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STRATIGRAPHY OF THE BANDELIER TUFF IN THE PAJARITO PLATEAU. 
APPLICATIONS TO WASTE MANAGEMENT 

by 

Bruce M. Crowe, George W. Linn, Grant Heiken, and Mary Lou Bevier 

ABSTRACT 

The Bandelier Tuff within the Pajarito Plateau consists of a lower sequence of air-fall and ash-flow deposits (Otowi Member) disconformably overlain by an upper sequence of air-fall and ash-flow deposits (Tshirege Member). The ash-flow sequence of the Tshirege Member consists of three cooling units throughout much of the Pajarito Plateau. The lower cooling unit is formed by three to as many as six pyroclastic flow units; the middle and upper cooling units each consist of at least three pyroclastic flow units. The contact between the lower and middle cooling unit coincides with a pyroclastic flow unit contact. This horizon is a prominent stratigraphic marker within distal sections of the Tshirege Member. 
t··1ajor and trace element analyses of unaltered and altered samples of the Bandelier Tuff were determined by 

neutron activation and delayed neutron activation techniques. Petrographic, granulometric and morphologic characteristics of the Bandelier Tuff were determined to provide background information on the suitability of the Tuff as a medium for radioactive waste disposal. 
The hydrologic characteristics of the Bandelier Tuff are controlled primarily by secondary features of the Tuff (cooling zones). These features vary with emplacement temperature and transport distance of the Tuff. Primary depositional features provide second order control on transport pathways in distal sections of the Tuff. 

I. INTRODUCTION 
The Jemez Mountains, located in north-central New Mexico, are composed in 

major part of a thick accumulation of volcanic and volcaniclastic rocks 
in age from Pliocene to recent (Ross and others, 1961; Doell and others, 

ranging 
1968). 
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Eruptive activity from this complex volcanic center culminated. with the out­
pouring of the Bandelier Tuff, a large volume (>400 km 3 uncorrected for density) 
sequence of ash-flow and air-fall deposits. The deposits of the Bandelier Tuff 
form broad plateaulands that nearly encircle the Jemez Mountains and dip gently 
away from the Valles Caldera. The plateau on the east side of the Jemez ~·1oun­
tains, referred to as the Pajarito Plateau, consists of a series of east to 
southeast-trending, finger-like mesas that are separated by deeply incised 
canyons. The Los Alamos Scientific Laboratory is located on the Pajarito 
Plateau, between Frijoles and Pueblo Canyons. 

Since the 1940's, radioactive wastes have been buried on Laboratory 
property (Wheeler and others, 1977). The rock medium for waste burial is the 
Bandelier Tuff, in major part, the Tshirege Member of the Tuff. In early 1977, 
geologic and geochemical characterization of the Ban9elier Tuff was undertaken 
as part of a program evaluating the geology of the waste disposal sites. The 
purposes of these studies were twofold: 

(1) To determine the detailed stratigraphy of the Bandelier Tuff in the 
Pajarito Plateau. Based on these determinations, which proceeded from 
the foundation of previous stratigraphic studies (Ross and others, 
1961; Griggs, 1964; Smith and Bailey, 1966; Bailey and others, 1969), 
physical and structural characteristics of the Tuff are identified 
that may control transport pathways during possible migration of 
radioactive waste. 

(2) To determine the geochemical environment of the Bandelier Tuff and 
identify mass transfer of. elements by natural alteration processes 
affecting the Tuff. 

This report is presented to summarize the results of stratigraphic, 
geochemical, and petrographic studies of the Tuff with applications to waste 
management. The geochemical and petrographic studies are still in progress and 
only preliminary results are reported. Several major reports describing the 
detailed volcanic geology of the Jemez ~1ountains are currently in preparation 
by R. L. Smith dnd R. Bailey of the U.S. Geological Survey (R. Bailey, personal 
communication, 1977). We have directed this study toward upgrading current 
stratigraphic data for the Tuff in the vicinity of Laboratory property using 
field techniques required to evaluate the geology of the complex ash-flow sheet. 
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Such information will provide valuable background stratigraphic data f.or future 
studies of the Tuff in the newly established National Environmental Research 
Park. 

