
STRATIGRAPHY, PETROGRAPHY, A...l\ffi MINERALOGY 
OF BANDEUER TUFF AND CERRO TOLEDO DEPOSITS 

by 

D. E. Broxton, G.H. Heiken, S. J. Chipera, and F. M. Byers, Jr. 

A total of 86 samples was collected in three measured sections 
on the north wall of Los Alamos Canyon to determine the lith· 
ology, petrography, and mineralogy of tuffs at TA 21. Methods 
ofinveBtigcUion included field observations, modal point counts, 
petrographic descriptions, x-ray diffraction, and image analy· 
sis. These data were collected to develop conceptual models for 
the hydrogeology of the site, evaluate potential transport path· 
ways and processes, and provide bounds on parameters used in 
motkls for evaluating the migration of water and contaminants. 

Bedrock stratigraphic units in Los Alamos Canyon consists of 
(in ascending order) the Otowi Member of the Batuklier Tuff, 
epiclastic deposits of the Cerro 1bledo interval, and the 'l'Bhirege 
Member (including the 'I'Bankawi Pumice Bed) of the Bandelier 
Tuff. The exposed upper 18 to 21 m of the Otowi Member is a 
simple cooling unit made up of massive, nonwelded, vitric 
ignimbrite. The Otowi Member is easily eroded and crops out as 
gentle slopes near the bottom of Los Alamos Canyon. The Cerro 
7bledo interval is an informal name given to a complex sequence 
of epiclastic sediments and tephras of mixed provenance. This 
unit contains deposits normally assigned to the Cerro 1bledo 
Rhyolite, including well-stratified tuffaceous sandstones and 
siUstones as well as primary ash-fall and pumice-fall tkposits. 
The Cerro 7bledo interval also contains intercalated tkposits 
not normally assigned to the Cerro 7bledo Rhyolite; these 
include sand, gravel, cobble, and boulder deposits derived from 
the 'I'Bchicoma Formation. The thickness of the Cerro 1bledo 
interval ranges from 3 to 9 m. The 'I'Bankawi Pumice Bed is a 
0. 7· to 0.9-m-thick rhyolitic pumice-fall deposit that consists of 
two normally graded pumice falls separated by a thin ash bed. 
The 'I'Bhirege Member is a multiple-flow rhyolitic ignimbrite that 
forms a series of step-like vertical cliffs and sloping ledges in 
Los Alamos Canyon. It is a compound cooling unit whose phys· 
ical properties vary both vertically and laterally; the thickness 
of this unit ranges from 89 to 98 m. 
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The bulk-rock mineralogy of tuffs at TA-21 consists primarily of 
alkali feldspar+ quartz :tcristobalite ± lridymite ±glass. Mint)r 
constituents include smectite, hornblende, mica, hematite, 
calcite, and kaolinite. Volcanic glass is the dominant consti· 
tuent in the Otowi Member, tuffs of the Cerro Toledo interval, 
and the lower part of the Tshirege Member. The upper two-thirds 
of the Tshirege Member hat•e undergone extensive devitri{ication 
and vapor-phase alteration; the- :neral £tSsemblage in these tuffs 
consists of alkali feldspar + quartz ± cristobalite ± tridymite. 
Smectite and hematite occur in small f<2o/r) amounts through
out the stratigraphic sequence. These two trace minerals are 
important because they are highly sorptive of certain radio
nuclides and could provide it~,portant natural barriers to their 
migration. Although these mi 'lerals occur in small quantities, 
they are disseminated throu.g hout all stratigraphic units, and 
their aggregate abundance a ~d surface area are large when 
integrated over long groundwa!''r flow paths through the tuffs. 

The exposed tuffaceous rocks at TA·•' 1 are provisionally sub
divided into eight hydrogeological units based upon their 
lithological and mineralogical properties. Complete delineation 
of all hydrogeological units at TA-21 :nust await characteriza
tion of subsurface units and syst ~malic measurements of 
hydrological properties from all rock 1.·nits. 

INTRODUCTION 

This study is conducted as part of on-going 
ER Program RFI work for OU 1106 located 
at TA-21 !Fig. 1 l. This report supports the RFI 
studies by providing geo:ogical data 
for developing and testing hy"lrogeological 
conct:ptual models for the site, evaluating 
potential transport pathways and processes. 
and collecting data for parameter!> used in 
models for evaluating the migration oi >.'qter 
and contaminants. The data also provide :.. 
geological framework for evaluating various 
types of remediation that could be applied 
at the site. This study support~ these goals 
by delineating important hydrogeological 
units whose physical and chemical propert.ies 
control the movement of moisture and 
contaminants. 

The genera! stratigraphy of tuffaceous rock~ 
of the Pajarito Plateau is described by Bailey 
et al. ; 19691. Baltz eta/. I 19631. Weir and 
Purtymun I 1962), Griggs I 1964 l, Smith et al. 

I 19701, Crowe et al. 119781. Heiken t•/ al 

1 19861 Vaniman and WohlPtz 11990 and 
1991 J, :1nd Gardner et al. 11993 J. Thi:- n•porl 
builds 'ln the earlier studies and prorid~· 
geolow ..:al information spE·cific to TA-21· ~ 
induw~s information about vertical and 
lateral changes in lithology, petrograph):· tl~i 
mine1 a logy within the tufTs that underhct p 
SWM~s at TA~21. Together. t~e geologi~~~~· 
1 Goff. Sec. II. th1s report 1 and trus paper P .• 
a strm ;~aphic framework for futur(' stud•~'· 

Rene a~ 1 Sec. V. t~is. report I describe~ ~~ 
n~~rnh1r charactenstJcs of TA-21, as wrl rt'· 
post-Bandelier deposits not discu!'i:=;ed hi' !1~ 
This paper documents some observatl~11t 
about fracture charactm;stics at T:\-:ZL .,;
the dat.a presented may have only lorltl 51~191 
~cance a~d should be used as sup.pl~J11~\' tJf 
mformat10n to the mon~ svstemattr stu ·.At 

. . pOP 
fractures by Wohletz 1 Sec. III. thiS re . b~· 
An ongoing study of fracture mineralo~tilll 
D. Vaniman, LANL, is pvaluating t.he pote~,.tf 
for contaminant transport within fract 
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fig. 1. Map showing the locations of the three stratigraphic sections (for example, STRAT-1) measured on the 
north wBII of Los Alamos Csnyon at TA-21. 

by txamining these structures for evidence 
of past groundwater transport. Vaniman's 
study also is identifying mineral assemblages 
that may retard contaminant transport in 
fractures. 

MEffiODS 

For this study, 86 bulk-rock samples were 
collected from outcrops of bedrock units 
exposed on the north wall of Los Alamos 
Canyon. Three stratigraphic sections were 
measured and sampled <Fig. lJ. Section OU-
1106-STRAT-1 <34 samples), near the 
confluence of DP Canyon and Los Alamos 
Canyon, is the easternmost of the three 
sections. Section OU-1106-STRAT-2 (25 
samples) is south of MDA U in the eastern 
part of the TA-21 complex. Section OU-1106-
S'l'RAT-3 C27 samples), south ofMDA V, is the 
WE!sternmost section. Samples were collected 

at a nominal vertical spacing of 5 m o-:- at 
major changes in lithology. Metal tags mark 
sample sites in the field. Initially, vertical 
control was maintained by Jacob staff and 
Abney level. Later, Merrick & Company 
surveyed locations and elev••tions of all 
sample sites (Table I). 

Field work was performed under procedures 
described in LANL-ER-SOP-03.07 <Charac· 
terization of Lithologic Variations within the 
Rock Outcrops of a Volcanic Field). Observa
tions at each sample site generally include 
descriptions of rock type, type and degree of 
alteration, welding and compaction, phenoc
ryst assE~mblage and abundance, color on 
fresh and weathered surfaces, pumice size 
and abundance, and weathering character
istics. Bedding characteristics, fractures and 
their fi1ling materials, and lithic assemblage, 
size, and abundance were also nott.•d. 
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TABLE I <cont) 

LocATION OF SAMPLEs Cot.u:cTim IN STRATIGRAPHIC SECTIONS AT TA-21 

- -----·----·-·--·--~-

SM"'P'. Nu llftber !tr•lf'lliPI'dC Loutl on Bat Code Caatdinaln tAt I-* LO>(J1- El•"•" oo 
Lln11' I Mnh H c.t1 011 Numbo< tblhl hib 

Srrat.gtaDftiC 5«rron 1131WdSI8ffliTIOSI .if'Ct/Cf> • 

(XI l106-STIU13·1 Obo 1! :~J ~6C' !6J•;&r. 
\ft.J • •Of STR.l T3·1 (k ?··~ 

··~ 
~63•-'80 

\.·.-u , •1..'6 SiR.& T3 l 0, 21 'S45 AAAZ60!< 1 6...1' 4~!> 
ou ~ 106 snu. rJ . .a OC1 2' 'SI-6 I.AA;'6'C 163\-4-~ 

01.1 , !Ob STR.Al3 S (}(.; 2~ ·~: AAA26'' !(.J'46-4 

Ol1 \ ~06 STAAT3-fl ,)c) ?~ ·~6 AAA.~f.l2 '6J~otS7' 

cu. ,Ofi srR.ns::- Q,r •; 2~ 1 '>43 ··~·3 '63'··~ 
0\.1 •t06·STRAT3·6 Cla! 'O 2' !5~C AAA26~4 •63'4-4:' 
C).) '-106 S'TRAT3 9 ao: 10 .?1 1551 AAA261S 16j•4!S 

0\.1 ·t~·STF\ATJ :0 00. '0 ,, 15~2 AAA.:"'6'6 '6J••Ql; 

Cl', !O€.s'TAAH I. 00. 1g ~· '553 AAA2t'' •EJ:•.ac' 
OU! 106-STRATJ !~ CCI 1g ?t 155-4 AAA20'8 o6J' 39< 
0V! 106-STRAtJ I) 001 •o 2! '!)!:!~ AAA2'6l9 ·c~~lS2 
r.)u ~ 106 STR~fJ U CCI '• ,. 155f. A.._A26X :6:J'J9~ 
OtJ 1106 STRAT3·1~ 001 ., 2• ~~s: AM262! ·~·393 

ou. 106 S':'RAlJ.I~ a.. .. 2~ l$~b A..t.A16..~ 16JIJ:":\ 
O\_lt06STRAT)-1~ or. .. ,, 1$!-9 M~23 :63!)6) 
Ol. ~ ,(.16.STR.A Tl·\IS Ool-•v 21-1560 A.AA2'624 163'3:"3 
Ck. ·106-STRATJ 19 Obl·l Zt-1$€' M-'2615 lfa)~JOC 

Ol 1 t06·STRAT3-2'0 Qbo, 2!'~ AM<626 lfiJ~~z 

Ol ·~~-STF\AT3·21 Qo:.z 2' 15{.J AAAW" 1 63~ •t;& 

01. •10E·Srr..H3-22 ()Do""' 2'·!5fo4 ~ 163'!9() 

0 ..,, :Of sr~;r.T3 23 Qoo .... ?1 15£;~ AAA2629 t6:11i""' 
0<. ~tOE ~·R.,t.'!"J-24 ""'3 21·'~ AAAZ63() lbJ~ 30~ 

Ot.·! 10E STRATJ-2'5 Oll1 J 11 ~so.· AAAL631 !6Jt306 

Ol•·' tot.-STR.Al')-26 0013 2• •S06 AA~J«- 16.!')1~ 

:>l• • •~· STRAll·?"' (bJ 2' tSU9 AAA2€3l 16J1)1f; 

·----· 

The mineralogy of all 86 bulk-rock samples 
was characterized by x-ray diffraction anal
vses !XRD>. Samples were first powdered in 
~ tungsten-carbide shatter box and then 
mixed with an internal standard of 1-J.lrO 
metallurgical-gradeA1p3 I corundum> powder 
in a ratio of80fk. sample to 20% internal stan
dard by weight. The samples were then 
ground under acetone in an automa:.ic 
Brinkmann-Retsch mill fitted with an agate 
mortar and pestle to produce an average 
particle size of <5 J.tm. This fine size is neces
sary to ensure adequate particle statistics and 
to minimize primary extinction C KJug and 
Alexander 1974, pp. 365-367 l. Particle-st2'.e 
distributions have been verified using a 
Horiba CAPA-500 centrifugal particle-size 
distribution analyzer calibrated with Duke 
Scientific glass microsphere standards. 

e. 1nJo ''" 

: !~JIP) )5 "" JO 3.'63<' . .,. ,. •s · •reg ~--"'1• 

, 77-400!'1 3~ " 321i2~tl 1()6 ,. 46 !-OJ!)(. 6b3l S' 
1 ~:'oiOJ~ J:~ '>2 3~ s.o~e '06 '6 •(; So!ta"' f)8A'j! 

