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STRATIGRAPHY, PETROGRAPHY, AND MINERALOGY
OF BANDELIER 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
of investigation included field observations, modal point counts,
petrographic descriptions, x-ray diffraction, and image analy-
gis. 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
models for evaluating the migration of water and contaminantis.

Bedrock stratigraphic units in Los Alamos Canyon consists of
(in ascending order) the Otowi Member of the Bandelier Tuff,
epiclastic deposits of the Cerro Toledo interval, and the Tshirege
Member (including the Tsankawi 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 Canyoen. The Cerro
Toledo 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 Toledo
Rhyolite, including well-stratified tuffaceous sandstones and
siltstones as well as primary ash-fall and pumice-fall deposits.
The Cerro Toledo interval also contains intercalated deposits
not normally assigned to the Cerro Toledo Rhyolite; these
include sand, gravel, cobble, and boulder deposits derived from
the Tschicoma Formation. The thickness of the Cerro Toledo
interval ranges from 3 io 9 m. The Tsankawi 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 Tahirege 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 + cristobalite * tridymite * glass. Minor
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 have undergone extensive devitrification
and vapor-phase alteration; the ~ neral ussemblage in these tuffs
consists of alkali feldspar + quartz * cristobalite + tridymite.
Smectite and hematite occur in small (<2%) amounts through-
out the stratigraphic sequernce. These two trace minerals are
impaortant because they are highly sorptive of certain radio-
nuclides and could provide invportant natural barriers to their
migration. Although these minerals occur in small quantities,
they are disseminated throughout all stratigraphic units, and
their aggregate abundance and 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 iinits based upon their
lithological and mineralogical properties. Complete delineation
of all hydrogeological units at TA-21 .nust await characteriza-
tion of subsurface units and sysi*matic measurements of

hydrological properties from all rock vnits.

INTRODUCTION

This study is conducted as part of on-going
ER Program RFI work for OU 1106 located
at TA-21 (Fig. 1). This report supports the RF1
studies by providing geo.ogical data
for developing and testing hvidrogeological
conceptual models for the site, evaluating
potential transport pathways and processes,
and collecting data for parameters used in
models for evaluating the migration of water
and contaminants. The data also provide =
geological framework for evaluating various
types of remediation that could be applied
at the site. This study supports these goals
by delineating important hydrogeological
units whose physical and chemical properties
control the movement of moisture and
contaminants.

The genera! stratigraphy of tuffaceous rocks
of the Pajarito Plateau is described by Bailey
et al. 11969). Baltz et al. (1963). Weir and
Purtymun (1962}, Griggs (19641, Smith et al.

11970), Crowe et al. (1978). Heiken et @
(1986). Vaniman and Wohletz 11990 37
1991), and Gardnier et al. 11993). This rf‘?"ﬂ'
builds an the earlier studies and provid®
geologi cal information specific to TA-2! -
incluces information about vertical 47
lateral changes in lithology, petrography: an ]
mines alogy within the tuffs that underlic!
SWM Us at TA-21. Together. the geologit “‘.‘;ﬁ
{GofT. Sec. I1. this report) and this paper P""\.‘l..
a stravigraphic framework for future studi®

Reneau (Sec. V, this report) describes ge'\:
merohie characteristics of TA-21, as W&
post-Bandelier deposits not discussed " B
This paper documents some obseﬂ"‘“b“‘
about fracture characteristics at TA-21: o
the data presented may have only Jocal 5’“"5!
ficance and should be used as supple™® oo
information to the more systematic §tV 4
fractures by Wohletz (Sec. 111, this rep? By
An ongoing study of fracture mineralo " sl
D. Vaniman, LANL, is evaluating the Powzrei
for contaminant transport within fr act
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Fig- 1. Map showing the locations of the three stratigraphic sections (for example, STRAT-1) measured on the

aorth wall of Los Alamos Canyon at TA-21.

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

METHODS

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. 1). Section QU-
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-
STRAT-3 (27 samples), south of MDAV, is the
westernmost section. Samples were collected

at a nominal vertical spacing of 5 m or 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 elevutions 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 assemblage and abundance, color on
fresh and weathered surfaces, pumice size
and abundance, and weathering character-

istics. Bedding characteristics, fractures and

their filling materials, and lithic assemblage,
size, and abundance were also noted.
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Locarion or SaMPLES COLLECTED IN STRATIGRAPHIC SECTIONS AT TA-21

TABLE I

Earth Science Investigations/Environmental Restoration—Los Alamos Technical Area 21

Semple Number  Sustigrsphic  Location

Bar Code

Latinude © Longitude ¢ Elevation
Unitd  Mentification  Nusber Morth () ¥ Eant(n) * "

