground is the
southern moat of the caldera which is filled by pustcaldera rhyotites, the
Banco Bonito Member on the right and the Redondo Creck Member on
the Ieft. Corchole VC-1 was drilled on the south edge of the Banco Bonito
rhyolite flow approximately on strike with the southwest extension of the
medial graben (just right of photo). Stratigraphy of VC-1 is shown sche-
matically in the cross section of Fig, 17.

Antonio Mountain and Cerro Scco, two post-re-
surgent moat-rhyolite domes (Valles Rhyolite) dated
at 0.54 and 0.73 Ma, respectively. A thick rhyolite
flow from San Antonio Mountain overlies Redondo
Creek Rhyolite on Thompson Ridge in the caldera
moat immediately before us. Another flow of rhy-
olitic obsidian (Banco Bonito Member, Valles Rhy-
olite) fills the caldera moat to our right (age 0.13
Mu).

On the distant skyline to the northeast, on the
northern rim of the caldera. is Cerro de la Garita
formed of ducite of the Tschicoma Formation. On
the skyline to the southeast is the crest of Los Grie-
gos (on the south rim of the caldera). formed mainly
of andesites of the Paliza Canyon Formation.

CSDP corchole VC-1 was drilled in August 1984
on the southern side of the Banco Bonito flow on
strike with the southwest projection of the Redondo
Creek graben. Objectives were: (1) to intersect a
hydrothermal outflow plume from the geothermal
reservoir near its source, (2) to study the structure
and stratigraphy near the interscction of the ring-
fracture zone and the precaldera Jemez fault zone,
and (3) to study the petrology of the youngest moat
volcanics in the caldera. Total depth is 856 m und
the BHT is about 185°C. Fluid chemistry of aquifers
at 400-600 m depth in VC-1 resembles, but is more
dilute than. reservoir waters in the caldera (Table
3. Fig. 16). A more detailed discussion of the out-
flow plume will be given at Stop 6.

VC-1 core was found to be altered and structur-
ally disrupted below 335 m. particularly the fow-
ermost interval of brecciated Precambrian rocks and
Sandia Formation (Hulen and Niclson, 19884; Keith,
1988). Molybdenite was also found in this breccia
zone along with chalcopyrite. sphalerite, galena,
pyrite, and barite. Fluid-inclusion work suggests
that the molybdenite was deposited from dilute water
at tempertures as high as 280°C (Hulen and Niclson,
1988a: Sasada, 1988). Ghazi and Wampler (1987)
obtained a K~Ar age ol 1.0 Ma on hydrothermal
illite in Madera Limestone. while Sturchio and Binz
(1988) obtained ages of 95 o >400 Ku on calcite
veins using the U-Th disequilibrium technigue,
Geissman (1988) found that the pualecomagnetic
character of Palcozoic rocks in the corchole was
overprinted by a reversed magnetic signature and
concluded that major hydrothermal activity at about
300°C occurred between 1.4 and 0.97 Ma.

The location of the first Hot Dry Rock (HDR)
demonstration project is a scant 0.5 km to the west
of this site. In the HDR concept. two wells are
drilled into hot. impermeable-rock units and con-
nected by man-made fractures. Cold surface water
is pumped down one well, where it is hcated by the
rock adjacent to the fracture, and removed up the
second well. A heat exchanger or turbine is used to
extract the heat or encrgy from this circulation sys-
tem, after which the water is pumped down the first
well for another cycle. The first (reseurch) system
(Fig. 11) was constructed at a depth of 3 ki where
the ambient temperature is 195°C. This system dem-
onstrated technical feasibility (Heiken et al., 1981
Laughlin, 1981; Smith, 1983). The sccond system,
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constructed at depths of 3.7 km and a temperature
of about 250°C, is designed to demonstrate com-
mercial feasibility. For a tour of the HDR facilitics
call (505) 667-7900.