•"':"4Jl2 ·~s 5< J?S4~ •Of" •6 46~~., .. 685;; 
oT.,&Ci.).l )~ S4: 32 ~J%0 !C"!. '6 •6~9;".2~ 68~'3 

\:":~AOJ:" 1~ -- . li' S&'36 'llE 16 46 :"8694 68111: • 
1''":"4C3E J~ \< l}~U •06 '6 4&if;~J4 686-1 7 
!;-1111043 1> ~z 3.: b<l~l; ,< ... ., 4f.966~ 6ll{:~-

11'-4('161 j~, SJ :ll8l19C '"" 16 4~1FJ:" 
_,_, 

1 ''740:':' 3~ ~~ ~9 .... 5, •06 •t: .&;:Jb6Jfi f9C' s 

•7:41:)1 3~ $" 3J 22538 •(\!; •! .:- Aof•Jfl 69'. ': 
I 7-;"4! It! 3~ 52 JJ 3\148>1 ·oo ·~ .. ::- !1'145f 69J•. 
. :~•·?· .\5 S2 33 42~3· '"" '" 4':'~ ~·31 ,. 

:'""''(;. ]~ '2 33ol01"" '"" ... .~ ~30:le 69341 
I :"':'4'2' l~ >2 'l342''3 'Ot .. "'r,(.i,lfi(, 693~ ~ 

.;,•nSo~ J~ ~~ 33 60"3 ''* •t ... '"!tSS) 6~:'1 
17:"4~~ JS "' lJ 786a9 •.ot '6 .. -: 92':'1~ ..... 
I ;":"41 J'~ 3S "' 33 959.1A '06 ·~ c:- 80;"3!> 698H 
17':42,J 35 5~ 34336JC H.*, !f· 48 684 .. ~ 6999{) 
,~:"422(1 35 ~ )4 )99At ·~ 16 q7ecoc 'O',&fl 

1'77.t;tt" 15 s.~ 34 31.&89 '~* 1. so 29901 'V.a :· 
I :'i' .. Ztf! 35 !.2 ~0:"360 .•<lll 16 •9 9~ )21 :"I)E,) • 

l~'·J~· l~ :.: 35 69896 1t .. 1" 49 03948 70(14• 

17 '43:0~ )~ s; )~:)o~ .. , 'J6 16 ... 1;8)~· 7·0{'-1:1 

~l'.··~ 15 S< 3b ':w!:" •06 •• 413 F.199il '!'11 

t:""'.UI£ " s;. 36 l3''8 . .,. .. 48 otfJ?l'~ ;"IJ 1'!-

1'"-:'U":) lS \:' 3(190'*'2 "* •• 464~1;" :'•~)P 

The XRD data were collected on a Siemens 
D-500 theta-theta diffractometer using 
copper-Ka radiation, incident- and diffracted
beam Soller slits. and a Kevex solid-state 
iSiLi> detector. Data were typically collected 
from 2.0 to 50.0''· 20 using a 0.02e step size 
and at least 2 s per step. Quantitative analy
ses employed the internal standard or 
"matrix-flushing., method of Chung ( 1974a,b). 
which requires adding an internal standard 
to each sample. Details for analysis can be 
found in Bish and Chipera ( 1988; 1989). In 
addition, the following YMP procedures were 
used for sample preparation and analysis of 
XRD samples: LANL-EES-DP-130 lGeologic 
Sample Preparation l, LANL-EES-DP-56 
(Brinkmann Automated Grinder Procedure), 
LA.NL-EES-DP-16 <SiemE:ns X-Ray Diffrac
tion Procedure l, and LANL-EE:S-DP-116 
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tQuantitative X-Ray Diffraction Data Reduc
tion Procedure). The YMP quality assurance 
requirements are compan\ble in rigor to 
those used by the Los Alamos EH Program. 

Thin-section modal point counts were made 
on 23 of thE! 25 bulk rock sample!i and on one 
pumice lump from section OU-1106-STRAT2 
<bulk rock sample #8 was not prepared in 
time for analysis). Between 2374 and 6057 
gridded points were counted for each thin 
section. The point counts tallied percentages 
of phenocrysts, lithic fragments, pumice, 
shards, perlite chips !solid glass or altered 
glass fragments), and voids, following the 
draft procedure LANL-ER-SOP-03.05 
<Determination of Volume Constituents in 
Thin Sections of Rock). Thin sections were 
prepared according to YMP procedure LANL
EES-DP-130 (Geologic Sample Preparation 1. 

Opaque oxide minerals were qualitatively 
identified using criteria outlined in YMP 
procedure TWS-ESS-DP-128 CProcedure for 
Counting Opaque Minerals in Polished Thin 
Sectionsl. Image analysis with a microscope 
<200x, reflected lightl attached to a mini
computer was used to determine magnetite 
abundances as well as statistics for grain 
areas, grain dimensions, and grain perim
eters for two samples (0U-1106-STRAT2-16 
and OU-1106-STRAT3-10). Additional petro
graphic observations of textures, alteration fea
tures, and accessory minerals were collected 
using procedure LANL-ER-SOP-03.04 
(Petrography). 

RESULTS AND DISCUSSION 

Plate 1 in the pocket of this volume is the 
geologic map of TA-21 by Goff <Sec. II, this 
report) and Reneau <Sec. V, this report). 
Plate 2 contains detailed lithologic logs for 
the three stratigraphic sections measured in 
this study. Table I correlates sample field 
numbers with site identifiers and lists the 
surveyed coordinates of samples. Table II and 
Fig. 2 present modal petrographic data for 
stratigraphic section OU-1106-STRAT2: 
Fig. 3 correlates stratigraphic nomenclature 

used in this report fthat of Vanirnan and 
Wohletz t 1990. 199ll with th£! nomenclature 
used by earlier workers. Table Ill and Fig. 4 
summarize the field data ~:or the vapor-phase 
notch, an important stntigraphic marker 
horizon in the Tshirege Member of the 
Bandelier Tuff. Table IV and Fig. 5 summarize 
mineralogical data for all three stratigraphic 
sections. 

Lithologic Characteristics of Thffs in 
Los Alamos Canyon 

The stratigraphic sequence is similar in each 
of the three measured sections and consists 
of I in ascending order) the Otowi Member of 
the Bandelier Tuff< 1.61:3 ± 0.011 Ma; lzett 
and Obradovich, 1994l, epiclastic sediments 
and tephras of the Cerro Toledo interval. and 
the Tshirege Member of the Bandelier Tuff 
11.223 ± 0.018 Ma; Izett and Obradovich. 
1994). Within the Tshirege Memher. map· 
pable subunits are described separately 
because of their distinct physical properties. 
Reneau (Sec. V. this report) describes younger 
soils and alluvial deposits for TA-21. 

In this report, we use the term ignimbrite to 
describe all deposits formed by the emplace· 
ment of pyroclastic flows. The term surge beef$ 
is used to describe laminated ash deposit~ 
with sandwaves and to refer to pyroclastic 
surge deposits of any type, induding ground· 
surge, ash-cloud, and base-surge depositS 
<Fisher and Schmincke, 1984!. A simple cool· 
ing unit is made up of a single pyroclasti1: floW 
or successive pyroclastic flows that wer~ 
emplaced at essentially uniform temperaturt' 
and cooled as a unit without a break in tit11~ 
or cooling properties I Smith, 1960a.bl· .. 
compound cooling unit is made up of s~cc~~,. 
sive pyroclastic flows emplaced at rad1ca 'r 
different temperatures and/or emplaced 011~ t 
a sufficiently long period of time that abruPd 
changes in the temperature gradient caus~o 
welding and crystallization patterns. g 
deviate from those found in a simple coohfl 

unit !Smith. 1960a,bJ. 
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degree o( welding in tuffs described in 
r~e report is based on flattening of pumices 
thiS . d fl . f . . hand spectmens an a.ttemng o pum1ce 
111 d shards in thin section. These criteria 
811 cribe the degree to which pyroclasts 
de~·e undergone plastic defonnation during 
118 mpaction of the tuff. Strickly speaking, 
c~·tding refers to the fnsing together of 
u·t l · 1· h fl h djacent pyroc asts m a coo mg as · ow s eet 
8srnith, 1960bl. Nevertheless, as used in this 
1 

port welding is a common and useful field 
re _, that differentiates between tuffs that are 
te•"· 

11
c0mpacted and porous and tuffs that are 

ll mpacted and less porous. !This tenninology 
c~as adopted and slightly modified from that 
\\f Peterson 0979J.l Ignimbrites in which 
0 
umice lapilli show no flattening are called 

p onu:elded. Ignimbrites with aspect ratios of 
~.5:1 to 2:1 are termed partly or partially 
u:~lded; those v1rith aspect ratios of2:1 to 6:1 
are moderately welded; and those with aspect 
ratioti >6:1 are densely welded. 

Otowi Member 

The exposed portion of the Otowi Member of 
the Bandelier Tuff in Los Alamus Canyon is a 
simple cooling unit made up of nonwelded, 
\;trir ignimbrite. This poorly indurated tuff 
crops out in shallow drainages that incise 
gentle colluvial-covered slopes on the canyon 
floor. Bedding or parting features are absent 
in the exposed portions of the Otowi Member, 
suggesting that the upper part of this ash
flow sheet is a single, thick, ash-flow deposit. 
The exposed portion of the Otowi Member is 
18 to 21 m thick aoove the canyon floor. and 
an additional47 m (including the Guaje Pumice 
Bed! was penetrated at water-supply well 
Otowi 4 !Stoker et al., 1992>. Therefore, the 
total thickness of this unit is -67 m in the 
\icinity of borehole Otowi-4 I Fig. 1 J. Borehole 
LADP-4 in DP Canyon penetrated 85 m of 
Otowi Member, including 8.5 m of the basal 
Guaje Pumice Bed. 

The Otowi Member consists of light-gray to 
pinkish-orange pumice lapilli supported by a 
white-to-tan. ashy matrix. The matrix is made 

Stratigraphy, Petrography, and Mineralogy 

up of glass shards, broken pumice fragments, 
phenocrysts, and fragments of non vesiculated 
perlite. Glass shards are glassy and clear, 
showing no evidence for either post-emplace
ment high-temperature devitrification or 
subsequent low-temperature diagenetic alter
ation. Pumice lapilli typically make up 10 to 
30f,':( of the tuff, are equant to subequant 
laspect ratios = 1:1 to 2:1), and range from 
0.5 to 6 em in diameter. Pumices are larger 
(up to 20 cml and more abundant I -40t;t of 
the rock> at the top of the Otowi Member. 
These pumices have a vitreous luster on fresh 
surfaces, and the excellent preservation of 
delicate tubular vesicles imparts a fibrous 
appearance. Pumice and matrix materials 
acquire a pinkish-orange coloration near the 
top of the unit. This coloration may be the 
result of either the oxidation of iron by 
escaping vapors as the ash-flow sheet cooled 
or incipient weathering of the top of the unit 
before deposition of overlying units. 