Srratigraphic S #1 (Eas S

. OU.1106-STRATY.1 o 21-1485 AAA2549 1637657 V773468 35 52 281823 106 15 23982%1 86629
OUJ-1108-STRAT1-2 Qoo 21-1486 AAA2550 1637736 1773513 35 52 2824855 106 13 2288122 6683 4
OU-1106-STRAT1.3 oo 21487 AAAZSS1 1837730 1773554 35 52 286339 108 15 2274758 66927
OU-1108-STRAT14 [o 1 211488 AAADSE2 1637793 1773558 35 52 28.42660 106 'S5 2202380 67158
OU-1108-STRAT 1§ o 211498 AAAZS53 1637767 1773588 35 52 28.77987 106 15 2217648 728"
OU-1108.STRAT S [+ 4] 211490 AAA554 1637802 *173582 38 52 2861254 106 15 2181482 are2o
OU-1106-5TRATY7 Qct 21-1491 AAAZSSS 1837801 1773582 3 2 ners 108 15 21.82360 87223
OU-1108-5TRAT -8 Qct 21-1482 AAA2SSE 1637803 1773582 35 52 2861081 108 15 21 79582 87237
OU-1108-§TRATT-9 Cxt 211493 AAAZSST 1637802 1773542 35 52 2860873 106 1S 21.79343 8728 4
OU-1106-STRATS-10 Ot . 211454 AAA2558 1637805 1773543 3% 52 28.80683 106 15 21 78654 67275
OU-1106-STRATI-1Y Qbt- 19 211495 AAA2SSQ 1637801 1773577 35 S2 28.44729 106 18 2151588 7273
OU-1306-5TRATY-12 Out-1g 211498 AAA2560 18378% 1773577 35 52 2s.Me223 06 1§ 2149522 67292
OU-1106-STRAT1-13 Ott-1g 211487 AAA2561 1637833 17735717 35 52 2844200 WE 18 21.49060 67295
OU-1108-STRAT1.14 Ot 1g 211498 AAA2562 1637826 1773577 35 52 2846674 108 15 21.56520 67113
QU-1108-STRAT1-1S Qor-1g 211499 AAAZ563 1637828 1773577 35 52 2846022 108 15 21 54583 $7323
OU-1106-STRAT1-18 - 1g 211500 AAA2S64 1637856 1773883 35 52 2Ma1357 108 15 212145¢ 6474
OU-1106-STRAT1-17 Cbt-1g 211801 AAAZSES 1637878 1773578 35 52 22199 106 15 2098241 6763.2
OU-1108-STRATY 18 Q- ig 241502 AAA2566 1637907 1773802 35 52 2819501 106 15 20.64471 67792
0OU-1108-STRAT1-19 ot 1g 21.1503 AAA2567 1637936 1773877 35 52 2803587 106 15 20.35014 67949
OU-1108-STRAT1-20 Qbt-1g 211504 AAA2568 1637932 1773585 35 52 28.21341 W06 1S 20.29730 68104
OU-1106-STRAT1-21 Qot-tv -1505 AAA2589 1837972 1773613 35 52 2822487 108 15 197728 88271
OU-1106-STRAT1-22 Qor-ty 21.1508 AAA2570 1638063 1773630 35 52 2801138 106 15 18.67055 68433
OU-1106-8TRAT1.23 Qot-1v 21.1507 AAAZSTY 1638098 1773640 35 52 27.09168 106 15 1823308 68508
OU-1108-STRAT1-24 [« “31% 21.1508 AAA2S72 1638133 1773653 35 52 2788305 106 15 1779429 68785
OR-1106-STRAT1.28 Ooe-1v 21.1508 AAAZSTS 1638164 1773088 38 52 2794536 106 S 1736887 6891 S
OU-1108-§TRATT-26 Qer-1v 211510 AMAZST4 1638201 1773682 I 52 27.9273% 108 15 16.88%96 6908 5
OU-1108-3TRAT1-27 Q-2 FARE1R] AAA2STS 1638221 1773703 35 52 28.032%0 108 15 1655617 e9x4 ¢
OU-1106-STRAT1-28 Obe-2 21812 AAA2STE 1838235 7T 35 52 2007319 106 1S 18.08919 89413
OU-1106-5TRAT1-20 -2 211513 AAAZS?7 1639287 1773748 35 52 281320 108 15 1563806 89675
Or-1108-STRAT1-30 Qot-rw 211514 AAAZSTS 1838313 1773764 35 52 28.40968 108 15 151607 9742
OU-1106-8TRATH. 2 Q-3 2455 AAA2S79 1638340 1723790 35 52 2834285 108 15 1480976 69901
O 1106-5TRAT1.32 anm-3 21-1816 AAAZS80 168367 1773812 35 52 28.44040 106 15 14 40026 7006.4
Ot)-1108-STRATY-33 nt-3 211517 AAA2531 1638394 1773833 38 52 2052247 106 5 12.98805 720234
OU-1108-5TRATY: 34 Qut-3 211518 AAAZS82 1638414 1773850 35 52 2859649 106 15 13.88466 70382
Stratigraphic Section #2 (Central DP Masa)