Smail volumes of relatively concentrated fluids
(220,000 mg/kg TDS) have been encountered in
Precambrian rocks in both the HDR wells (Grigsby
et al., 1984) and in the WC23-4 well on Thompson
Ridge in the western caldera moat (Shevenchi et al.,
1987, 1988). The origin of these fluids and their
relation to more difute but voluminous “reservoir™
fluids is not yet resolved, but an association can be
seen in the isotope plot of Fig. 16 (see also Table
3.

Turn around and retum 10 NM-126. 0.1
Turn right on NM-126. 4.3
Turn right on NM-4 at La Cueva. 0.7
Exposures of Banco Bonito Rhyolite over Battleship
Rock Tuft on left side of upper San Diego Canyon.
1.3
Contact of Permian Abo Formation (red beds) over
Penansylvanian Madera Limestone (buff rock). 1.0
Mineral seeps in shale of Madera Limestone on
right. 0.2
Turn left into Battieship Rock picnic arca (do not
turn into Camp Shaver). Follow arrows to bridge
and cross it. 0.2
STOP 5. Battleship Rock. Park anywhere and walk
past old restrooms to path that ascends the lower
“prow™ of Battleship Rock. Battleship Rock (Fig.
55) is a spectacular outcrop of columnar-jointed
ignimbrite formed by a serics of small eruptions
that Howed down an ancestral drainage of the Jemez
River. Subsequent crosion by new streams has formed
canyons on either side of this beautiful example of
reversed topography. San Antonio Creck drains the
western caldera while East Fork Jemez River drains
the castern caldera, and the streams combine at
Battleship Rock.

The ignimbrite is about 80 m thick and contains
two main flow units that make up a single cooling
unit (Bailey and Smith, 1978). Aithough the base
is poorly consolidated, the center is densely welded
and very striking in appearance. Abundant lithic and
crystal {ragments are found in the matrix of the
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FIGURE 55-—Battleship Rock, a small-volume, postealdera ignimbrite of

Battleship
——-

the Valles Rhyolite that occupies the ancestraf canyon of the Jemez River.
Note radial cooling joints near the “prow. ™
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ignimbrite along with glass shards and pumice.
Chemical analyses of pumice lumps show that this
ignimbrite is a rhyolite similar in composition to
the youngest, more mafic group of moat rhyolites
(Gardner et al., 1986). Self et al. (1988} consider
the Battleship Rock Tuft to be part of the co-mag-
matic EI Cajcte Series and indicate an age of about
0.15 Ma. An age of 0.278 £ 0.052 Ma was obtained
by K—-Ar methods on sanidine separated from pum-
ice lumps (F. Goft, unpubl. data 1986). In corchole
VC-1., Banco Bonito Rhyolite directly overlics Bat-
tleship Rock Tuff: no El Cajete Pumice is found
(Goft et al., 1986). Thus, the timing of the Battle-
ship Rock Tuff with respect to other units is still in
question.

If you examine the contact between ignimbrite
and underlying rocks on the cast side of Battleship
Rock. note that the tuftf overlics a small cliff of
Pennsylvanian Madera Limestone. The limestone is
extremely fossiliferous and includes crinoids,
brachiopods, and bryozoans.

Return to NM-4. 0.3

57.0 Turn left on NM-4, 0.5

57.5 Smell of hydrogen sulfide and sight of bleached rock
signify Hummingbird Fumarole on left of road but
above level of Jemez River. 3.2

60.7 STOP 6. Soda Dam and Jemez fault zone. Park
in turnout on right side of road before crossing
cattleguard. Walk up path to ledge overlooking the
right (west) side of highway. The travertine dam
(Fig. 56) across the gorge in Precambrian granite—
gneiss was built by carbonated thermal waters that
discharge from a strand of the Jemez fault zone.
There are roughly 15 springs and secps discharging
in this arca. About 20 years ago water discharged
along the central fissure parallel to the trend of the
dam, but the New Mexico State Highway Depart-
ment eliminated the hump in the paved road by
dynamiting a notch in the west end of the dum. This
forever changed the plumbing of hot-spring watcr
and today Soda Dam is slowly disintegrating.