II. PREVIOUS WORK 
The term 11 Bandelier Tuff 11 was first used by H. T. U. Smith (1938). Griggs 

(1964) formally incorporated the Bandelier Tuff as a stratigraphic unit and 
included the rocks within the Tewa Group. He divided the Tuff into three 
Members that include, from bottom to top: the Guaje Member, the Otowi Member, 
and the Tshirege 14ember. Bailey and others (1969) renamed the Guaje Member the 
Guaje Pumice Bed and included it within the Otowi Member. They formally 
defined the Tsankawi Pumice Bed and included this sequence of air-fall deposits 
within the Tshirege 14ember. The stratigraphic classification of Bailey and 
others (1969), which is based on recognition of major eruptive cycles within 
the Bandelier Tuff, is preferred in this report. 

The first comprehensive summary of the geo 1 ogy of the Jemez 1·1ounta ins was 
by Ross and others (1961 ). They recognized that the Bandelier Tuff could be 
divided into two distinct, and petrologically related eruptive sequences: a 
basal sequence of air-fall (Plinian deposits, Walker, 1973) and overlying 
ash-flow deposits (Otowi t1ember) overlain di sconformably by a second sequence 
of air-fall and ash-flow deposits (Tshirege Member). Griggs (1964) described 
the stratigraphy and hydrology of the Los Alamos area and included a map of the 
Pajarito Plateau (scale 1:24,000). 

Smith and Bailey (1966) published a summary account of the geology of the 
Tshirege Member of the Bandelier Tuff including the distribution, stratigraphy 
and preliminary mineralogy and chemistry. . The important conclusions of their 
work are summarized below (from Smith and Bailey, 1966): 

(1) The Bandelier Tuff represents two cycles of ash-flow eruption and 
caldera formation --the climactic phase of a long history of vol­
canism in the Jemez ~1ountains. 

(2) The Tshi rege ~1ember of the Bandelier Tuff was divided into five 
subunits. The subunits are composed of groups of ash flows or 
stratigraphic zones that can be correlated over the entire outcrop 
area of the Bandelier Tuff. These subunits were determined from 
numerous stratigraphic sections and multiple physical and structural 
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features. The subunits are identifiable primarily on the basis of 

those characteristics that reflect relative emplacement temperature 

(welding and crystallization) and mineralogy. 

(3) The ash-flow sequence of the Tshirege Member (basal 60%) records a 

systematic increase in emplacement temperature. 

(4) Mineralogical variations within the Tshirege Member include a slight 

trend toward more sadie alkali feldspar upward in section (from the 

air-fall base up through subunits I-IV), the occurrence of zoned anor­

thoclase in subunit IV, restriction of fayalite to sanidine-bearing 

pumice and an increase in total modal phenocryst content from 5% in 

the air-fall deposits to 35% near the top of unit III followed by a 

mark decrease to 20% (the decrease in phenocryst content coincides 

with the onset of preferential resorption of quartz). 

(5) Bulk chemical compositions of the Tshirege Member show major and trace 

element trends indicating the material erupted first was most salic 

and the last erupted most mafic. These trends are consistent with the 

interpretation that the Tuff was erupted from the upper part of a 

compositionally zoned magma chamber. 

Smith and Bailey (1968) defined and described the stages of development of 

resurgent cauldrons. The volcanic cycles of the Valles Caldera, including the 

eruption and emplacement of the Bandelier Tuff, were used as a model of the 

seven stages of development in the evolution of a resurgent cauldron. Doell and 

others (1968) presented the results of paleomagnetic and potassium-argon studies 

of volcanic rocks associated with the Valles Caldera. The Otowi Member of the 

Bandelier Tuff was dated at about 1.4 Myr; the Tshirege at about 1.1 Myr. 