OU-1106-8TRAT21 Qo 211519 AAAZSSY 1634068 1773288 35 52 251954+ 106 16 18.0430¢ 6ra8 4
OU-1108-STRAY2.2 Ovo 1520 AAA2584 1634060 177318 35 52 2845641 108 16 151482s 8761 3
OU-1106-8TRAT2-3 Qa FARE “4) AAA258S 1634081 177330 35 52 2561154 1086 16 1513543 &8788.7
OL-1100-STRAT24 Qet K152 AAA2580 1634062 170332 35 52 2562654 108 16 15.12766 N2
O 1108-STRAT2-S Qut-1g 231523 AAA2SB? 1834046 1773357 35 52 2587707 108 16 1531583 67880
OU-1108-STRAT28 [« BT} 211524 AAA2588 1634037 17733717 35 52 28.08879 106 16 1542439 6800.9
O)-1108-STRAT2:-7 Obt-1g 211528 AAA2S89 1634032 177340 35 $2 26.30541 108 16 19548828 58186
0J-1108-STRAT2-8 Qnot-1g 211526 AARS90 1634019 1773424 35 52 2654083 108 18 1585041 68318
0i)-1106-STRAT2-9 Ooi-1g 219827 AAAZS91 1634004 1773449 35 52 26.78304 106 18 1582704 88474
Ou-1106-STRATZ-10 Qor-1g 11528 AAA2SS? 1633991 1773482 35 52 2691827 106 18 15.9912¢ 68581
OJ-1108-STRAT2: 11 Qde-3g 211829 AAAZES) 1633961 1773470 35 52 2899011 106 16 1635070 88735
Ou-1105-STRAT2-12 Qoe-1g 21-153%0 AAA2SH4 163396 1773479 38 S2 2708237 106 18 18633148 68686.5
OU-1108-STRAT-13 Que-1g 21150 AAMZSDS 1833970 1773486 35 52 2714748 106 18 16.24486 8839.0
OU-1108-STRAT2:14 Ot 211532 AAAZSD6 1633873 1773548 35 S2 2778515 108 18 16.20148 8906 &
OU-1106-STRAT2- 15 Qbt-1y 21513 AAA2SA7 1633070 1773574 3% 52 2002387 106 16 16.24818 09237
OU-1108-8TRAT2.1¢ Qot-vy 21-1534 AAAZ508 1833978 1773579 35 52 2008872 108 6 16.18677 6941.2
OU-1106-STRAT2 17 Q-2 21-153% ANA2S89 1833998 1773583 35 52 2020469 106 18 1590815 8958.2
QU H108-STRAT2.18 Qo2 21.15% AN2800 1634083 1773809 35 52 2837063 108 16 18.23458 6771
OU-1108-STRAT2: 19 Otn-2 18% AAA2601 1634031 17718 38 52 2845857 08 18 1550194 89980
OU-1108-8TRAT2-20 Qbe-2 %1539 AAA2602 1834023 1773635 35 52 2862002 108 18 1559348 70158
QU-1108-8TRAT2-21 Qor-vw 21159 AAM803 1634028 1772660 38 52 289602 106 16 1553294 70259
OU-1106-STRAT2-22 Q-3 211540 AAA2604 1634054 1773699 35 52 2025783 106 16 1522048 70538
OU-1106-STRAT2. 23 Obe-3 11540 AAA2005 1634084 1773711 35 52 2037201 108 18 1522184 7069.3
OU-1108-STRAY2-24 Q-3 21-1542 AAAB06 1634060 1773745 A5 52 2971054 106 16 1514859 70067
OU-1108-STRAT2-2% o3 2115870 AAASSTS 1834076 1773738 I S2 2963926 108 18 1495713 7030

= nonwelded tuff; Qbt-3 = Tshirege unit 3.
b State plane coordinate system NAD 83,
¢ Degrees, minutes, and seconds.

¢ Stratigraphic Unit - Nomenclature of Vaniman and Wohletz (1990, 1991); Qbo = Otowi Member of the Bandelier
Tuff; Qct = Cerro Toledo interval; Qbt-1g = Tehirege unit 1g; Qbt-1v = Tehirege unit I, Qbt-2 = Tshirege unit 2; Qbt-n¥
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TABLE I (cont)

L.0CATION OF SaAMPLES COLLECTED IN STRATIGRAPHIC SECTIONS AT TA-21

Sampi 8 Nu mber Sratigaphic  Locatt on Bar Code Caor di nates Letuet Long luee Eiovat on
Units  Tdenti ficatt 01 Number Norin i ® s m® Tty
e -
i Section #3 (y Secnen:

LA

O 1106 STRAT3.t Qo 21 1843 AAAZBLT 1631540 1TU3Ey B AF 3037632 06 ‘4 45 °'ies £y
GU-" 06 STRATY.2 [ 21 t54e AAA2608 1631480 1774008 3L 52 32212 106 6 46 50356 681 &
ot 106 STRATI) O 21 2548 AAA2E0% 1631425 17e032 2% 82 3254508 ‘D6 6 46 5587 Bha% €
Ou 106 STRAT3 Oct 21 1546 AAAG'C 1631478 VU032 15 Sz 3254385 10R 16 4B 5652” 685:; '
Ou 1106 STRATSS O 21 164> AnA26" 163464 T 4634 3% 5¢ 3253966 04 ‘€ 4658724 6952
Ou 1106 STRATIE 2t 211548 AAAZET2 *€31a57 1 5D 3256°36 D6 16 45 THE94 666: 4
CU * 108 STRATS.S Ont 1g 20 1543 AAA2E3 *63144% 3% 50 325B61a 106 CH 465262 6864 7
QU *106-STRATI-S Qot tg 2008552 AAAZ64 1531442 a7 35 42 W EAMT 106 ‘6 4696656 686~
Ou 106 STRAT3.3 oot g 211581 AAA261S 163041§ 5773068 B S RBNNC 106 16 472N 6845 5
Ou " 106-5TRATY 10 Qg 211552 AAAZSE 163°40¢ VT It 82 3294752 106 ' 4718636 €on: 5
ou 1108-STRATY 1 Ot 210953 ARREYT 152040 1rTards 35 52 3322538 08 M aTaT? [
Ot $106-STRATY 12 Oot 19 21 1554 AAA2E'8 1634392 1774218 38 52 3IIN4ABI  C06 't 4T 5745¢€ 693 *
Ou 1106 STRATI 12 Qot 'g 21 1558 AAA261Y 1634382 e 35 32 3342:3° 06 v 4T 56606 88330
Ju 1106 STRAT3 14 Qo v 2° 1656 AAA262G 1631393 rTane 18 G2 3340229 06 b 4753020 6434 1
Ou 1106-STRATIIS o Rl PARLLE AAA2621 1631393 17Ter2 3% 52 3342113 06 ' 47 HED6G 6937 %
Ou 1106 STRATI ¢ Cot ty 21 1858 AAA2ED2 1631373 <ratie 3% 52 3360°13 06 ‘6 47 "o8el 6944 %
Ou 1106 STRATINT Qo v 21 1429 AAAE2Y 1621363 1774158 35 52 3378639 W0 6 47927 €96k 8
OL-1106-STRATI S Ottty 21150 ARA2G24 163°373 17atsy 35 82 3395034 106 '€ 4780728 6985 6
O *106-STRATI NG Q02 FAREE AAA262S 1634300 a2 35 52 343363C 196 ' 4868449 69999
OL 1106-STRAT3.20 2 21 862 AAAZE26 1631262 +TTA22 3% 52 I 106 16 4y T840« e e
oL *106-STRATI-2) Qot-2 201563 AAAZE2T 651058 1772247 35 SF 3437489 106 16 5020900 7048 -
O '106-STRAT3I. 22 Qot mw 211504 AAA2628 163199 1704208 35 57 3507360 106 16 49 91I 083 "
O 108 STRATI 2D Qo 2% 156 AAA2629 HO T A TTra3s” 35 51 3569898 106 16 4900948 7084 *
OL 1106 STRATI-2¢ ot 3 211866 AAAZ630 163130 sTra3N: 3 52 353087 106 16 ¢ ABIS 7100 h
OL- 110E-STRATY.2S ot 3 2V 1867 ARALBIY 1631306 1Yra39% 36 5I I t3a37 106 6 4B 61997 bART BN
Ot 1106-STRAT3 .26 o3 2! 1568 AAA2E3Z 162313 1773416 35 S¢ 3633778 06 6 4848275 13
L 106 5TRATI.2Y w3 2 1509 AAA2E13 1631306 ERETVENS 35 57 3690362 08 16 4549517 pTeY)