The travertine deposits of Soda Dam proper have
been dated by the U-Th technique and have a max-

FIGURE 56—Sodua Dam, a hot-spring deposit of travertine now undercut
by the Jemez River (lower right). Narrow cavem in center of photo leads
to Groto Spring. Main hot spring (48°C) issucs along highway to left of
photo.




imum age of about 5 Ka (Goff and Shevencll, 1987).
Two older deposits at slightly higher elevation occur
across the Jemez River (age =60-110 Ka). On the
west side of the gorge, roughly 30 m above the
road., occurs an extremely large deposit of travertine
that has an age range of about 0.48-1.0 Ma by
evaluation with the U-U dating method. These older
deposits do not overlie Bandelier Tuff: instcad they
lie directly on Paleozoic/Precambrian rocks. A dis-
continuous deposit of ancestral Jemez River gravels
can be seen beneath the travertine and a large cave
is located along the contact.

Hot-spring waters at Soda Dam have a4 maximum
temperature of 48°C and contain about 1500 mg/kg
Cl and substantial As, B, Br, Li, etc. (Table 3).
They chemically resemble, but are more dilute than.
reservoir water inside Valles caldera. and isotopi-
cally they appear to be mixtures of meteoric and
reservoir water (Fig. 16). Several people have cliimed
that the hot waters follow the trace of the Jemez
fault zonc out of the caldera and mix with dilute
ground waters (Dondanville, 1971; Trainer. 1974;
Goff ct ul.. 1981). By combining geochemistry of
hot springs and aquifers throughout the southwest-
ern perimeter of the caldera with other geologic
data, Goff ct al. (1988) showed that 4 major sub-
surface tongue of reservoir water flows out of the
caldera on either side of the Jemez fault zone. Dur-
ing lateral flow, the waters dissolve Palcozoic lime-
stone and become relatively rich in Ca and HCO,.
When these data arc combined with the information
on the travertine deposits, the age of the Valles
hydrothermal system is estimated to be about 1.0
Ma.

The Jemez fault zone is very complex in this arca.
The main trace trends northeast across the highway
and creates a 15 m scarp along the north side of the
older travertine. Generally, displacement along the
fault in Paleozoic rocks is about 200-250 m down-
to-the-east. At Soda Dam, a local horst of sheared
Prccambrian granite—gneiss is uplifted and overlain
by distorted Paleozoic rocks. The granite-gneiss is
hydrothermally altered and contains secondary bar-
ite, galena, and sphalerite in veins and fracture fill-
ings. The Jemez fault zone continucs to the southwest
and displaces the Tshirege Member of the Bandelier
Tuff by about 50 m in the canyon wall.

If you gaze carefully at the upper east wall of
San Diego Canyon, you can sce a white band of
Abiquiu Formation (late Oligocene) overlying or-
ange Permian Yeso Formation sandstone and shale.
The Abiquiu is overlain by volcanic units of the

Paliza Canyon Formation (8~10 Ma?) and the mesa

is capped by a thin layer of Tshirege Member, Ban-
delier Tuft. Looking northwest, the canyon wall is
composcd of Pennsylvanian Madera Limestone. Abo
Formation, Abiquiu Formation. Paliza Canyon For-
mation, and both members of the Bandelicr Tuff.
The canyon is partly controlled by erosion along
the Jemez fault zone and the stratigraphy is different
on either canyon wall.