Sommer (1977) examined the composition of melt inclusions in quartz phenocrysts 

from air-fall and ash-flow deposits of the Tshirege Member. He inferred 

volatile contents as great as 7 wt% and averaging 5 wt% for samples of Tsankawi 

air-fall pumice. Eichelberger and Koch (1978) have completed a study of the 

occurrence and distribution of lithic fragments in the Bandelier Tuff. 

III. NOMENCLATURE 
Ash-flow tuff or ignimbrite, the more common term in international usage, 

forms the majority of the Bandelier Tuff. These rocks were emplaced at variable 

temperatures (<100°C to as great as 800° or 900°C; Smith and Bailey, 1966) as 
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fluidized, particulate density flows or ash flows. The major features of ash 
flows and ash-flow deposits (ignimbrites) have been reviewed by Smith (1960a, 
1960b) and Ross and Smith (1961). 

The fundamental unit in stratigraphic and field studies of ignimbrites is 
the cooling unit. A cooling unit consists of the deposits of an ash flow or 
sequence of ash flows that cooled as a single unit (Smith, 1960a). A simple 
cooling unit exhibits characteristic welding and compaction zones (Smith, 1960b, 
Riehle, 1973). A compound cooling unit is one that departs from the expected 
zonations that should result from an uninterrupted cooling history. The 
recognition and identification of these zones, which are shown on Fig. 1, are a 
basic field procedure in determining cooling units within a complex ash-flow 
field. 

Superimposed on welding and compaction zones of simple and compound cooling 
units are: 

t Zones of devitrification. 
t Zones of vapor-phase crystallization. 
t Zones of fumarolic alteration. 
Additionally, there is a progressive temperature loss during eruption, 

transpor~ and emplacement of ignimbrites. Consequently ignimbrites deposited on 
the distal edges of an ash-flow field will differ in physical characteristics 
from proximal deposits. Commonly there will be cooling breaks in the distal 
parts of ash-flow fields that are not recognizable toward the source. In this 
manner, single cooling units in the proximal parts of an ash-flow field can be 
traced laterally into compound cooling units (Smith, l960b; see also Smith and 
Bailey, 1966, their Fig. 8). 

Sparks and others (1973) established criteria for the recognition of flow 
units in ignimbrites. Their work, which evolved from years of study of ignim­
brites (Taylor, 1958; Smith, 1960a; Fisher, 1965; Walker, 197l),prov·ides the 
basis for determining the depositional history and reconstructing eruptive 
events in a major ash-flow field. 

In the ideal case, deposits formed by the passage of a single ash flow 
exhibit a characteristic textural zonation shown in Fig. 2. Basal deposits of a 
single flow unit generally consist of lenticular, moderately well- sorted, 
laminate~ and locally cross-bedded, crystal-rich tuff referred to as pyroclastic 
surge deposits (Sparks, 1976). These rocks are probably emplaced from a dilute 
(low-particle concentration) density flow analogous to the base surge of 
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Fig. 1. 

Generalized configuration of welding zones in a simple cooling 
thinning and pinch-out of welding zones with increased lateral 

source. Modified from Smith (196Gb). 

UNIT 
SYMBOLS 
-3-

2b 

2a 

1 

_-.:_-:._:.:.._-=-: FINE ASH ZONE 

.. }JfE_ER PUMICE SWARM 

ASH FLOW BODY 

Fig. 2. 

DISTAL 

unit. Note 
distance from 

Textural zones produced by the passage and deposition of a single flow unit or 

ash-flow. Unit symbols after Sparks and others (1973). Due to intertonguing of 

pyroclastic surge deposits and deposits of the fine-grained basal zone in flow 

units of the Bandelier Tuff, we have extended the flow unit to include the 

pyroclastic surge deposits (contrast with Sparks and others 1973, Fig. 1). 
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phreatomagmatic eruptions (Fisher and Waters, 1969; Crowe and Fisher, 1973). 
Pyroclastic surge deposits are overlain by ash-flow deposits that can be divided 
into two zones: a fine-grained basal tuff characterized by an absence or low 
abundance of pumice and lithic fragments (fine-grained basal layer of Fig. 2) 
and overlying poorly sorted tuff with a fabric and grain-size characteristics 
typical of well-described ash-flow deposits (ash-flow body of Fig. 2). The 
gradational contact between these zones is generally marked by an increase in 
abundance of lithic and pumice fragments (lower pumice-lithic swarm of Fig. 2). 
The top of the ash-flow body is commonly characterized by a second zone of 
increased pumice concentration (upper pumice swarm). Finally, overlying the 
ignimbrite are fine-grained, vitric ash probably deposited by aerial fallout 
from the ash cloud associated with emplacement of an ash flow. These deposits 
are rarely preserved in the geologic record (Sparks and others, 1973). 