Two bulk-rock samples of Otowi Member 
contain 7 to 9% phenocrysts of quartz and 
sanidine 0.5 to 2 mm in diameter !Table II, 
Fig. 2). Clinop}Toxene, plagioclase, and horn
blende are present in trace amounts; the 
plagioclase and hornblende may be xeno
crysts. Accessory minerals include magnetite, 
zircon, and an as-yet-unidentified rare-earth 
silicate. In thin section, the rare-earth acces
sory mineral is stubby and has the weak-to
moderate pleochroism characteristic of 
allanite; however, other grains are lath-like 
and completely absorb light len;~h-wise like 
perrierite or chevkinite. 

The upper part of the Otowi Member contains 
2 to 5r;t chocolate-brown to black lithics 
derived from intermediate-composition lava 
flows. These lithics are 0.3 to 3 em in diameter 
and consist primarily of aphanitic dacite. 
Phenocryst-rich dacites derived from the 
Tschicoma Formation form a subordinate 
lithic assemblage. 
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(A) 
between the two members of the Bandelier 0 

7100 Tuff. This unit contains deposits normally ·t 
I ''"' 
~ 

assigned to the Cerro Toledo Rhyolite (Smith )' 
7050 T shifege Unit 3 et al., 1970), including well-stratified tuff. I -·--~----~- .... --·--·--~----·- ... 
~ .... -1 aceous sandstones and siltstones as well as 

" 7000 primary ash-fall and pumice-fall deposits. The 13 TlhttegeUni12 

6950 Cerro Toledo interval at TA-21 also contains 
g intercalated deposits not normally assigned 

~ 6900 to the Cerro Toledo Rhyolite; these include 
IG poorly sorted sand, gravel, cobble, and 
~ l 
w 6850 '--·· ~ 

boulder deposits derived from lava flows of 
the Tschicoma Formation. The Cerro 'Thledo 

li800 
interval is -3 m thick at OU-1106-STRATl 

-------------·- ---- ..... '"";,*- ---- and OU-1106-STRAT2 and 9 m thick at OU· 6150 
Cen'o T olodo Inc:. a! i Olowllob. ! 1106-STRAT3. In LADP-4, the Cerro 'lbledo 

6700 interval is 12m thick. These deposits also crop 
0 5 10 15 20 25 

out in Los Alamos Canyon at TA-41 west of PhenOCtyStS (Yol.%) ""' cq 
TA-21, in DP Canyon east ofDP Spring, and ~ 

(B) in Pueblo Canyon north ofTA-21. The distri- E-4 
7100 bution is widespread throughout the area; '< 
7050 

however, predicting the presence and thick- ! ness of these deposits is problematic because ... 
of the nature of fluvial systems. ... 

~ 7000 ~ 
,J 

§ 6950 Rhyolitic tuffaceous sediments and tepbras ~ are the dominant lithologies found in the 
.,...,. 

g 
c: 6900 Cerro Toledo interval at the three strati· J -·-· -~ graphic sections examined in this study. The 
~ 6650 T511U8Q8 tuffaceous sediments are the reworked Unil 1g 

6800 equivalents of Cerro Toledo Rhyolite tepbras ~ 
erupted from the Cerro Toledo and Rabbit ~ 

6750 Mountain rhyolite domes located in the 
OIOWIMbr Sierra de los Valles. Because of their poorlY 

6700 consolidated nature and the steep topographY 
0 20 40 60 60 100 

on which they were deposited, these tephr35 
Felsic Phenocrysts (rel.o/o) 

were quickly eroded from the highlands to the 

Fig. 2. Variation dlsgi'IIIM of phenocryst abundances 
west, transported by east-flowing streatfl 

In thin section for ssmples collected In stratigraphic systems, and deposited within a lowland arell 
section OU·1106-STRAT2. (A) Variations In tots/ that is now the site of the Pajarito PlateaU· 
phenocryst abundances are shown on a void-tree These reworked tephras are subdivided into 
basi• but are not corrected tor porosity variations In subunits on Plate 2 based on bedding chaJ'flcf 
the tuffs. (8) Varl8tlons In the relative propottlons of teristics, composition of clasts, and m~e 0b the felsic phenocrysts. 

deposition. Normally, these subunits p1J1C 
out laterally and can not be correlated over 

Cerro Tokoo Interval wide areas. Individual subunits are 5 ~ 
175 em thick and generally have weU-defiJl tt~ 

The Cerro Toledo interval is an informal name stratification imparted by grading and s~ g 

given to a sequence of epiclastic sediments ing of ash- to block-sized clasts. Beddtfl ~ 

and tephras of mixed provenance that lie characteristics include gr~lded bedding, eros· 
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bedding, and planar bedding f Fig. 1 of Goff, 
Sec. II, this report). Orange oxidation and 
clay-rich horizons suggest that at least two 
periods of soil development are recorded 
within the Cerro Toledo deposits. These soils 
are clay-rich and may act as barriers to the 
downward mov-ement of vadose zone ground
water. 

Some of the epiclastic tuffaceous deposits 
contain both crystal-poor and crystal-rich 
varieties of pumice. The ashy matrix of these 
deposits is commonly crystal-rich and contains 
subhedral sanidine and quartz up to 
2 mn in diameter. The mixed pumice popu
lations ·and the crystal-rich nature of the 
matrix suggest that these reworked tuffs were 
derived from both the Cerro Toledo Rhyolite 
and the underlying Otowi Member. 

The tuffaceous portion of the Cerro Toledo 
interval also contains primary fall deposits. 
In the lower part of the unit, fall deposits con
tain <3% phenocrysts of <0.2-mm sanidine 
and quartz <Table II, Fig. 2}. These crystal
poor tephras are equivalent to the Cerro 
Toledo Rhyolite described by Heiken et al. 
( 1986). Primary pumice falls in the upper part 
of the Cerro Toledo interval contain >79( 
phenocrysts of >1-mm sanidine and quartz. 
The petrographic characteristics are similar, 
to those found in the overlying Tshirege 
Member. However, a clay-rich soil horizon at 
the top of the Cerro Toledo sequence suggests 
that these deposits were exposed at the surface 
for a substantial period of time before deposi
tion of the overlying Tshirege Member. The 
primary pumice falls in the Cerro Toledo 
interval may be useful time-stratigraphic 
markers for correlating deposits over wide
spread areas of the Pajarito Plateau, but 
additional work is required to establish 
correlations between individual tephras. The 
pumice falls tend to form the most porous and 
permeable horizons within the Cerro Toledo 
interval, and locally they may provide impor
tant pathways for moisture transport in the 
vadose zone. 

A subordinate lithology w1thin the Cerro 
Toledo interval includes clast-supported 
gravel, cobble, c:nd boulder deposits made up 
of porphyritit dacite derived from the 
Tschicoma Fom1ation. These dacitic epiclastic 
deposits are interbedded with the tuffaceous 
rocks. The coarse dacitic deposits are typically 
0.25 to 1.2 m thick, and they generally occur 
as overlapping lenticular paleochannels up to 
1 m deep. In sc.me places, cobbles of densely 
welded. crystal-rich Otowi ignimbrite are also 
present. At OU-1106-STRA'l'l, cobbles and 
boulders derived from Tschicoma lava flows 
occur in a matnx of reworked pumice and ash. 
filling a paleochannel that cut 0.8 m into thP 
underlying Otowi Member. At OU-1106· 
STRAT3, a paleochannel in the middle of the 
Cerro Toledo interval contains Tschicoma 
boulders up to 1 m in diameter. 

It is important to note that the proportion of 
tuffaceous to dacitic detritus making up 
deposits at this stratigraphic horizon variP5 

from location to location across the Pajarito 
Plateau. Whereas Cerro Toledo deposit~ 
described in this report are dominantlY 
tuffaceous in character. rocks at this stra~ 
graphic horizon in lower DP Canyon tGo. · 
Sec. 11, this reportJ and in the subsurface 111 

TA-55 <Gardner et al. 1993) consist predorn· 
inantly of coarse dacitic detritus derived fror 
the Tschicoma Formation and include on J. 
subordinant amounts of interbedded tu. 
aceous detritus. The coarse dacitic deposits: 
the Cerro Toledo horizon are similar to tho., 
found in the Puye Formation, a volca.n~·i 
fanglomerate that lies beneath the Oto do 
Member. The !5imilarity of Cerro Tole d 
deposits to those of the Puye Formatiofl: 8: 11 
the mixed provenance of the detritus wt~·~e 
these deposits indicates that Puye· 1 

.t 
alluvial fans continued to develop on th•?.e~~rt 
side of the Jemez Mountains after depostt~od 
of the Otowi Member and during the pert 
of Cerro Toledo volcanic activity. 
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1'shirege Member is a multiple-flow ash
file heet that forms the prominent tliffs at 
oowz~. It is a compound cooling unit whose 
fA·. ·cal propert; ·<;vary vertically and later
pllY.5~ariations tn physical properties result 
!lll)· zonal patterns of welding and crystalli
frO~,.. determined by emplacement tempera-
tlluo•· d .. thickness, gas content, an composJtton 
t\lre:th 1960a,b). The thickne!'ls of this unit 
1 SJT'~es 'rrom 89 to 98 m in the three secbons 
ran sured. All but the uppermo~t unit< unit 4 J 

:re;e 1'shirege Member occur nt TA-21. 

previous workers identified mappable subunits 
. the Tshirege Member based on a combina-
10 n of surface-weathering patterns, welding 
~:~tures. and crystt;l~ization characteristics 
,saltzef al., 1963; Weir a~d Purtymu~, 1962; 
C owe et a/., 1978; Vamman and Wohletz. 

1;90. I991J. Figure 3 correlates the strati-
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graphic units used by these earlier workers . 
A certain amount of confusion has resulted 
from inconsistent use of unit names for the 
Tshirege Member. In part, this confusion 
occurs because different criteria were used 
by different workers to identify the units. 
But equally important, the differences in 
nomenclature arose because the internal 
stratigraphy of the Tshirege Member varies 
laterally as a function of distance from the 
caldera source. 

This paper generally follows the stratigraphic 
nomenclature of Vaniman and Wohletz 
11990.1991) to describe subunits of the 
Tshirege Member because their geologic map 
overlaps the western end ofTA-21. However, 
we do deviatt> from their nomenclature in two 
respects. First, we include their nonwelded 
unit below unit 2 as part of unit 1 v because 
all tufTs below unit 2 are nonwelded. Second. 
we define unit 1 vas a lower resistant orange-
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F"~g. 3. Stratigraphic nomenclature tor the Tshlrege Member as used In this report correlated to that of otlrer 
investigators working on the Pajarlto Plateau. 
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brown colonnade tuff overlain by an upper 
slope-forming light-colored nonweldt>d tuff. 
Vaniman and Wohletz I 1990, 1991 J rtmsidered 
the upper-slope-forming. light-colored 
non welded tuff as part of unit 2. We believe 
the Tshirege nomenclature used in this 
report better reflects the presence of three 
distinct cooling units in this compound 
cooling unit at this location. Earth scientists 
for the ER program are presently conducting 
stratigraphic studies on the Pajarito Plateau 
to resolve differences between the different 
systems of stratigraphic nomenclature used 
by Los Alamos ER investigators. 

Tsankawi Pumice Bed. The Tsanka wi 
Pumice Bed is the basal pumice fall of the 
Tshirege Member (see Fig. 2, Goff, Set. II. this 
reportl. This pumice bed is 73 to 9.5 em thick 
where exposed and consists of tw<> subunits, 
each of which has normally graded bedding. 
The lower subunit is 60 to 7 4 em thick and 
contains equant, angular to subangular clast
supported pumice lapilli up to 6-cm diameter. 
Pumices are typically fibrous with a vitreous 
luster. Coarse ash and abundant phenocrysts 
make up the matrix. A 2- to 7 -em-thick ash 
bed made up offragmented pumice, ash, and 
crystals overlies the lower pumice bed. The 
upper pumice bed is 13 to 14 em thick and 
consists of clast-supported pumice lapilli that 
grade upwards into a coarse ash bed at the 
top of the unit. 