The mineralogy of all 86 bulk-rock samples
was characterized by x-ray diffraction anal-
vses (XRD). Samples were first powdered in
a tungsten-carbide shatter box and then
mixed with an internal standard of 1-urm
metallurgical-grade Al,O, (corundum) powder
in a ratio of 80% sample to 20% internal stan-
dard by weight. The samples were then
ground under acetone in an automatic
Brinkmann-Retsch mill fitted with an agate
mortar and pestle to produce an average
particle size of <5 pm. This fine size is neces-
sary to ensure adequate particle statistics and
to minimize primary extinction (Klug and
Alexander 1974, pp. 365-367). Particle-size
distributions have been verified using a
Horiba CAPA-500 centrifugal particle-size
distribution analyzer calibrated with Duke
Scientific glass microsphere standards.

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
{SiLi) detector. Diata were typically collected
from 2.0 to 50.0° 20 using a 0.02° 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 (Geologic

Sample Preparation), LANL-EES-DP-56

{Brinkmann Automated Grinder Procedure),
LANL-EES-DP-16 (Siemens X-Ray Diffrac-
tion Procedure), and LANL-EES-DP-116
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{Quantitative X-Ray Diffraction Data Reduc-
tion Procedure). The YMP quality assurance
requirements are comparable in rigor to
those used by the Los Alamos ER Program.

Thin-section modal point counts were made
on 23 of the 25 bulk rock samples 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).
Opaque oxide minerals were qualitatively
identified using criteria outlined in YMP
procedure TWS-ESS-DP-128 (Procedure for
Counting Opaque Minerals in Polished Thin
Sections). Image analysis with a microscope
(200x, reflected light) 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 (OU-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. 11, 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 ithat of Vaniman and
Wohletz 11990, 1991) with the nomenclature
used by earlier workers. Table III and Fig. 4
summarize the field data Yor the vapor-phase
notch, an important stratigraphic 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 Tuffs in
L.os Alamos Canyon

The stratigraphic sequence is similar in each
of the three measured sections and consists
of (in ascending order) the Otowi Member of
the Bandelier Tuff (1.613 + 0.011 Ma; lzett
and Obradovich, 1994), epiclastic sediments
and tephras of the Cerro Toledo interval. and
the Tshirege Member of the Bandelier Tuff
{1.223 + 0.018 Ma; Izett and Obradovich.
1994). Within the Tshirege Member, 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 10
describe all deposits formed by the emplac®
ment of pyroclastic flows. The term surge bed*
is used to describe laminated ash deposit*
with sandwaves and to refer to pyroclasti‘
surge deposits of any type, including groun®
surge, ash-cloud, and base-surge deposit’
(Fisher and Schmincke, 1984). Asimnple 0001',
ing unit is made up of a single pyroclastic lo*
or successive pyroclastic flows that wert
emplaced at essentially uniform temperatV

and cooled as a unit without a break in ti™
or cooling properties (Smith, 1960a.b) i
compound cooling unit is made up of Succel".
sive pyroclastic flows emplaced at radical’
different temperatures and/or emplaced ove .
a sufficiently long period of time that abroP
changes in the temperature gradient caus®

welding and crystallization patterns ¢
deviate from those found in a simple cooli®

unit (Smith, 1960a,b).
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The degree of welding in tuffs described in

s report is based on flattening of pumices
- hand specimens and {lattening of pumice
! d shards in thin section. These criteria
anscribe the degree to which pyroclasts
deve undergone plastic deformation during

ampaction of the tuff. Strickly speaking,
c?.[ding refers to the fusing together of
“':li acent pyroclasts in a cooling ash-flow sheet
asmith, 1960b). Nevertheless, as used in this
( ort welding is a common and useful field
ferm that differentiates between tuffs that are
uncompacted and porous and tuffs that are
compacted and less porous. [This terminology
was adopted and slightly modified from that
of Peterson (1979).] Ignimbrites in which

smice lapilli show no flattening are called
nonwelded. Ignimbrites with aspect ratios of
1.5:1 to 2:1 are termed partly or partially
welded; those with aspect ratios of 2:1 to 6:1
are moderately welded; and those with aspect
ratios >6:1 are densely welded.