Our studies of the physical stratigraphy of the Bandelier Tuff are con­
cerned with the recognition and description of natural rcrck properties that may 
control transport paths within the Tuff. Accordingly, we have identified two 
classes of rock features: primary depositional features and secondary features. 
Primary depositional features are those structures that are formed during 
transport and deposition of pyroclastic fragments. They include, for example, 
the major textural zones of a flow unit. Secondary features include those 
structures formed after deposition of the Tuff. Examples include welding zones, 
cooling joints, and others (primarily cooling features). 

IV. STRATIGRAPHY OF THE BANDELIER TUFF 

Stratigraphic sections in the Bandelier Tuff were measured in three major 
areas of the Pajarito Plateau (Fig. 3). For each area, data were combined from 
the sections to construct composite columns. All sections were measured by tape 
and brunton and primary and secondary features of the tuff were noted. 
Composite stratigraphic columns were constructed for several reasons 

t They illustrate the stratigraphy of the Tuff for a relatively large 
area. Because of the lateral variability of the Tuff, single measured 
sections provide detailed stratigraphic data for only that site. 
Composite columns extend the lateral applicability of stratigraphic 
data. 
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• By examining and combining numerous stratigraphic sections, we have 
observed and recorded many physical features that are not recognizable 
at any single locality. 

The major areas represented by the composite columns were carefully chosen. 
Columns one and three were constructed from distal areas of the ash-flow sheet 
(Fig. 3). Here welding effects are minimal and primary depositional features 
can be determined in detail. Column two was constructed from more proximal 
areas of the ash-flow sheet where secondary features are well developed. 
A. Composite Column One 

Within the section area of composite column one (Fig. 3), the Bandelier 
Tuff rests unconformably on the Puye Formation and locally overlies lava flows 
of the basalt of Cerros del Rio (Fig. 4). This section area is significant for 
two reasons. First, it is one of only several areas within the Pajarito Plateau 
where extensive deposits of the Otowi Member are both preserved and exposed (see 
Smith and others. 1970) and second, here the Bandelier Tuff is unusually thick 
(average thickness approximately 100m). The thickened sections of the Tuff and 
presence of the Otowi Member are probably due to emplacement within the Puye 
depositional basin (see Smith and others, 1970). 

0 2 " N 

Fig. 3. 
Location map of areal zones for com­
posite columns one, two, and three. 
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1. Otowi Member 
The Otowi Member consists of the 

basal Guaje Pumice bed and overlying 
ash-flow deposits (Bailey and others, 
1969). 

.!:_ Guaje Pumice Bed 
The Guaje Pumice Bed is exposed 

only in Los Alamos Canyon, several 
kilometers west of Totavi (Fig. 5). 
It locally rests on the basalt of 
Cerros del Rio. However, at most 
exposures, the deposits overlie lenses 
of tuffaceous siltstone (0-1 m thick) 
deposited in topographic lows on the 
basalt surface. The Guaje Pumice Bed 
consists of silicic air-fall deposits 
(Griggs, 1964). The deposits are 
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Fig. 4. 
Primary depositional features and secondary features of the Bandelier Tuff~ 
composite column one. Symbols represent, from bottom to top of column: (lJ 
Y-shaped shards - air-fall pumice deposits (Plinian deposits); (2) x's - horizon 
of marked enrichment in abundance of lithic fragments; (3) lenticular, 
cross-hatched zones - pyroclastic surge deposits; (4) unfilled elipses - pumice 
swarms; (5) funnel-shaped pipes - fumarolic pipes; (6) vertical lines - zones of 
columnar jointing. Crystallization refers to vapor-phase crystallization. 
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Fig. 5. 
Outcrop of Guaje Pumice Bed along Highway 4 several kilometers west of Totavi. 
The Guaje Pumice Bed rests on basalt and tuffaceous siltstone. Note absence of 
bedding except in the upper part of the sequence. 