Return to vchicles and continue southwest
(downstream) on NM-4. 0.2

60.9 Outcrops of Precambrian granite—gneiss to left and
right. 0.8

61.7 Ruins of 17th century Spanish mission on left. 0.5

62.2 STOP 7. Jemez Springs and space-heating proj-
ect. Turn right just beyond Jemez Springs Police
Station/Courthouse and drive to parking area by
bathhouse. Jemez Springs is a small village with
several religious institutions and several interesting
hot springs. The bathhouse on the west side of the
road is open to the public. Water is supplied mainly
from an old. hand-dug well covered by the quaint
gazebo. Temperature is about 55°C. Another curi-
ous spring (72°C) issues from a mound of travertine
in the rceds near the Jemez River (Fig. 57). Others
occur in the marshy area and discharge along the
river. These springs are also derived from Valles
reservoir fluids and are part of the hydrothermal
plume (Table 3, Fig. 16).

In January 1979, the community of Jemez Springs
drilled a well 255 m deep that penetrated the Maudera
Limestone and bottomed in Precambrian granite.
They were secking hot water for space heating. The
hottest water (74°C) was at 25 m at the contact of
alluvium and limestone. Another aquifer at 152 m
has a cooler temperature of 62°C. indicating a typ-
ical temperature reversal bencath the hydrothermal
plume (Goff et al., 1981), The town hall uses the
aquifer at 25 m for space heating, but has problems
with calcite scaling of the heat exchanger.

Return to NM-4. 0.1

62.3  Turn left on NM-4 to return to Los Alamos (about
39 mi), or turn right on NM-4 to return to Albu-
querque (about 50 mi): at San Ysidro turn left on
NM-44; at Bernalitlo turn right on 1-25.

L et ot e P
FIGURE 57—Travertine Mound Spring (72°C), the hottest spring outside
the Valles caldera depression, is reported to contain an extremely rare
species of alga. It is located in the reeds between the Jemez River and
bathhouse at Jemez Springs.
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EXCURSION 188:

Rio Grande rift volcanism: Northeastern Jemez zone, New Mexico

M. A. Dungan', R. A. Thompson®, and J. S. Stormer’, with a short contribution by J. M. O’Neill*
g P

"Department of Geological Sciences, Southern Methodist University, Dallas, Tesas 75275 °U 8. Geological Survey, Denver, Coloradn 80225:
‘Depariment of Geology and Geophysics. Rice Umiversite, Houston, Texas 77251

Introduction

Magmatism, a predictable consequence of asthenospheric
upwelling associated with lithospheric attenuation, is inte-
gral to continental rifting. The injection of mantle-derived
magma into extending crust may have a profound effect on
the rheology of the crust and therefore the style of defor-
mation associated with extension (De Voogd et al.. 1988).
Rift-related magmatism encompasses much ol the diversity
of terrestrial-magma types. Compositions of mafic miugmas
range from tholciite to some of the most silica-undersatur-
ated magmas found on the continents, and their differentiates
range over the entire spectrum of intermediate to salic com-
positions to include high-SiO, rhyolite, trachyte, and phon-
olite. Large ctfusive cruptions from fissures are typical of
some rifts, whereas others may be dominated by central
vent cones or even silicic caldera complexes. Most of these
aspects of rift volcanism and a wide range of mafic to salic
niagma compositions are represented in the Rio Grande rift;
many will be seen on this trip.