Otowi Member

The exposed portion of the Otowi Member of
the Bandelier Tuff in Los Alamos Canyon is a
simple cooling unit made up of nonwelded,
vitric 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 above the canyon floor, and
an additional 47 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
vicinity of borehole Otowi-4 (Fig. 1). 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
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up of glass shards, broken pumice fragments, '
phenocrysts, and fragments of nonvesiculated o
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
30% of the tuff, are equant to subequant
(aspect ratios = 1:1 to 2:1), and range from
0.5 to 6 cm in diameter. Pumices are larger
{up to 20 cm) and more abundant (~40% 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 iran by
escaping vapors as the ash-flow sheet cooled
or incipient weathering of the top of the unit
before deposition of nverlying units.

o~

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). Clinopyroxene, 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 length-wise like
perrierite or chevkinite.

The upper part of the Otowi Member contains
2 to 5% chocolate-brown to black lithics
derived from intermediate-composition lava
flows. These lithics are 0.3 to 3 cm 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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Fig. 2. Variation disgrams of phenocryst abundances
in thin section for semples collected in stratigraphic
section OU-1106-STRAT2. (A) Varigtions in total
phenocryst abundances are shown on a void-freg
basis but are not corrected for porosity variations in
the tutfs. (B) Variations in the relative proportions of

the fefsic phenocrysts.

Cerro Toledo Interval

The Cerro Toledo interval is an informal name
given to a sequence of epiclastic sediments
and tephras of mixed provenance that lie

between the two members of the Bandelier
Tuff. This unit contains deposits normally
assigned to the Cerro Toledo Rhyolite (Smith
et al., 1970), including well-stratified tuff-
aceous sandstones and siltstones as well as
primary ash-fall and pumice-fall deposits. The
Cerro Toledo interval at TA-21 also contains
intercalated deposits not normally assigned
to the Cerro Toledo Rhyolite; these include
poorly sorted sand, gravel, cobble, and
boulder deposits derived from lava flows of
the Tschicoma Formation. The Cerro Toledo
interval is ~3 m thick at OQU-1106-STRATI
and OU-1106-STRAT?2 and 9 m thick at OU-
1106-STRAT3. In LADP-4, the Cerro Toledo
interval is 12 m thick. These deposits also crop
out in Los Alamos Canyon at TA-41 west of
TA-21, in DP Canyon east of DP Spring, and
in Pueblo Canyon north of TA-21. The distri-
bution is widespread throughout the area:
however, predicting the presence and thick-
ness of these deposits is problematic becauseé
of the nature of fluvial systems.

Rhyolitic tuffaceous sediments and tephras
are the dominant lithologies found in the
Cerro Toledo interval at the three stratl
graphic sections examined in this study. The
tuffaceous sediments are the reworke

equivalents of Cerro Toledo Rhyolite tephra
erupted from the Cerro Toledo and Rabbit
Mountain rhyolite domes located in the
Sierra de los Valles. Because of their poor!y
consolidated nature and the steep t;opogl‘aphy
on which they were deposited, these tephr®®
were quickly eroded from the highlands to th®
west, transported by east-flowing gtreal®
systems, and deposited within a lowland ar¢?
that is now the site of the Pajarito Plates®
These reworked tephras are subdivided i?%

subunits on Plate 2 based on bedding chaﬂ:;

teristics, composition of clasts, and mot%e
deposition. Normally, these subunits pif°
out laterally and can not be correlated 0v¢
wide areas. Individual subunits are 5:6
175 cm thick and generally have well-defin®”
stratification imparted by grading and $¢
ing of ash- to block-sized clasts. Beddin®
characteristics include graded bedding, ¢
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bedding, and planar bedding (Fig. 1 of Goff,
Sec. 11, 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 movement 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 mm 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 >7%
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 within the Cerrg
Toledo interval includes clast-supported
gravel, cobble, znd boulder deposits made up
of porphyritic dacite derived from the
Tschicoma Formation. 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 enticular paleochannels upto
1 m deep. In scme places, cobbles of densely
welded, crystal-rich Otowi ignimbrite are also
present. At OU-1106-STRAT1, cobbles and
boulders derived from Tschicoma lava flows
occur in a matnr:x of reworked pumice and ash.
filling a paleochannel that cut 0.8 m into the
underlying Otowi Member. At QU-1106-
STRATS, a paleochannel in the middle of the
Cerro Toledo interval contains Tschicoma
boulders up to I m in diameter.