massive to poorly bedded with bedding surfaces mantling underlying topographic 
irregularities. The Guaje Pumice Bed consists of unconsolidated, lapilli-tuff 
formed primarily of subangular to angular pumice averaging 2 to 4 em in size 
(range 3 mm to 6.5 em). Development of bedding in the Guaje Pumice Bed 
increases upward in section due primarily to a decrease in abundance of coarse 
pumice fragments (increase cr). The upper 0.2 m of the Guaje Pumice Bed, 
directly underlying ash-flow deposits, consist of lentic~lar-bedded tuff with 
subrounded pumice fragments and crystal-rich lenses. These air-fall deposits 
are probably wind reworked. This reworking may be due to two possible 
mechanisms: local winds reworking the depositional interface during a pause in 
eruptive activity and/or reworking by the air blast that preceded emplacement of 
the overlying ash flow. 
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The Guaje Pumice Bed is relatively crystal and lithic poor. There is an 
slight increase in the volume percent of crystal and lithic fragmen.ts upward in 
section. Approximately 1 m below the top of the deposit, there is a horizon of 
marked coarsening of the pumice fragments (1-5 em) and increase in the size (1-3 
em) and abundance of lithic fragments. An upward increase and distinct horizons 
of enrichment in lithic fragments in large Plinian deposits may be attributed to 
eruptive vent widening and fragment engulfment (Wilson, 1976; R. S. J. Sparks, 
personal communication, 1977). 

~Ash-Flow Deposits 
The Guaje Pumice Bed is overlain by a thick sequence of ash-flow deposits 

that form most of the Otowi Member (Fig. 4). Basal tuff of the ash-flow 
sequence comprises lenticular pyroclastic surge deposits (3 em to 0.5 m thick) 
that grade upward into lithic and pumice-poor tuff corresponding to the 
fine-grained basal layer of a pyroclastic flow unit (Fig. 2). These in turn are 
overlain by one to several horizons of pumice swarms that grade upward into 
typical ash-flow deposits (zone 2b of Sparks and others, 1973). Thus the basal 
part of the ash-flow sequence of the Otowi Member exhibits a pyroclastic flow 
unit zonation. 

The ash-flow sequence of the Otowi Member consists of poorly sorted, tuff 
to lapilli-tuff. In contrast to the underlying air-fall sequence, the deposits 
are massive to poorly bedded. Bedding, where present, is defined by parallel 
elongation or imbrication of pumice fragments. Pumice fragments are subrounded 
to rounded and individual fragments are supported in an ash matrix. Median 

diameter (Md¢) versus Inman sorting coefficient (cri) of samples from the 
ash-flow sequence are plotted on a graph showing Walker's (1971) empirically 
derived airfall and pyroclastic flow fields (Fig. 18). The samples plot within 
the flow field. 

In most areas, flow unit contacts were not recognized within the ash-flow 
sequence above the basal zones. However, in a minor tributary canyon to Pueblo 
Canyon, a prominent flow-unit contact with well-developed flow unit textural 
zones (Fig. 6) can be traced laterally for 1 km. Thus within the area of compo­
site column one, the ash-flow sequence of the Otowi Member appears to consist of 
two flow units. 