Pumices in the Tsankawi Pumice Bed are 
rhyolitic in composition and contain -5Cfr 
phenocrysts. Phenocrysts consist of 0.2- to 
2-mm sanidine and quartz. There is also a 
small I <5%) population of medium-gray, 
dense, finely vesiculated dacitic hornblende
bearing pumice in the Tsankawi Pumice Bed. 
In addition to hornblende. these finely vesicu
lated pumices contain clinopyroxene and 
small subhedral grains of plagioclase. These 
hornblende-bearing pumices are a diagnos
tic feature of the Tsankawi Pumice Bed and 
overlying ash-flow units I Bailey et al., 19691. 
Lithics make up 1 to 21J of these pumice beds 

and consi:-;t of dark-gray to dark-reri dast:; dt·· 
rived from porphyritic· datit<·. Lithic:; an· o~, 
to 4 em in diameter. 

Tshirege Unit lg. Unit lg is the lowermost 
unit in the thick ignimbrite deposit of tht• 
Tshirege Member. This 22- to 32-m-thick unit 
is poorly indurated but commonly forms near· 
vertical cliffs because a prominent re~ist.ant 
bench orcurs at the top of the unit, f<>rming a 
protective cap over softer, underlying tufl';;. 

Fresh tuff surfaces are light-gray to ""hite at 
the base of the unit but gradually become light 
pink-orange 9 to 12 m above the base. Thi5 
color change becomes more pronounced 
upsection and coincides with the tuffs becom· 
ing more resistant to erosion. The uppermost 
part of unit lg is a resistant, cliff-forming tuff 
the top of which forms a nearly-flat-lying 
bench up to several meters wide lot·ally. The 
hardness of these uppermost tuffs may be the 
result of incipient welding or incipient devit· 
rification near the top of the unit. The bench 
at the top of the unit marks the base of the 
vapor-phase notch 1 Crowe et al., 1978 l which 
is discussed in more detail below. OutcroP 
surfaces in unit lg typically weather to a pale· 
orange color. Weathered cliff faces ha\'e 8 

distinctive sv.;ss-cheese appearance becaus~ 
1 

large holes penetrate case-hardened clifffa_ce~ ' 
and expose the soft underlying tuffs to Wll1 

and water erosion. 

Unit lg is a nonwelded, poorly sort.ed, vitriC 
ignimbrite. It consists of light-gray, vitreou~· 
crvstal-rich pumice lapilli supported bY '

1 

m~trix of coarse ash, shards, pumice fra~· 
ments, and abundant sanidine and quartz 
phenocrysts. As observed in thin sectior: 
delicate glass shards are clear and perfedd~ 
preserved and show no evidence of sccoO 

0 
ary alteration. Glass in the shards is ta~ !t' 
brown in tuff's just below the vapor-ph'\,1 

notch. Pumice lapilli typically make up 3° 11 
50Cfi of tht• rock. These Japilli are commoll~1 
equant and fibrous, and they are 2 to 5 ctL' 
in d1ameter. Locally, pumic<~ clasts are uP 
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in diameter. Most pumices are rhyoliti<" 
)4 ctllnposition, but dacitic hornblende-bear
iJ'l cotumices al~.o occur in small amounts. 
itlgP 

·.;tinctive pumice-poor surge deposit forms 
-~ dtba.se of this unit. This surge bed is 10 to 
t~e rn thick and contains undulo.ting, lami
z:_~ cd dune-like beds. These surge deposits 

j\{£ • h d n ·st of coarse as an abundant broken 
cO~::als. Individual beds in this unit are 0.5 
c0g ern thick. Some of the surge beds have 
10 . ,10gJe cross beds in which laminations are 
I~-· 
·0 30 mm thick and have normal grading. 
1 to undulating tops for some of these surge 
fheosits huve wavelengths of up to 4 m. The 
~epge deposit is overlain by a thick ignimbrite 
,~rt rnakes up the remainder of the unit. The 
1 3·er 0.3 to 0. 7 m of this ignimbrite is an ash
lo"h tuff that grades upwards into the main 
~~dy of the deposit •. ~hich consists of 

nstratified tuff contammg abundant pum-
00 lapilli and blocks. This ignimbrite was 
;:bably deposited by the passage of a single, 
large ash flow. 

Phenocrysts make up 12 to 16C:i of unit lg 
:rable II. Fig. 2). Sanidine and quartz make 
up >98c;f of th~ p~enocryst asse~blage, and 
the maximum s1ze ts 2 to 3 mm. Clinopyroxene, 
hornblende, and fayalite are the dominant 
ferromagnesian minerals; magnetite. zircon, 
and perrierite/chevkinite/allanite are acces
sorY minerals. Most of the hornblende and 
~la~oclase identified during point counts of 
bulk rock samples are associated with a 
dacitic hornblende-bearing pumice similar to 
that found in the Tsankawi Pumice Bed. The 
remainder of the hornblende and plagioclase 
occurs in the tuff matrix and probably was 
derived from disaggregation of hornblende
bearing pumice during emplacement. One 
particularly large hornblende-bearing pum
ICe was thin-sectioned and point-counted 
Table II; sample OU-1106-STRAT2-6J. 
Phenocrysts, making up 4llh of this pumice. 
consist of hornblende, plagioclase, clino
moxene, orthopyroxene, and minor sanidine; 
accessory minerals include magnetite and 
zircon. 

Stratigraphy, Petrography, and Mi11era/og;.• 

Lithics are typically sparse 1<1q lin unit lg. 
Lithic clasts are usually reddish-brown-to
black porphyritic dacite and crystal-poor. 
devitrified welded tuffs. Rare granitic lithics 
also occur in these wffs. Most lithics are 
0.2 to 5 em in diameter. 

Tshirege Unit lv. Unit 1 ,. forms a 
combination of cliff-like and sloping outcrop:;; 
that separates the resistant bench at the top 
ofunit lg from the near-vertical cliffofunit 2 
I see Fig. 3 of Goff; Sec. II. this reportL The 
base of unit 1 v is a resistant orange-brown 
colonnade tuff that overlies the bench at the 
top of unit lg. This colonnade tuff forms a 
1- to 3-m-thick cliff that has distinctive 
columnar jointing. These features suggest the 
colonnade tuff may be slightly welded. 
although pumices show no discernablt.~ 
compaction at hand-specimen scale. The 
colonnade tuff is overlain by slope-forming 
tuffs that make up the bulk of unit 1 v. These 
slope-forming tuffs form a distinctive white 
band of outcrops sandwiched between the 
darker colored outcrops of the colonnade tuff 
and unit 2. The light-colored tuffs lack 
discernable bedding or parting features at 
TA-21, but these features are pre~ent in other 
locations and indicate the presence of multiple 
flow units. The upper contact of unit 1 v 
corresponds to the abrupt transition from 
light-colored. non welded, slope-forming tuffs 
to the darker, partially welded, cliff-forming 
tuffs of unit 2. At locations east of TA-21 
!for example. at TA-54l, thin but well-defined 
surge beds mark the contact between units 
1 v and 2. ThesE: surge beds are absent at 
TA-21. Unit lv thickens eastward from 16 to 
20m at TA-21. 

Unit 1 v is a nonwelded, poorly sorted. devit
rified ignimbrite. It consists of tubular, 
crystal-rich pumice lapilli supported by a 
light-gray-to-white ashy matrix of shards, 
pumice fragments, and abundant pheno
crysts. Relict shards occur in a cryptocrystal
line groundmass. Pumice lapilli typically 
make up 30 to 50~'f of the rock and are 0.2 to 
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6 em in diameter. Pumices an: chocolate
brown to dark purple-gray in the lower 
colonnade tuff and gTade upward~ into a light
gray to medium-gray color in the overlying 
white tuffs. Pumice color variations corre
spond with mineralogical changes that accnm
pany increasing vapor-phase alteration 
upsection. Cristobalite is the dominant 
secondary silica mineral in the colonnade tuff 
whereas tridymite is more common in the 
white tuffs. Pumice lapilli typically have a 
sugary texture as a result of more intense 
vapor-phase crystallization in the upper part 
of the unit. Much of the original vesicular 
structure of pumices is preserved in hand 
samples. However, on the microscopic scale, 
most of the fine structure in pumices is 
destroyed by devitrification and vapor-phase 

crystallization. Overlapping spherulites. 
octahedral cristobalite, and lath-lik~ 
tridymite (in the upper part of the unn' 
replace the original volcanic glass in thf 
pumices. The colonnade tufT hal' a pock· 
marked appearance because of the st!lectiw 
weathering of soft pumice from the enclosing. 
more resistant matrix. 

The vapor-phase notch at the base of this umt 
is a thin, horizontal zone of preferential 
weatherir.g that forms a widespread map
pable marker horizon throughout the Pajarito 
Plateau. There is no depositional break asS<l' 
ciat«:'d with the vapor-phase notch at TA-21 
or at other localities. The abrupt transition 
from vitric tuffs below the notch to de\'itn· 
fied tuffs above suggests that this feature 1; 

TABLE III 

LITHOLOGIC CHARACTERISTICS OF THE V APOR·PHASE NOTCH IS 

STRATIGRAPHIC SECTION OU-1106-STRAT2 AT TA-21 

T utts lmmed&ately Tuffs '" the Vapor. T ults tmmedoately 

Below Notcto Phase Notch Above !\lotch 

Puma Orogonal glaSs on Or.gonal voocanoc gla$S Oevotrdoed rtohd 
pumrce disappears mostly destroyed by pum1ce makes up ·-50~o 

raprdly o~pward. oevrtnfatoon • sugary rod<. sugary teX1ure. 
I 

pumoces make up -so•;. 1e<1ure: srze 0 2 to 4 0 2 to 6 em. no vrsrhre 
o1 rOCk. srze 0.210 9 em compactiOn bu1 •nay be 
em Sh(lhtly welded. 

Matnx Small fragments of Whole. hne-ora.n. Fme-gratn. 11evttr,f,ed. 

v•tnc pumrce pate. devttr11'18d ash relict crystal·roch ash. 'ehct 
peach-colored. crystat small pum.ce sn-·ao1 pumoce trag 
ncto. devllnlred ashy fragments. ana mf!nts. tetture of small 

matnx pnenocrysts. mos• pym-ce tr agmen1s wen 

orogonalte•1ures pmserveo 

oestroyeo 

Lllh<CS Darl<-ooay ana ·brown ltght-gray oavas. and L.qN -gray lavas 
po!l)hyr!llc ana Iliaci< obsodoan. -JOt. ot atllJnda"ce vanes 
aphanrtoc lavas. ·3% ,ock; stze 0 5 ro 2 em v..-1ocally from t to 
of rOCk. srze 0 5 to 6 5''- s•ze 0 5 to 5 em 
r.m 

Co•or en Fresh Pale ponk to orange L.gh1-oray w•th pmk While and ponk mawx. 
Surlao>s grading up to Clarl< nue w.spy arttas o! e~1a1e-brow:"1 and 

Otange. ctatlo. orange dark-gray pumH:es 

Wealt'tettng Gractes up !rom while. Son. honzor•1at. Colonnade res•slanr 
c.~ar a':tenshCS poorly •naurated tuffs p<elerenliaHy eroctect luff: oranqe·b'OW" 

:hat torm rounctect recess ,n rock def•ned outcrops. d•stonct"'e 
outcrOit.' to orange Dy ai!Qnment of 1 . 5-m. 'peckmarl<ed" sur1aces 
res•stanr bench. targe tall Haneneo caves: lr.:.m se•eCh\1'8 eros•O" 
'pot" hotes. where sometimes forms oenc~ or soft. altered purntce 
ca,;e hardened sur1ace several meters Wtde. 

penelrated by eros•o". fraC1urAS from above 
puma more res1stant te~m•nate abruptly '" 
to erosron man matnx. rn•s zone 
taei<S lractures. 