It is important to note that the proportion of
tuffaceous to dacitic detritus making up
deposits at this stratigraphic horizon varie
from location to location across the Pajant?
Plateau. Whereas Cerro Toledo deposit?
described in this report are dominantl¥
tuffaceous in character, rocks at this strat”
graphic horizon in lower DP Canyon (G
Sec. I1, this report) and in the subsurface at
TA-55 (Gardner et al. 1993) consist predo™
inantly of coarse dacitic detritus derived fro"
the Tschicoma Formation and include 0%
subordinant amounts of interbedded ‘"~
aceous detritus. The coarse dacitic deposits’
the Cerro Toledo horizon are similar to th%® )
found in the Puye Formation, a VOlcam:,
fanglomerate that lies beneath the 0"
Member. The similarity of Cerro Tol¢
deposits to those of the Puye Formation a'?n
the mixed provenance of the detritus “"t?:e
these deposits indicates that Puye-! 4
alluvial fans continued to develop on th¢ ,e.a(;n
side of the Jemez Mountains after deposi®
of the Otowi Member and during the pe”
of Cerro Toledo volcanic activity.
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Tshirege Member is a multiple-flow ash-
he sheet that forms the prominent cliffs at
0 51, 1t is a compound cooling unit whose

',sical propert:-s vary vertically and later-
h-‘, yariations in physical properties result
ally: conal patterns of welding and crystalli-
f o0 determined by emplacement tempera-
all thickness, gas content, and composition
‘fre{th, 1960a,b). The thickness of this unit
Sm es from 89 to 98 m in the three sections
ranagsured. All but the uppermost unit (unit 4)
:;ethe Tshirege Member occur at TA-21.

vious workers identified mappable subunits

- the Tshirege Member based on a combina-
l~on of surface-weathering patterns, welding
};awres. and crystallization characteristics
Baltzet al., 1963; Weir and Purtymun, 1962;
owe et al., 1978; Vaniman and Wohletz,
1990, 1991). Figure 3 correlates the strati-
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graphic units used by these earlier workers.
A certain amount of contusion 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 of TA-21. However,
we do deviate from their nomenclature in two
respects. First, we include their nonwelded
unit below unit 2 as part of unit 1v because
all tuffs below unit 2 are nonwelded. Second,
we define unit 1v as a lower resistant orange-
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Fig. 3. Stratigraphic nomenciature for the Tshirege Member as used in this report correlated to that of otier

investigators working on the Pajarito Plateau.
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brown colonnade tuff overlain by an upper
slope-forming light-colored nonwelded tuff.
Vaniman and Wohletz (1990, 1991) considered
the upper-slope-forming. light-colored
nonwelded 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 nemenclature used
by Los Alamos ER investigators.

Tsankawi Pumice Bed. The Tsankawi
Pumice Bed is the basal pumice fall of the
Tshirege Member (see Fig. 2, GofT, Sec. 11, this
report). This pumice bed is 73 to 95 ¢m thick
where exposed and consists of twe subunits,
each of which has normally graded bedding.
The lower subunit is 60 to 74 cm 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-cm-thick ash
bed made up of fragmented pumice, ash, and
crystals overlies the lower pumice bed. The
upper pumice bed is 13 to 14 cm 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 ~5%
phenocrysts. Phenocrysts consist of 0.2- to
2-mm sanidine and quartz. There is also a
small (<5%) population of medium-gray,
dense, finely vesiculated dacitic hornblende-
bearing pumice in the Tsankawi Pumice Bed.
In addition to hormblende, 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 (Bailey ¢t al., 1969:.
Lithics make up 1 to 2 % of these pumice beds

and consist of dark-gray to dark-red clusts de.
rived from porphyritic dacite. Lithics are 03
10 4 cm in diameter.

Tshirege Unit 1g. Unit 1gis the lowermost
unit in the thick ignimbrite deposit of the
Tshirege Member. This 22- to 32-m--thick unit
is poorly indurated but commonly forms near-
vertical cliffs because a prominerit resistant
bench occurs at the top of the unit, forminga
protective cap over softer, underlying tuffs.

Fresh tuff surfaces are light-gray to white at
the base of the unit but gradually become light
pink-orange 9 to 12 m above the base. This
color change becomes more pronounced
upsection and coincides with the tuffs becom-
ing more resistant to erosion. The uppermost
part of unit 1g is a resistant, cliff-forming tuff.
the top of which forms a nearly-flat-lying
bench up to several meters wide locally. The
hardness of these uppermost tuffs may be the
result of incipient welding or incipient devi

rification near the top of the unit. The bench
at the top of the unit marks the base of th
vapor-phase notch (Crowe et al., 1978) which

is discussed in more detail below. Qutcro?
surfaces in unit lg typically weathertoa pale
orange color. Weathered cliff faces have ?
distinctive swiss-cheese appearance becau
large holes penetrate case-hardened cliff fac¢
and expose the soft underlying tuffs to win

and water erosion.

Unit 1g is a nonwelded, poorly sorted, vitrt
ignimbrite. It consists of light-gray, vitreot®
crystal-rich pumice lapilli supported by *
matrix of coarse ash, shards, pumice fraf’
ments, and abundant sanidine and qua'
phenocrysts. As observed in thin sectlon
delicate glass shards are clear and perfeLt
preserved and show no evidence of secon®
ary alteration. Glass in the shards is ta? te
brown in tuffs just below the vapor-ph?
notch. Pumice lapilli typically make up 30
50% of the rock. These lapilli are comm"l
cquant and fibrous, and they are 2 to 9 et ]
in diameter. Locally, pumice clasts are P
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ain diameter. Most pumices are rhyolitic
e nposition, but dacitic hornblende-bear-
i“gc(:umices also occur in small amounts.
i