Geological setting of the Rio Grande rift

The Rio Grande rift is a late Cenozoic rift in continental
crust of Proterozoic age (1.7-1.4 Ga) which, prior to rifting,
experienced deformation during the Ancestral Rocky Moun-
tain (late Paleozoic) and Laramide (Late Cretaccous—carly
Tertiary) orogenics. Rift basins have the sume overall north-
south trend as Laramide compressional structures in the
Southern Rocky Mountains, and they are located near the
castern margin of the region affected by Laramide defor-
mation. An extended episode of mid-Tertiary magmatism
immediately preceded rifting. In the Southern Rocky Moun-
tains, the eastern edge of the broad region of subduction-
related calc-alkaline magmatism, which intermittently char-
acterized the North American cordillera during early to mid-
Tertiary time (Snyder et al., 1976. Concy and Reynolds,
1977 Cross and Pilger. 1978), coincides with the eastern
limit of the uniquely broad and complex extensional regime
that dominated late Cenozoic tectonics and volcanism of the
western U.S.A. and northern Mexico. The Rio Grande rift
lics close to the eastern edge of this mid-Tertiary magmatic
arc, which is represented in Colorado and New Mexico by
the San Juan and Mogollon-Datil volcanic fields (mainly
36-26 Ma). In fact, silicic to intermediate magmatism was
still active in these ficlds at the time rift-related, dominantly
busultic volcanism was established in New Mexico at ap-
proximately 29-26 Ma. As with many continental rifts, the
role of antecedent structures in controliing superimposed
rift structures and the effects of prior magmatic events on
subsequent rift-related magmatism are topics of considerable
debate.

Physiography
The Rio Grande rift is a major physiographic and struc-
tural feature of the Southern Rocky Mountains. distinct from

the Basin and Range provinces of southern Arizona and
northern Mexico. Nevada. western Utah, southern ldaho.
and castern Oregon. However, as a well-defined volcano-
tectonic province, it has been the object of concerted study
tor less than 20 years (Chapin, 1971, 1979; Lipman. 1969;
Lipman and Mehnert, 1975, and other papers in Curtis,
1975, Chapin and Seager, 1975: Cordell, 1978, Scager and
Morgan. 1979, and other papers in Riccker, 1979). The Rio
Grande rift extends northward from a poorly defined ter-
minus in northern Chihuahua, Mexico, through New Mex-
ico into at Ieast central Colorado (Tweto. 1979). Normal
faulting, regional uplift. high heat flow (Decker ct al., 1984),
and scattered occurrences of volcanic rocks of late Cenozoic
age are present as far north as southern Wyoming (c.g..
Leucite Hills). The rift comprises two segments, the north-
ern segment extending northward from Socorro, New Mex-
ico, into Colorado and the southern segment extending south
from Socorro into Mexico (Cordell, 1978). In the broader
southern segment the tectonic style and physiography re-
semble the Basin and Range province: extension is distrib-
uted over several wide basins. lithospheric thinning and
regional extension have reached an advianced stage, and
regional clevations are lower than in the north. In the north-
crn segment, rift basins are confined to a narrow axial zone
superimposed on a region of high elevation. In effect, the
rift basins of the northern Rio Grande rift separate the Colo-
rado Platcau on the west from the High Plains to the cast.

Proterozoic structures and crustal evolution

The Proterozoic history of western North America was
apparently dominated by accretion of multiple cxotic ter-
ranes (<2 Ga) onto a continental nucleus of Archean age.
From northern Colorado to southern New Mexico and Ari-
zona the ages of these acereted terranes decrease tfrom about
1.8 Gato 1.6 Ga(e.g., Reed et al., 1987; Karlstrom ct al.,
1987). Grambling ct al. (1988) have identified six tecto-
nostratigraphic terranes in northern and central New Mexico
on the basis of differences in age (1.76~1.6 Ga), lithology.
and metamorphic grade. All the rocks in these terrancs are
strongly deformed and display an carly east~west fabric
which has locally been overprinted by a northeast-trending
crenulation cleavage (Montgomery, 1953; Nielsen, 1972;
Nielsen and Scott, 1979; Holcombe and Callender, 1982,
Holcombe ct al., 1986; Grambling ct al., 1988) that may
be related to the Jemez lincament (see below). These ter-
ranes are locally intruded by 1.45 Ga granites.

Initiation of rifting and associated magmatism
There are four areas in the Rio Grande rift where the
transition from Oligocene caldera-related magmatism to rift-
related magmatism is well represented in the geologic re-
cord. They are the Trans-Pecos region of Texas. areas around
Las Cruces and Socorro, New Mexico, and the Sun Luis
Basin area of southern Colorado and northern New Mexico.