_.w_ 

~-

01 -

Fig. 4. DE 
T~-21. Th 
alrerecttu 
upsecttor 

~. 
Cllosens· I 

lnrerval • . II 
c.,.## 

the base 
•n the hot 
<~ner ern, 
lltcglass 
i"hire 
I ge 
'Utgassir 
i\h.-)ve th 
;•lkal· « 
j I fc 
I ahJe III 
•thoto . 

l)fth Inc 
e val 

''h enac 
"irrq I) 
~· • art t·rr I 

cf~gr Ofllal 
I'll ee8 ( Ore 
l'ltak eon 
lh e Up 

e ll . 
~»al't. lltt 
lltt<t · l\1of 

ares 

. .... 

·"-""' 



lltdt 
ltiat 
nap.. 
ar;tQ 
ilSI>().. 

1\-21 
;itil()n 
vitr;. 
tre is 

;r ., 
~ 
;::J 

SIOP"·IOnr"ng- to liQht 9'•Y tuft wilh gtay 
..,tptY purn.ees: oncreuong YIIPO'·phase aneratoon 
,.poediO". 

... - -- ... ----. -.. --- - - ........ ~ . -. ----
~ c..-- tuft. 2·m·~ r8S1118ntclrN wM columnar 

l""'nng. conlpletely -rifled; weathMs oranQISh·t>-own. 
~ ~-·end Clarll1lflly J>U,....s selec1rvely 

I-" etocled resu1brtQ., pock·mllrllad "'""""' 

~;;,~ ,;.;.,;,~ ~--~~;.d ~uit: ;,~ ;.; .. -
a---and-.,CiaSI$. oil glass 

~:-~~;;;;~~;~;;~'--.-

MasSMI- pale pnl< to orange luft. volcanrc glaso prese<vea., pUITIOC<tS 
ancl maw ~-hlr- outcrtlll surtac:es penetrated by large 
I'(Ofl'Of"AI notn pvmce 1almpS are more re~tStam to eroruon than 

tuff -narnx 

Stratigraphy, Petrography, and Mifl.f!rology 

SAMPLES 
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0 40 80 
Volcanic Glass (wt.%) 

Flf 4. DefBll of lithologic changes across the vapor-phase notch Jn stratigraphic section OU-1106-STRAT3 at 
•21• The vapor-phBs. notch marks the rapid transition from vltrlc tuffs below to devltrlfled and vapor-phase !:,.ct tuffS above. Volcanic glass Is the most abundant constituent In tuffs of unit 1 g, but disappears abruptly 

tiOn over a 2m Interval within the vepor-phase notch. The contact between units 1g and 1v Is arbitrary 
::::, 11s the first occurrence of volcanic glass as one moves downsectlon through the vapor-phase notch 

ill ,.,val. 

the base of the devitrification that occurred 

10 the hot interior of the cooling ash-flow sheet 
after emplacement. Initially, primary volca
nic glass was deposited within all parts of the 
Tshirege Member, but high heat retention and 
outgassing of volatiles caused all of the glass 
above the vapor-phase notch to crystallize to 
alkali feldspar and silica polymorphs. 
Table Ill and Fig. 4 summarize the principal 
lithological and mineralogical characteristics 
of the vapor-phase notch. 

Phenocryst assemblages and abundances are 
;imilar to those in unit lg (Table II, Fig. 2J. 
Ferromagnesian phenocrysts show increasing 
degrees of oxidation up section. Fayalite is 
more common than in unit 1g. Lithic clasts 
make up 1 to 59C of th(: tuff near the base of 
the unit but decrease to <1% in the upper 
part. Most lithics are 0.5 to 5 em in diameter 
and are similar to thosf~ described for unit lg. 

Near-vertical fractures penetrate the tuffs in 
unit 1 v. These fractures appear to be down
ward extensions of prominent fractures in 
unit 2. Some of the fractures penetrate ac1·oss 
the vapor-phase notch before dying out in the 
softer tuffs of unit lg. 

Tshirege Unit 2. Unit 2 is the 25- to 27-m
thick, vertical cliff-forming unit in the 
Tshirege Member at TA-21. The first 
appearance of unconsolidated nonwelded 
tuffs on the broad bench on top of unit 2 
defines its upper contact. This unit forms a 
distinctive, medium-brown, vertical cliff that 
stands out in marked contrast to the slope
forming, lighter colored tuffs above and below 
(see Fig. 3 of Goff; Sec II, this report>. This 
unit is the zone of greatest welding in the 
Tshirege Member at TA-21, and its thickness 
decreases from 21 to 10m eastward. 
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Unit 2 is a poorly sorted, vapor-phase-altered 
ignimbrite. The tuffs consist of relatively 
sparse, crystal-rich pumice lapilli supported 
by an ashy matrix of shards, pumice frag
ments, and abundant phenocrysts. Th£• 
compaction ofpyroclasts in the tuff increases 
upsection and is greatest in the upper part of 
the unit. The tuff matrix is light pinkish-tan 
to light-purplish-gray. and the degree of 
coloration increases vo:ith increased welding. 
Pumice lapilli are medium-gray to grayish
brown in color and have aspect ratios of 1.5: 1 
to 2:1 (partially welded l near the base of the 
unit and 5:1 to 10:1 (moderately to densely 
welded l near the top of the unit. 

Pumices are generally smaller (Commonly 
< 2 em) and relatively sparse 15 to 30ri of the 
rock> compared to those found in lower units. 
Horizontal pumice swarms contain lapilli from 
5 to 14 em in length locally. These pumice 
swarms suggest that unit 2 is made up of 
several ignimbrite deposits. 

Devitrification and vapor-phase crystalliza
tion destroyed most of the oribTinal vitroclastic 
textures in these tuffs. Relict shards with 
axiolitic textures occur in a cryptocrystalline 
to microcrystalline groundmass. Pumices 
were particularly ~msceptible to vapor-phase 
alteration and typically have a granophyric 
texture in thin section. Hand specimens of 
pumice appear sugary in texture because 
of the deposition of roarse !up to 0.3-mm> 
crystals of tridymite and sanidine. Vapor
phase alteration also has resulted in both the 
deposition of thin mantles of alkali feldspar 
around sanidine phenocrysts and the 
oxidation of ferro magnesian phenocrysts. 

The phenocryst assemblages are similar to 
those in units lg and lv, but the phenocryst 
abundances ( 17 to 20%) are slightly greater
in part as a result of the lower porosities of 
these more compacted tuffs ITable II, Fig. 21. 
Hornblende-bearing pumices similar to those 
described for unit 1g occur in small amounts 
(<50£) th1·oughout the unit. Lithic clasts are 

rare i <1 '( 1 and mostly consist of devJtrifil•d 
rhyolitic volcanic rocks. Most lithics are <3 
em in diameter. 

Well-developed fractures are charactenstic(Jf 
this unit. Most fractures are IWarly verticai 
and trend N-S ltt N70W. Some horizontal and 
low-angle fractures are also present. Fracture 
spacing is commonly 0.2 to 2 m in the upper. 
more densely welded portion of the tufT 
Fracture apertures range from 1 mm to4cm 
Many fractures have at least two generation~ 
of fracture-filling material. Calcite is the 
oldest material deposited and it common!~ 
forms a lining up to 0.5 mm thick on thf 
fracture walls. The centers of fractures art' 
filled with brown clavs and detritus washl'C 
into the fractures f~om the surfnce. Addi· 
tiona!, more detailed information abou: 
fractures in unit 2 is given in the section~~ 
Wohletz (Sec. Ill. this reportl. 

Nonwelded Thff. Nonwelded tuff underlie• 
the broad, gently sloping bench developed on 
top of unit 2. These nonwelded tuffs fortll 
white, soft outcrops that weather into lo'': 
rounded mounds. Talus from the over1Y10~. 
cliffs of unit 3 commonly covers outcroP~~~ 
the nonwelded tuffs. The contact with uni~-' 
is m·adational and is arbitrarily defined~~ 

b. f h•' 
the break in slope at the base o \e 
uppermost cliff at TA-21. The thicknes~ of\,. 
nonwelded unit varies from 10 m 1n 1 

western part ofTA-21 to 5 min the east 

pOr· 
The non welded tuff is a pumice-poor. va. 

1
• 

phase-altered ignimbrite. It consists do~, 
nantly of a white-to-light-gray, ashy rn31 ~~ 
of shards, pumice fragments, and abu~~~ti' 
phenocrysts. Relict shards have tuC1° (II" 

textures and the groundmass is crYP.:t: 
crystalline to microcrystalline. Pumice cl~~ 
are sparse ( -5lil 'and have a sugary te"tlt tt' 
The light-gray pumice clasts are diflicll (i) 
distinguish from the light-colored tufffll8t

11
t!'· 

Pumice clasts are generally equant and ra 0p 
from 1 to :3 em; rare. isolated pumices 8.~11 t,i 
to 14 em in length. Vapor-phase alteraU 

occur i 
1stic of 
unusu 
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these tuffs is extensive and has resulted in 
deposition of tridymite and sanidine in pum
jces, feathery overgrowths of alkali feldspar 
around sanidine phenocrysts, and oxidation 
of most ferromagnesian phenocrysts. 

The phenocryst assemblage in the non welded 
vnit is similar to that described for the lower 
units of the Tshirege Member <Table II, 
Fig. 2). Hornblende-bearing pumices also 
occur in these tuffs. One notable character
istic of these deposits is that phenocrysts are 
unusually abundant (21%), given the 
110nwelded, porous nature of these tuffs. 
When phenocryst abundances are corrected 
for porosity effects, the non welded unit ( -35% 
phenocrysts) is significantly more crystal~ rich 
than unit 2. At present, it is uncertain 
whether the nonwelded unit represents the 
nonwelded top of unit 2 or the base of unit 3. 
The upward increase in phenocryst contents 
and the abrupt change from welded tuff to 
nonwelded tuff suggest that the contact 
between the nonwelded unit and unit 2 is a 
partial cooling break that marks a brief hiatus 
in ash flow eruptions. If this is correct, the 
non welded unit is the lower part of a cooling 
unit that includes unit 3. 

Lithic clasts are rare (<1%) and consist of 
light-gray, crystal-poor rhyolite and dark-gray 
porphyritic dacite. These clasts are typica11y 
subangular and equant. Most lithics are <4 em 
in diameter. 

Fractures propagate through this unit despite 
its nonwelded and poorly indurated nature. 
Calcite is the oldest fracture-filling material 
and commonly is deposited on fracture sur
faces. The centers of fractures are commonly 
filled by a mixture of calcite and surface
derived detritus. Fracture apertures range 
from 2 to 4 em. 

TBhirege Unit 3. Unit 3 is the 16- to 18-m
thick bedrock unit that hosts the subsurface 
SWMUs at TA-21. Although less steep than 
unit 2, unit 3 is the prominent cliff-forming 

Stratigraphy, Petrography, and Mineralog,l' 

unit that forms the caprock of DP Mesa 
(see Fig. 3 of Goff, Sec. II, this report 1. Surface 
exposures are weathered to tan or orangish
tan, but fresh tuff surfaces are light gray. 

Unit 3 is a nonwelded to partially welded, 
vapor-phase-altered ignimbrite. The tuff 
contains 10 to 20% crystal-rich pumice lapilli 
in an ashy matrix made up of shards, pumice 
fragments, and abundant phenocrysts. Local 
pumice swarms occur in the tuff and contain 
up to 30% pumice lapilli. Compaction of 
pyroclasts in the unit is slight and decreases 
noticeably eastward from STRAT3 to 
STRATI. The matrix is white to light gray in 
the nonwelded tuffs and light gray with a 
pinkish cast in the partially welded tuffs. The 
preservation of relict pumices is generally 
good. Pumices commonly are 1 to 4 em long 
and, rarely, up to 10 em long. They are 
typically gray to brown and have a sugary 
appearance. Granophyric intergrowths of 
sanidine and tridymite and overlapping 
microcrystalline sheaves of spherulites 
replace the interior~ of pumices. Shards are 
generally axiolitic and occur in a phenocryst
rich, cryptocrystalline-to-microcrystalline 
groundmass. Sanidine phenocrysts commonly 
have feathery overgrowths of alkali feldspar 
deposited by high-temperature vapors follow
ing emplacement of the tuffs. Ferromagnesian 
phenocrysts show variable degrees of oxida
tion resulting from vapor-phase alteration. 