. (inctive pumice-poor surge deposit forms
Adl;,ase of this unit. This surge bed is 10 to
(’e m thick and contains undulating, lami-
B 4, dune-like beds. These surge deposits
nd ei s.t of coarse ash and abundant broken
m’?ial& Individual beds in this unit are 0.5
Cr"; m thick. Some of the surge beds have
10~ ingle cross beds in which laminations are
lo* ‘30 mm thick and have normal grading.
1t undulating tops for some of these surge

eosits have wavelengths of up to 4 m. The
defge deposit i overlain by a thick ignimbrite
suat makes up the remainder of the unit. The
th“-er 0.3 to 0.7 m of this ignimbrite is an ash-
k')ch tuff that grades upwards into the main
Eod" of the deposit, which consists of
non;tratiﬁed tuff containing abundant pum-
ce lapilli and blocks. This ignimbrite was
lrobabl_\’ deposited by the passage of a single,
lpafge ash flow.

phenocrysts make up 12 to 16% of unit 1g
‘able I, Fig. 2). Sanidine and quartz make
up >98% of the phenocryst assembiage, and
she maximum size is 2 to 3 mm. Clinopyroxene,
nornblende, and fayalite are the dominant
ferromagnesian minerals; magnetite, zircon,
and perrierite/chevkinite/allanite are acces-
«ory minerals. Most of the hornblende and
pla'gioclase identified during point counts of
pulk 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-
we was thin-sectioned and point-counted
Table 11; sample OU-1106-STRATZ2-6).
Phenocrysts, making up 41% of this pumice,
wnsist of hornblende, plagioclase, clino-
piroxene, orthopyroxene, and minor sanidine;

atcessory minerals include magnetite and
nircon.

Stratigraphy, Petrography, and Mineralogy

Lithics are typically sparse t<1%)in unit 1g.
Lithic clasts are usually reddish-brown-to-
black porphyritic dacite and crystal-poor,
devitrified welded tuffs. Rare granitic lithics
also occur in these wuffs. Most lithics are
0.2 to 5 cm in diameter.

Tshirege Unit Iv. Unit 1v forms a
combination of cliff-like and sloping outcrops
that separates the resistant bench at the top
of unit 1g from the near-vertical cliff of unit 2
tsee Fig. 3 of Goff: Sec. 11, this report). The
base of unit lv is a resistant orange-brown
colonnade tuff that overlies the bench at the
top of unit 1g. 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 discernable
compaction at hand-specimen scale. The
colonnade tuff is overlain by slope-forming
tuffs that make up the bulk of unit 1v. 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 present in other
locations and indicate the presence of multiple
flow units. The upper contact of unit 1v
corresponds to the abrupt transition from
light-colored, nonwelded, slope-forming tuffs
to the darker, partially welded, cliff-forming
tuffs of unit 2. At locations east of TA-21
{for example. at TA-54), thin but well-defined
surge beds mark the contact between units
1v and 2. These surge beds are absent at

"TA-21. Unit 1v thickens eastward from 16 to

20 m at TA-21.

Unit 1v 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% of the rock and are 0.2 to
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6 cm in diameter. Pumices are chocolate-
brown to dark purple-gray in the lower
colonnade tuff and grade upwards into a light-
gray to medium-gray color in the overlying
white tuffs. Pumice color variations corre-
spond with mineralogical changes that accom-
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-like
tridvmite (in the upper part of the un.
replace the original volcanic glass in the
pumices. The colonnade tuff has a pock-
marked appearance because of the selective
weathering of soft pumice from the enclosing
more resistant matrix.

The vapor-phase notch at the base of thisunt
is a thin, horizontal zone of preferential
weatherirg that forms a widespread map
pable marker horizon throughout the Pajarito
Plateau. There is no depositional break asse
ciated with the vapor-phase notch at TA-2l
or at other localities. The abrupt transition
from vitric tuffs below the notch to devitn”
fied tuffs above suggests that this feature!

TABLE II1

LitHOoLOGIC CHARACTERISTICS OF THE VAPOR-PHASE NOTCH IN

STRATIGRAPHIC SECTION OU-1106-STRAT2 AT TA-21

Tutts immediately

Tutts in the Vapor-

Tutts immediately

pumices make up ~50%
o! rock, 3126 0.2 10 9
cm

texture; size 0 210 4
cm

Beiow Notch hase Nolch Above Notch
Pumice Originai giass n Onginal voicanic giass | Dewitrihed relict
pumice disappears mostly destroyed by purmice makes up ~50%
rapidly upward. gevitnficaton: sugary rock, sugary texture.

0 210 6 cm. no visihie
compaction but may be
shahtly welded.

Matnix Small fragments of
vitnc purnice . pate.
peach-colored. crystal
nch. devitnfied ashy

White_ ting-gran.
devitrmed ash rehct
small pumice
tragments, and

Fine-gran. devitrhed.
crystal-rich ash, relict
smail pumice trag
ments. texturg of small

aphanitic lavas. ~3%
ol rock. 126 050 6

rock; size 05102 cm

matnx pnenocrysts. most pumice fragments wel
onginal texiures preserved
gestroyed
Lincs Dark-gray ang -brown Light-gray tavas. and Light-gray lavas
porphyrtic ane biack obswhan, - 3% ot | atundance vanes

vesnically from 3 1o
5% size 0S5to 5¢cm

that torm rounded
outcrops to orange
resistant bench large
“pot” holes, where
case hardaned surface
penelrated by erosion.
pumice morg rasistant
1o @rosion than matnx,
lacks fractures.

recess i rock defined
by akgnment of 1.5-m-
tah lianened caves:
somehmes forms bench
saveral meters wide.
{fractures from above
lerminate abruptly ¢
this zone

cm
Cotor cn Fresh Pale pink 1o orange Light-gray with pink White and pink matrix.
Surtacas rading up o dark hue wispy areas of chocotate-brown and
orange. dark orange dark-gray purmces
—
Waeathernng Grades up trom white. Soft. honzorual. Colonnade resmsiant
Charactenshcs poorly mdurated utfs preterentially eroded tutt; orange-brown

outcrops. disinctive
“pockmarked” surtaces
1ram selective 8rosion
or soft. altered purmce