The ash-flow sequence of the Otowi Member is unwelded in all exposures in 
the Pajarito Plateau. In marked contrast, the sequence is locally densely 
welded on the west side of the Jemez l•lountains. Vapor-phase crystallization, 
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Fig. 6. 
Fl9w-u~it con~act within the ash-flow sequence of the Otowi Member. Note very 
th1n f1ne-gra1ned basal layer directly underlying well-developed pumice swarm in 
the lower part of the upper flow unit. Pyroclastic surge deposits (1 to 3 em 
thick) underlie the fine-grained basal layer and the base of the surge deposits 
is the contact between the two flow units. 

noted by the appearance of cristobalite and tridymite in pumice clasts, occurs 

approximately 8 m above the base of the ash-flow sequence and extends to near 
the top of the section (Fig. 4). Well- developed fossil fumarolic pipes are 
present at several localities; notably in road cuts several kilometers west of 
Totavi and in lower Pueblo Canyon (Fig. 7). 

The upper contact of the Otowi Member is an erosional surface marked by a 

horizon, 0.2 to 1 m thick, of epiclastic deposits and partial soil development. 
Reworked deposits include epiclastic and tuffaceous siltstone to sandstone with 
conglomeratic lenses containing large pumice fragments (up to 1 m) reworked from 
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Fig. 7. 

Well-developed fossil fumarole pipes within the ash-flow sequence of the Otowi 
Member. The resistant cap rock of individual pipes is a horizon of increased 
fumarolic mineralization. 

the Otowi Member and volcanic clasts eroded from the Jemez volcanic highland. 
The partial soil zone is a horizon of oxidization and clay development cross-cut 
by irregular fractures infilled with secondary alteration material. 

K-Ar ages of the Otowi Member (1.09 Myr) and the Tshirege Member (1.37 Myr) 
were determined by Doell and others (1968). Based on statistical analyses of 
these data, they established a maximum confidence, P, of >99% that the dif­
ference between the ages are real. The exact duration of the hiatus between the 
members is unknown, but clearly the erosional interval is a reflection of this 
time gap. 
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2. Tshirege Member 
The Tshirege t1ember of the Bandelier Tuff rests unconfonnably (dis­

confonnity) on the Otowi t~ember. The fanner ~1ember, like the latter, is divided 
into two eruptive sequences; a sequence of Plinian fall deposits (Tsankawi 
Pumice Bed) and an overlying sequence of petrologically related ash-flow 

deposits (Smith and Bailey, 1966). 
a. Tsankawi Pumice Bed 

Within the area of composite column one, the Tsankawi Pumice Bed is exposed 
discontinuously in the cliff walls of Los Alamos, Pueblo, Bayo, and Sandia 
Canyons. The thickness of the deposits is variable due to differences in the 
amount of reworked (tuffaceous and epiclastic) debris present in the section. 
The Tsankawi Pumice Bed consists of tuff to lapilli-tuff, air-fall deposits. 
The unit can be divided into three to five sequences separated by reworked 
deposits. The most coarse deposits are the basal pumice fall (0.4 to 1 m 
thick); maximum pumice size exceeds 5 em. Succeeding air-fall deposits are of 
variable, but generally finer grain size. Two of the sequences contain abundant 
perlitic lithic fragments and accretionary lapilli. Locally the Tsankawi 
contains distinctive gray pumice with abundant crystals of accicular hornblende 
(Bailey and others, 1969). 

b. Ash-flow Deposits 

Ash-flow deposits of the Tshi rege Hember overlie the Tsankawi Pumice Bed. 
These deposits are complex and laterally variable. They fonn a multiple flow, 
composite ash-flow sheet (Smith, l960a, Smith and Bailey, 1966; Doell and 
others, 1968). The deposits compose the major part of canyon cliffs on the 
Pajarito Plateau and are the principal unit in which radioactive waste material 
has been, and is currently emplaced (Wheeler and others, 1977). For continuity 
of discussion, the secondary features of the ash-flow deposits are described 
first, followed by primary depositional features. 

(i) Secondary Features. In the area of composite column one, 
the ash-flow sequence is divided into three cooling units (Fig. 4). The 
uppermost cooling unit is only locally present and where present, is 
significantly eroded. The major features of the cooling units are illustrated 
in Fig. 4. 

Cooling unit one is the thickest cooling unit of composite column one. The 
pyroclastic deposits of the cooling unit were emplaced over an irregular 
erosional surface and consequently thicken in topographic lows and thin over 
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