Phenocrysts make up 18 to 20% of these 
porous tuffs. Estimates of porosity-free 
phenocryst abundances range from 35 to 40%, 
reflecting an overall increase in phe110crysts 
from unit 1g to unit 3. Sanidine and quartz 
make up most of the phenocrysts, but the 
ratio of sanidine to quartz is greater than in 
underlyin~ units (Table II, Fig. 2). The maxi
mum size of phenocrysts is 2 to 3.5 mm. 
Clinopyroxene and hornblende are the domi
nant ferromagnesian minerals; fayalite is 
absent in these tuffs. Magnetite, zircon, 
perrierite/chevkinite/allanite, and sphene are 
accessory minerals. The sphene is present as 
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TABLE IV 

X· RAY DIFFRACI'ION ANALYSES OF TUFFS AT TA-21 a 

Stratigraphic Section It (Easternmost Section) 

Elnellon Crloto-
I~ 

SomrJ1e Flold 11urnbtr (II) Unit b Smeclllt Trtdymlle Ouerll - .,....._ OIMa -- Mica .._ 
llloognellla K- Gypoum Coolclte 

..... _ 
OU-1106-STIIATI-34 7036.2 Obl-3 7 • 1 ,. ! 1 ,, t t 62. 9 1tl 

95. 9 
OU- 1106-STRATI-33 70234 Obl-3 11 i 1 15 " 9 .!: • 60 • 8 Tr 2 t I 

91 ~ 9 
OU- 1106-STI!ot.TI ·32 70064 Obl-3 11 tt 18 11 9 t 4 59. 8 ,,, 

96. 9 
OU-1106-STRATI-31 69901 Obl-3 7 t I 17 .!: J 9 • 4 62. 9 Itt 

96' 10 
i OU-1106-STRATI-30 119742 Obl-nw 12 t 1 18 t t 7 • 3 58 I 8 Ill 

96 '9 I OU- 1106-STRATt 29 8957 5 Obl-2 23 t z 17 tl 59 t 8 It I 
100 I 8 i OU-tt"6-STRATI 0'8 11941.3 Obl-2 25t 2 11 t 1 60 f 8 To 
96! 8 

OU-1106-STRATI-27 11924.1 Obl-2 Tr 25.2 tS J 1 60 t 8 Itt - 101 1 8 
t OU-1106-STIIA Tt -26 89085 Obi-t• 1'!1 23 t 2 16 f I 60, a ,,, 

2' t 103 t 8 l OU- 110&-STRA Tt -25 8891.5 Obl-1• 23 t 2 13 t1 80 i 8 Tr It I 
g7 I 8 ~ OU-1106-STRATI-24 88755 Obl1v !0 ~ 1 tS ~ t 7 t 3 64 ~ 9 Itt Tr 2 t I 
99 ! tO I OU-1106-STRATI-23 8858.8 Obl1v Tr .. .,, 17 J 1 1? t ' 64 '9 Tt II I 
98 f 9 

0tJ. 1108-STRATI 22 8843.3 Obi-tv Tr 4 I I 16 t 1 16 t 1 80 t 8 Tr Tr 
96 t 8 t OU-110&-STRA Tl-21 68271 Obi- I• I 11 18 t 1 19 t 1 52 t 7 Tt Tr 
90 I 7 

OU-110&-STRATI 20 88104 Obl-1g 16 j, 2! I 3C ' 5 48 t 5 Tr Tr 
S2 t 5 r OU-1106-STRAlt-tt 6794.1 Obl-lg Tr 16 t I Tr 24 • 3 eo, 3 Tr 
40 I 3 r 

OU-ttOB-STRATI-18 6779.2 Obi-to 13 ~ 1 Tr 20 t 3 61 I J 
3.1 t 3 c:n 

OU-1108-STRATI-17 67632 Obi-to 12 t' I t 1 26. 4 61 t 4 
39' 4 a OU-tt06-STIIAT1-t8 6747.4 Obl-tg tJ tl 23 t 3 64 t 3 
36! 3 r 

OU-1108-STIIAT 1-t 5 6732.3 Obi-to 12 !I 23. 3 65 .!) 
35 t 3 

~ 
OU-1106-STRATI 14 6731 3 Obi-to t4 -~ 1 23 t 3 631 3 

37' 3 r OU-110&-STRATt-13 67295 Obi-to 3 t I II t t 88' 1 
12 t 1 

OU-1106-STIIA Tt-12 6729.2 Obl-tg 6 '1 17! 2 n, 2 
23 I 2 "i:: 

i OU- 1108-STIIA Tl-11 67275 Obl-lg Tr 26 t2 25 t 4 49 I 4 Tr Tr 
51 I 4 :to 

r 
OU-1106-STRATI-10 6727 3 Oct 1 ~ ' 22 • 2 Ill 30 .t 4 46 '! .. Tr Tr 54 I 5 ~ 

I 

I 
OU-1106-STRAT1-9 6726.4 Oct Tr 13 .! 1 17 t 2 70. 2 Tr? 30 t 2 ~ I OU-1108-STIIATI-8 8726.1 Oct Tr 13 t I Tr 24 1 3 831 3 Tr 37 t 3 

i t 
OU-1 108-STRATI-7 6723.7 Oct Tr IS tl Tr 23 t 3 62 t 3 

36 t 3 OU-1106-STRATt-6 6722.3 Oct Tr 13 t I 12'% 75 t 2 .. 
25 1 2 OU-1108-STRAT!-5 6722 Obo Tr g t, t ., 21 t 3 69.3 Tr 31 t 3 

29 t 3 "i:: 
OU-1108-STRATI 4 ~7158 Obo 9 t I 1 !1 19 I 3 71 t 3 Tr 

~ 
OU-1108-STIIATI-3 6692.7 Obo Tr 10 t 1 2 • l 22 t 3 86 t 3 -· 34 t 3 OU-t 106-STIIATI-2 8683 4 Obo Tr 10 tl 2 t' 21 '3 67 t 3 Tr 

33 I 3 
Q 

OU-1108-STRATI I 6882.9 Obo ' tl tO ! I 1 ! 1 21 I 3 6713 
33. 3 

l 
il: • Mineral abundance11 reporti'Clas u>eight ~~nt; unet>rtaintie11 arr> tu:o standerd dt-viation estinuttes oj analytical p1Y'l·i~i.on; -- indica It's miMral not tlete~·ted; ']} = trru:e i' abundan.ce 1<0.5 wt. %). 

l 
6 

Stratil{raphk Unit- Qbo =Otowi Member of the Bancklier TUff; Qr-t =Cerro Thledo inurval; Qht-Jg = ThhiT?ge unit lg; Qbt-lv = Tshirr>!(e 1mit lv: Qht-2 = T.•hirel(e unit 2; 
Qht-nw = nonwelded tuff; Qbt-3 = Tshirege unit 3. 
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Somple-- Clll Unh b - Tfldrmlle 

OU-1106-STAAT2-25 71038 Clbl-3 Tr t8 !.I 

OIJ-1106-STAAT2-24 7086 7 Clbl-3 Tr 19 t 1 
OU· 1 106-STAAT~-23 70693 Clbl-3 16 t1 
OlJ. 1106· STAA T2-22 70538 ClbiJ 17 t 1 
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OU-11o&STAAT2-IO 6858 I Clbl·lg 
OU-1106-STAA T2-9(purii!C81 6847.4 Clbl· 10 
OU-1106-STAAT2-9 cmllria) 68474 Clbllg 
OU-1106-STAA T28 68318 Clbl·lg 
OU-1106-STAA T2- 7 68186 Clbl-19 ,, 
OU·1106·STAAT2-6 68009 Clbllg 

OU-1106-STAAT2·5 6788 Clbl-lg lr 
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X-RAY DIFFRACTION ANALYSES OF TuFFS AT TA-21 ~ 
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Crlllo-
au.ru .,_ Fetapow Otau - .... -· 118gnolllo KIOilnlta Gypsum ca&cl .. 

I. CrystaiCir.e 

~ - ::r 
IS 1 I 64 t9 1 tl 
17 t I S8 I 8 I II 
15! I 6:l t9 1 t1 
15 11 66 .. ~ Tr 1 t 1 
20 12 S8 t8 Tr 1t1 
13 11 60 t 8 1 J1 
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TABLE IV (coNt) 

X-RAY DIFFRACTION ANAI.YSES OF TuFFS AT TA·21 

Stratigraphic Section #3 (Westernmost Section) 

Elnllllon CristO· lCryatalllne 

Somplo"-- (II) Unit b Smocllle Trlcl~ Quam baH .. -- -- - Hemolllle ,.._.. .. Keollnlte Gyp.um C.lclle -· 0U t Hl6 STR~TJ 27 71508 Obi·J 20 '2 1S t 1 61 t 9 1!1 9? ! 9 

QU. 1106-STRATJ-26 71339 01>13 20 t 2 20 ! 1 62 ! 9 1! t 103 ! 9 

OU· t 106-STRATJ-75 7117 7 Obi·J 18 f 1 15 1' "" ! 9 
Itt 98 ~ 9 

OU-t 106 STRATJ-24 71008 Obl·l 19! I 17 , ' 6J f 9 T1 1• I 91: •• 

OU-1106 STRATJ 23 7011-"5 Obi·""' 19 't 1 20 12 55 t 8 1 tl g~ • 8 

OU-1106· STRAT3-l2 7063 7 at!nw ;l. ·' 2 16 ~, 60 '8 
1().:'1 • 8 

OU 1106·STRAT3 21 7()48 2 0111·2 26 '2 12 '' 63 I 9 To 1\)1 t g 

00·1106 STRATJ-20 701•6 0111·2 To 23 t 2 14 't 60 ! 8 I •I 
98 '. 

0U 1101;-STR~TJ 19 69990 Obl-2 22 •2 f 7 : ~ 60 ! 8 99! t' 

OIJ·'106·ST~AT) t8 6985 8 Obi •• ... 2'1 t'l 15 ! 1 62 • 9 9S '; 

OU 1106-STRATJ 17 696118 Obi •• 10 f 1 ?I t? 9 ! ) 56 • 8 
9'; , 9 

OU-1106-STRAll- t6 6954 3 Obi· I .. 
1 ' ' 

19!' 18 ' 1 s; , 8 II T1 95 1 8 

OU 1106·STIIA l3 t 5 6937 9 Obi •• 19 ~ , 20 • 2 ~7 ' 8 II 96 ! 8 

OU II 06 STRATJ U 6934 3 Obllv 22 '2 ~ • 2 52 ' 7 17 " 7 lr 3. t 83 ° 8 

OU 1106 STRATJ 13 6933 2 Obllg 19. t 3 t I 4) ! 6 32 • 6 
,, 3' t 58 • 6 

OU tt06-STRAr3-t2 6931 I Obi tg 15 ! t 1 ~ 1 3? ! 4 47 t. 1r !) ~ ' ~' .. 
0U 1106·STRA U II fiPt7 '5 Ol>t lg 15 t 1 Tr 23 ! 3 60 I 3 1!1 11 1 t I 40 •. l 

1:1) 

Oil t 106-STRATJ 10 6901 5 Obi 'Q 16 '1 Tr 18 ' 3 66 '3 To 
,, 34 '3 -

OU tl06·STRAT3·9 ~0 Ql>llg u ,, I ~ 1 2t ! 3 64 • 3 31; ' 3 l 
00·1106- f.TRATJ.8 6867 7 Obl-tg 16 f' 23 I J 61 • 3 )q ' 3 

~-
QU. t 106-STRATJ· 7 6864 2 Qbllg 26 '2 36 ! 5 ' T1 Tr 6? ! ~ 

OU·I •06-STRAT3 6 6861 . .C Oct 1~.' 21 ! 3 60.3 To •o '3 .g 
OU-1106-STRATJ 5 6857 3 Ort 8!1 1! t 11) t I 81 t 1 

19 '2 :to 

OU-tt06SIRATJ-• 68507 ()d Tr Tr 3 '1 2 ! ' 10 t 1 85 ~ 1 
t5 • 2 ~ 

OU·It06·STRAT3 3 68495 Ocl T1 1 t1 I' I 5 ' t 93 t I 1 '2 

()U t 106 ~I HAl! L 68319 Ocl 1.•! 3 I I 2 ! t 12 ! 2 82 12 ,, 18 ~) ~ 
OU-1106 STRAT3 t 6779 I Otxt ~c · ' 0 'I ;?t • :\ 68. 1 

37 • l ... 
~ ., 
.g 
:to 
~ 
;l 

l 
=:: ;;· 
~ ., 
Q -~ 
'<! 
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tiny • d).(l5-mrn 1, wPdgt>-,.;hapl'd gram,; i 11 t h• · 
;;hardy matrix. 1-lornb!Pnde-h(·ann;~ plnnicb 
also occur in this unit. 

LithiC dasts .:l'rwrall~· rnakt• up< l to;)'' or 
the tuff. Lithils includt• h'Tay. brown. and hlar:k 
phenocryst-poor dt>vitrified rhyolitt•. pt:rphy· 
ritic dacite. nnd crystal-r·ich. moderatt·l~· tu 
den:;ely welded Otowi Member. \lost lithic.-: 
are 1 to 7 em in dwmeter. hut a f{•W an.• a,;; 

much as 15 em across. Dl•spitt• <·xcellt•nt 
exposures in the stratign1phie ,.;t·<·tion,.; and 
other clifToutcrops, there Wt>re no oceurn .. m·e:; 
of the boulder deposit:.; that wen• Pncount.en•d 
near the base of unit :3 dur·ing const r·uction of 
thE· vertical wa;;t..~ ;;haft:< at :\11J:\ T 
•Purtymun. 1969l. 

Mineralogy 

Fi~rure 5 shows bulk-tutTmineralog-ieal v;•rw
t:inn,.; at TA-21 a;:; a function of :'tratigraphic 
position. The Bandelier and Cerro Toledo tull:..; 
consist primarily of f.;old,.;par + quartz :: 
cri;;tobalit.e ± tridymite ± glas:' 1 Table IV 1. 

Minor cun;;tituents includt~ ~mectitt>. horn
hh•nde. mica. magnetite/maghernit•·. hernatitP. 
calcite. and kaolinite. 

Volcanic glass is the major con,.;tituPnt 
1 commonly >60'.! i oft utT's in thL' ltl\\'L'r half of' 
the stra: igraphic section. indudrng tht- Otowi 
Member. tuff:- of the Cern• Toledo interval. 
and unit lg of the Tshin.•ge M,~mbPr 1Tabk 
[\' and Fig. 51. Glass occurs a,.; pumicPs and 
in the shardy matrix. quartz and tl•ld:-;par 
1sanidine; are the two other major constitu
ents ,f the glassy tuffs: the:-w crystalline 
phas!'s occur as phenocrysts and as relative!:-' 
minor de\'itriflcation product:- in tlw fine ash. 
The volcanic glass is fresh in thm ,.;pct.ion. 
and the absencP of :-;ignificant altPrat.ion 
minPrals such as clays and zeolites strongly 
suggests that these tuffs haw had limitt>d 
contact with groundwater since thl•ir dt:posi· 
tion. Glass abundances are fairly con . .,;i,.;tt•nt 
in tr.P upper Otowi :Vtember and in unit lg of 
tht> Tshin•1:e :\1t>mher In the Ct>rro To!Pdu 
l!lte ··val. ttw proportwn ofglas:-: to crysta IIi n<· 

ph;i'i'' \';l~'lt•:- \\H:t•J_,·IH't ;1\J:-'i·llldi\'ldUd! th•p.,. 
-ltron;d unrt:-: t'(llltalll \;u·:-·1ng ;llllt!Ull!:- qf 
:._I;L'".\ pyroel.~:;t,.;. plwr•Jrr~,;t...;. ilnd t!PYiln
rit·d Ll\·;1 clt·t I'll u·' • Fig .. i • 

\'okanil· gla:-;,.. di,.;appears abrupt!~ at th<: \up 

uf unit lg at tlw \·apor-phase notch •TahiP~ 
ll I nnci IV: Fl;.!:-.. 4 and :) 1. t;la~:-; ahund~ind·~ 

lwgm to dl'dl!w w1thin ir m llftht.' \ apor"pi1;H~ 
notch. hut most oft he glnss disappt:ars \\'11 hm 
2 m of tht• notch. It should be nou·d that. 
rh•,.;pitt• t·xten:-ivp coli >quwl Us<·. tlw tNm 
1 1/fJ•JI'·phn,o;c nnfl'h is probahl~· a rm,.;nornt·r 
bt'cau,.;p thl' mirwral a ;,.;t>mhlage di·ld,par + 

quartz .,. minor cristobal itt• • and tt-xtural 
fi::ll un•,.; • lack of vapor· ph asP m i npral:- lining 
pumic·t•,.; and ntgs' :'llp.~esl t.hat gl;.,.;, undt•r· 
wt-nt high-tl•mpPratur · dP\'itrification w1th" 
out :-;igmficant vapor-phase cry:-;talliwtwn at 
thi,.; str:1tigraphrc leW'I. 

l.:nit h of the T:>hir··g<' :\lt>mber ron~i~t~ 
pnmaril~· of f<.·ldspar ··quartz + eri,.;tnb:lliH· 
+ tridyrnitl.'. Cristoh dite abundarw<·,.; :Jrt• 
f.'l't>ate,.:t in thP colonnadt• tuff n('ar th1· ha::t• 
of t ht> unit and s.v::; t•maticall~· d.·rr'l'a::t' 
ups<•ction 1 Fig. 51. Tridvrnitt.• abundanct·:-< ,-ar~ 
i 11 ,. < • r s t~ I v w i t h t h l;; e of <" n ,.; t n h a ·. II <' 
Cri,.;tohal.it<' i,.; intl'l'g··own with alkah 't•ld· 
,.;par---mamly a;.: axi:ditic and :;plwrulr!ll' 
growth,.;--and tht•:·w icterg-rowth;-; rPplact> thr 
ori~i nal glas,.;y pyrod a,.;t,; that rnak1· llP tlw 
tuff. T~wse ndations s_agg•:st that cl'\·,.;talliz;lf 
twn of nllorlnadt· tufl wa:- largtdv a result 0 

'" .<1fu de\·itnfication. TridvmitP .. on tlw otht'f 
hand. rornmunlv m·t·~.;r,.; w.ith alkali f<'ld;.:ptlr 
a,.; di,.;crl'h.' crv~tal;-; :md crvstal al-(~rq.::JI<'~ 

· · rt'" th;lt wen• dl'pnsitt•d o:1 ,;urfac<'" ofopl'll P11 · 
in the tutr. Most.lv likl'!v. tlH',.;(! oc:cut·n•nl·,·::of 
tridvmit<> and alkali fpid,.;par \\'\'I'P dep••,.:itt•t 
h.v gas(·s ristng through tht• tull' Tlw di:-:trl: 
hut ion nf t ridvmitt' indicate:• that ,·aptH·-phn:-• 

1 . . . . 11 •ctio!l 
:1 tPratton IJH.Tf.';ht's sy . ..;t,_•matlt'a ,. UP"' 

t . ,,f 
t'nit 2 of tlw T,..;hin•gt• :\h•mbPr rnn:<t,.; :- r 

. I . l ,. ,. 1 (1 "IJ'' a ,.;·:mp t' llllJH'nll a,.;s<·m •lagt• o t' •· . 1 
+ I'Uartz + tridvmiiP. Trid,mitt• ,;.: nW~1 . 
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·dvrnite and equant crystals of alkali feld-
tfl • 'd . 1· . d . I . ar line vo1 s m re 1ct pum1cel" an m t ·w 
,p . Th f . ff rnatnx. e cores o some pumtces are 
~~arsely crystalline and have granophyric 
cel\ture!'> resulting from in_ter?rowths of 
~anidine and quartz. Despite 1ts greatpr 
degree of welding \and presumably a corre
,;pondingly low_er permeability 1 •• unit 2_ 
. 00 tains the highest concentratiOns of 
~ridyrnite found in the Tshirege Member. High 
tridymite concentrations suggest that vapor-

Stratil(raph,\·, Petrograph,\, w.ci Mineralolf~' 

phase alteration wa!; more intense in unit 2 
than in other parts of the Tshirege Mt·mber . 
Tlw high degrPe of welding and high tridymite 
concent:atiom: suggest that ash flows of unit 
2 W£>re unusually hot and weldE~d ~.o fast that 
large amounts of gas was entrapped. 

The nonwelded unit and unit 3 of the Tshirege 
Member have similar mineralogical charac
teristics. They both contain the assemblage 
feldspar + quartz + tridymite ± cristobalite. 

Fig. 6. Photomicrograph of magnetite mlcrophenocrysts enclosed within a clinopyroxene phenocryst. Ilmenite 
exsolutlon lamella are visible In the lowermost magnetite grain. Magnetite mlcrophenocrysts make up 60 to 
90% of the magnetite In these tuffs. As shown in this photograph, the magnetite mlcrophenocrysts commonly 
are enclosed within mafic phenocrysts; this limits their availability tor mineral/water Interaction. More Important 
for mineral/water Interaction are the small-matrix magnetite/hematite grains. These matrix magnetites are 
disseminated throughout the permeable tuff matrix and make up -95% of the magnetite surface area available 
for mlneraltwater Interaction. The sample shown here Is OU-1106-STRAT3-21 from Tshirege unit 2; It Is a reflected
light Image. 
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Fig. 7. Histogram of magnetite grain areas In sample 
H06-STRAT2-16. llost of the grains have cross 
sectional areas <75 J.Un', and they are dlsssmlnated 
In lhe tuff matlx; the remainder of magnetite grains 
are the relatively large mlcrophenocrysts. Although 
matrix magnetites represent only 10 to 40,.. of the 
magnetite present In the roclc, they provide as much 
as 95% of the surface area avallsble tor magnetite! 
water Interactions. These Image analysis data were 
collected from a thin section using reflected light 
(200x). 

Though tridymite is present, its concentra
tions are notably less than those found in unit 
2, suggesting somewhat less intense vapor
phase alteration. Cristobalite is absent in the 
west and central stratigraphic sections, but 
it is present in the east section <Table IV and 
Fig. 5). Tridymite abundance decreases frorr. 
west to east in these units <Fig. 5). These 
relations suggest that vapor-phase alteration 
decreases eastward in the more distal 
portions of these tuffs. 

Smectite and hematite occur in small ( <2%) 
amounts throughout the stratigraphic 
sequence at TA-21 (Table IV). These two trace 
minerals are important because they are 
sorptive of certain radionuclides and could 
provide important natural barriers to their 
migration. Smectites are highly selective for 
cationic radionuclides (Grim, 1968). Magne
tite and its alteration products, such as 
hematite, have an affinity for uranium and 
actinide species through surface-complex
ation (Allard and Beall, 1979; Beall and 
Allard, 1981; Allard et al., 1982; Hsi and 
Langmuir, 1985; Ho and Miller, 1986). 
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Fig. 8. Relation between stratigraphic units and 
preliminary proposed hydrogeological units at TA·21. 
The hydrogeological units generally co"espond to the 
stratigraphic units, except for H1 and H3, which cross 
stratigraphic boundaries. 

Although these minerals occur in small quan· 
tities, they are disseminated throughout the 
stratigraphic sequence, and their aggregate 
abundance and surface area available for 
adsorption are large when integrated over 
long groundwater flow paths through the 
tuffs. 

Magnetite is present as a microphenocryst 
in all of the tuffs at TA-21. Its abundance 
commonly ranges from 0.03 to 0.2%. Magn: 
tite grains are generally unaltered in the vitJ1C 
tuffs, but some contain exsolution lameUile 
of ilmenite or its alteration products along ~11 
crystallographic directions. The magnetite 
shows no oxidation to maghemite in unit ~g. 
but varying degrees of oxidation occur in unJ~ 
2 and 3. Partial to complete replacernefl 
of magnetite by hematite also occurs in the 
crystallized tuffs of the Tshirege Mernbet· 
Former ilmenite lamellae consist of an aggte' 
gate of rutile± hematite± anatase(?)± goe~~ 
Relatively large (>75 ~m2 in cross sectJOil
area) microphenocrysts make up only -l~ie 
of the individual magnetite (and herns.t1.

11 
pseudomorph) crystals observed in th' 

,...,. 
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• · 005 1 Fig. 6 l. Yet these few microphenn
::l'~~~ts account for an estimated 60 t.o 90rk of 
ct1~netite present. The remainder of the 
018 

1etite grains are small «7f> ~m~l and 
013~ as disseminated crystals or aggregates 
~urvstals that are distributed uniformly 
0 c ~ghout the matrix I Figs. 6 and 7 l. These 
th!'OJier crystals are more important than the 
~n~:tively large microphenocrysts for radio
re elide retardation because they occur in the 
0~ hiY permeable tuff matrix and because 
hh

1g ir surface areas (based on estimates 
t e . . d d rived from gram penmeter atal account 

f
er -96'1 of surface area available for 
0 . . 
t1liner8 1Jwater mteractwn. 

Relation Between Stratigraphic Units 
and Hydrogeological Units 

figure 8 presents a preliminary represen
tation of the major hydrogeological units for 
he upper part of the vadose zone at TA-21. 
~omplete delineation of all hydrogeological 
units at TA-~:1 must await characterization 
of subsurface units and systematic measure· 
rnents of hydrological properties from all rock 
units. Previous sections of this report sub
divide stratigraphic units according to their 
mode of deposition and cooling histories. How
erer. physical characteristics (such as perme
ability, bulk density, and moisture content) 
35 well as chemical properties I such as mm· 
eralogy, rock chemistry, and water chemistry l 
control the movement of groundwater and 
contaminants through tuff. The hydro
geologi<"al zones represented in Fig. 8 are 
delineated by degree of welding, mineralogy, 
fracture characteristics, and juxtaposition of 
contrasting lithologies. Welding characteris
tics should generally correlate with hydrolog
ical properties, which are not yet determined. 
These hydrogeological units partly correspond 
11ith the stratigraphic units described above, 
but some cross stratigraphic boundaries I Fig. 8 ). 

Hydrogeological unit Hl combines Tshirege 
unit 3 with the underlying nonwelded unit. 
Although unit 3 is partially welded near the 
topofthe mesa, the transition into nonwelded 

Stratigraphy, Petrography, an.d Mineralog.v 

tuffs below is gradual. The mineralogy of the 
nonwelded unit and unit 3 are similar. This 
hydrogeological unit host:,:; most of the 
subsurface SWMtJs at TA-21 I Fig. 81 

Hydrogeological unit H2 consists of the mod
erately to densely welded, highly fractured 
tuffs ofTshirege unit 2. The contact between 
H 1 and H2 represents an abrupt change in 
welding characteristics. Although the hydro
logic properties C•f these tuffs have not yet 
been tested, hydrogeological un: t 2 is expected 
to have significantly lower porosities and 
permeabilitiElS than unit H 1 'lecause of its 
greater degree of welding. The Hharp contrast 
in lithological properties acro!is this bound
ary may divert groundwaters laterally where 
flow occurs in a porous media. This boundary 
may be especially important at MDA T and 
MDA U, where contaminants cliverted later
ally beneath these liquid waste sites could dis
charge to DP Canyon, which i~·; developed on 
top of H2. Locally, where conditions favor 
rapid influx of recharge c for example. in drain
ages), groundwater flow may b'~ controlled by 
the network of fractures in unit 2. 
Hydrogeological unit H2 is the lowest unit in 
which contaminated transport has been docu
mented at TA-21 IFig. 8 and Nyhan et al., 
19841. 

Hydrogeological unit H3 consists of the white, 
slope-forming non welded tuffs of unit 1 v. 
Although these tuffs probably consist of 
multiple flow units, the individual flows have 
similar lithological properties and they prob
ably have similar hydrologica 1 properties. 
Because these tuffs are nonwelded, they are 
probably more permeable than overlying unit 
H2. The mineralogy of these tuffs in H3 is 
fairly uniform, except for the abundances of 
cristobalite and tridymite, which vary as a 
function of \·ertical stratigraphic position. 
Sorption behavior and sorption capacity 
of these tuffs should be unaffected by the 
increase in the ratio of tridymite to 
cristobalite upsection. These tuffs contain 
fractures hut they are not as numerous as in 
unit H2. 
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Hydrogeological unit H4 consists of the Cl)l

onnade tuffs at the baRe of unit l v and 
includes the vapor-phase notch at its base. 
These tuffs are cliff-forming above the vapor
phase notch and may he incipiently welded. 
These tufTs have undergone in situ l.!evitrifi
cation. but there is little evidence of thP 
vapor-phase alteration that is so prevalent 
in overlying tuffs. Differences in welding and 
alteration characteristics may affect the pon.• 
structure of these rocks and cause them to 
have different hydrologic properties than 
those of the tuffs in H3. Moisture profiles from 
nearby drillholes commonly show increased 
moisture contents in this interval 1 for 
example, see Broxton et al .. Sec. VI. this 
report). 

Hydrogeological unit H5 is equivalent to 
Tshirege unit lg. This nonwelded ignimbrite 
is fairly unifonn in its lithological properties, 
and it should be relatively permeable because 
of its open network of interconnected pores. 
The presence of abundant-and possibly 
reactive-glass in H5 contrasts with the 
devitrified mineral assemblage in H4. The 
ash-rich tuff at the base of the main ignim
brite and underlying surge deposits are better 
sorted and more stratified than the o~rl);ng 
massive ignimbrite. However, for now, these 
tuffs are included in H5 because it is not 
known if the occurrance of these features is 
widespread. These tuffs can be subdivided 
into separate hydrogeolobrical units at a later 
date if further studies show that they are 
regionally extensive and that their hydrologic 
properties differ significantly from those of 
the remainder of H5. 

Hydrogeological unit H6 is equivalent to the 
Tsankawi Pumice Bed. This pumice-fall 
deposit is extremely porous and is commonly 
associated with elevated water content in the 
unsaturated zone (for example, Broxton eta! .• 
Sec. VI, this report). At TA-21, these pumice 
deposits overlie a soil horizon that may act 
as a perching layer. This is well illustrated in 
outcrops exposed in the large alcove just 

downstream of DP Spring. where S(·eps are 
perched within water-saturated Tl'ankawi 
Pumice Bed above fine-grain day-J-i(.'h soils. 

Hydrogeological unit H7 lumps together all 
of the bedded deposits of the Cerro Toledo 
interval. These well-stratified depo~its 
contain numerous thin depositional units 
characterized by a wide range oflithologies. 
lJ ndoubtedly, these individual depositional 
units have differing hydrogeological proper
ties. In addition. juxtaposition of lithologies 
with contrasting grain sizes across deposi· 
tiona! boundaries can result. in capillary and 
permeability barriers and cause the lateral 
diversion of brroundwater flow. Nonetheless. 
these deposits are lumped together at 
present because their deposition in complex 
fluvial settings makes correlation of more 
finely subdivided units impractical. 

Hydrogeological unit H8 is equivalent to the 
upper part of the Otowi Member. This 
nonwelded ignimbrite has fairly uniform 
lithological properties and should be fairlY 
porous because of its nonwelded nature. So 
far only the uppermost part of this ignimbrite 
has been studied, and H8 may be extended 
to include more ofthe Otowi Member after 
further investigation. 

CONCLUSIONS 

Heterogeneous tuffs underlie the solid w~st~ 
management units at TA-21. The ph~stC3" 
properties of these tufT.r; vary both verttc~~· 
and laterally. Vertical variations provt ~ 
most of the geologic control for moveme~~ 0

11 groundwater in the vado"e zone. Recognit1° r 
of tuff heterogeneity is important~~ 
developing conceptual models of the st · 

ro· evaluating transport pathways and P . 
cesse1=, and bounding parameters in coflld 
puter codes used to model groundwater 811 

contaminant transport. 
., 

Tuff stratigraphy, with the bedrock geologtc· 
map, provides the geologic context for unde d 
standing the distribution of rock un;ts 8 1'1 
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. the basis for describing cores and cut
~,(11'1~ from future drillholes at TA-21. Depo
tir1~:. al and cooling histories control the 
;it

100bution of the major gtratigraphic units 
Ji~'~ea.s physical and chemical properties 
,,~e tuffs control the movement of ground-
f tne 

•' , •. ~ter. 

. ht hydrogeological units are identified on 
f.t~ rodsional basis <until further hydrologic 
~ P ·ng is completed for these rocks l. The 
,,·~~geological units have unique lithological 
t.~ d mine:alogical p:o.perties that probably 
~~ ct thetr conductivity to water and g~s. 
;~ e e of these hydrogeological units cross 
.;orTI hi bo d . s . · tigrap c un anes. ystemattc measure-
~~ts of hydrological properties are neces
roe , to complete the characterization of these 
:.a~s Additional delineation of hydrogeo
u~~~l units in the subsurface will occur 
~~ring the drilling program for the site. 

The tWO critical bedrock units for evaluating 
~ubsurface contaminant transport at TA-21 
~re Tshirege unit 3 and the underlying 

00welded tuff unit that makes up 
~\·drogeological unit H 1, and Tshirege unit 
.,·which makes up hydrogeological unit H2. 
Hvdrogeological unit H1 hosts both surface 
J~d subsurface SWMUs at TA-21, and its 
physical properties govern how contaminants 
~remobilized and t1·ansported at their source 
term. Our study shows that this hydro
~rological unit is generally highly porous 
and contains no bedding features that might 
cJ\·ert groundwater to canyon margins. 
Because nf its high porosity and low degree 
(,f moisture saturation, hydrogeological unit 
Hl should provide an effective physical 
harrier to waste migration because of its 
ability to imbibe and trap water in the tuff 
matrix under natural recharge conditions. 
These tuffs also may pro";de a mineralogical 
oarrier to contaminant migration in the t•lfT 
11atrix because of the presence of trace 
amounts of magetitelhematite and smectite. 
•:hich are highly sorptive of certain radio
:.uclides. One area of concern is that the 
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favorable barrie1·s in unit HI could be 
bypassed by transport through fractures. This 
i:s of particular concern at the liquid-waste 
MDAs, which received lat·ge amounts of 
effiuent in addition to the natural recharge. 
Porous flow through the tuff matrix as well 
as fracture flow may have occurred beneath 
some of these MDAs. Preliminary observa
tions about fracture mineralogy indicatE• that 
water from the surface has penetrated to at 
least the level of hydrogeological unit H2 
under natural conditions. 

Hydrogeological unit H2 is the lowest unit 
in which contaminants are document•~d at 
TA-21 (Nyhan et al.. 19841. Although testing 
of hydrologic properties of tuffs at TA-21 has 
not yet occurred, hydrogeological unit H2 is 
expected to have significantly lower porosi
ties and permeabilities than unit H 1 because 
of its greater degree of welding. The contrast 
iu physical properties at thE:' contact between 
Hl and H2 might provide a harrier to the 
downward movement of water. Such a barrier 
could act as a zone of accumulation for down
ward moving contaminants or it might divert 
contaminants laterally. The relative imper
meability of the tuff matrix and abundance 
of fractures in unit H2 suggests that the RFI 
work plan's strategy to use slant drillholes 
for charactenzing as many fractures as 
possible is warranted for the deeper boreholes 
being planned to investigate the liquid waste 
MDA.s at TA-21. 
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