Tshargg.ez‘gng ty i

Tshirege Unit tg
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2
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Stratigraphy, Petrography, and Mineralogy

SAMPLES
«-. OU 1106-.STRATS 16

T“!“l"—l_‘l’_

«- OUY106 STRAT3 IS &

w21

intervel.

he base of the devitrification that occurred
i the hot interior of the cooling ash-flow sheet
sfter emplacement. Initially, primary volca-
sic glass was deposited within all parts of the
Tshirege Member, but high heat retention and
wutgassing of volatiles caused all of the glass
above the vapor-phase notch to crystallize to
alkali feldspar and silica polymorphs.
Table I1I and Fig. 4 summarize the principal
lithological and mineralogical characteristics
of the vapor-phase notch.

Phenocryst assemblages and abundances are
stmilar to those in unit 1g (Table 11, Fig. 2).
Ferromagnesian phenocrysts show increasing
degrees of oxidation up section. Fayalite is
more common than in unit 1g. Lithic clasts
make up 1 to 5% of the tuff near the base of
the unit but decrease to <1% in the upper
part. Most lithics are 0.5 to 5 cm in diameter
and are similar to those described for unit 1g.

«- OU-1106.STRAT3.14 ]
- OU T106-STRAT3 13 ‘w
@ OU 1106 STRAT3 12 A ]
‘
!
t
i
i
!
- OU-t106 STRATS 11 s
N B
0 40 80

Voicanic Glass (wt.%)

4. Detail of lithologic changes across the vapor-phase notch in stratigraphic section OU-1106-STRAT3 at
The vapor-phase notch marks the rapid transition from vitric tuffs below to devitrified snd vapor-phase
tuffs above. Volcanlc glass Is the most abundant constituent in tuffs of unit 1g, but disappears abruptly
tion over &8 2 m inferval within the vepor-phase notch. The contact between units 1g and 1v is arbitrary
chosen 85 the first occurrence of volcanic glass as one moves downsection through the vapor-phase notch

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

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 1I, this report). This
unit is the zone of greatest welding in the
Tshirege Member at TA-21, and its thickness
decreases from 21 to 10 m eastward.
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Unit 2is 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. The
compaction of pyroclasts 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 with 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) near the base of the
unit and 5:1 to 10:1 tmoderately to densely
welded) near the top of the unit.

Pumices are generally smaller (commonly
< 2 cem) and relatively sparse (5 to 30% of the
rock) compared to those found in lower units.
Horizontal pumice swarms contain lapilli from
5 to 14 cm 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 original vitroclastic
textures in these tuffs. Relict shards with
axiolitic textures occur in a cryptocrystalline
to microcrystalline groundmass. Pumices
were particularly susceptible 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 coarse (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 ferromagnesian phenocrysts.

The phenocryst assemblages are similar to
those in units 1g and 1v, but the phenocryst
abundances (17 to 20%) are slightly greater—
in part as a result of the lower porosities of
these more compacted tuffs (Table 11, Fig. 2).
Hornblende-bearing pumices similar to those
described for unit 1g occur in small amounts
{<5%) throughout the unit. Lithic clasts are

rare (<171 and mostly consist of devitrifieg
rhyolitic volcanic rocks. Most lithics are 3
cm in diameter. :

Well-developed fractures are charactersticof
this unit. Most fractures are nearly verticai
and trend N-S to 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 tufl
Fracture apertures range from 1 mmto4cm
Many fractures have at least two generations
of fracture-filling material. Calcite is the
oldest material deposited and it commonh
forms a lining up to 0.5 mm thick on the
fracture walls. The centers of fractures ar
filled with brown clays and detritus washe
into the fractures from the surface. Addr
tional, more detailed information abov!
fractures in unit 2 is given in the section t!
Wohletz (Sec. 111, this report).

Nonwelded Tuff. Nonwelded tuff underli®
the broad, gently sloping bench developed
top of unit 2. These nonwelded tuffs for®
white, soft outcrops that weather into lo*
rounded mounds. Talus from the o\eﬂ““’
cliffs of unit 3 commonly covers outcrops®

the nonwelded tuffs. The contact with unit*

is gradational and is arbitrarily defined ®
the break in slope at the base of th¢
uppermost cliff at TA-21. The thickness of the
nonwelded unit varies from 10 m in'!
western part of TA-21 to 5 m in the east

The nonwelded tuff is a pumice-poor, vaP":.
phase-altered ignimbrite. It consists do
nantly of a white-to-light-gray, ashy m? atr® al
of shards, pumice fragments, and abu? nde?
phenocrysts. Relict shards have '"“oh(,
textures and the groundmass is cr¥P .
crystalline to microcrystalline. Pumice¢ o
are sparse (~5% ) and have a sugary le"‘”
The light-gray pumice clasts are diffic¥
distinguish from the light-colored tuff mat
Pumice clasts are generally equant and 2 of
from 1 to 3 cm; rare, isolated pumices & n"
to 14 cm in length. Vapor-phase alterati®
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these tuffs is extensive and has resulted in
Jeposition of tridymite and sanidine in pum-
;ces, feathery overgrowths of alkali feldspar
around sanidine phenocrysts, and oxidation
of most ferromagnesian phenocrysts.

The phenocryst assemblage in the nonwelded
unit is similar to that described for the lower
anits of the Tshirege Member (Table 1I,
Fig. 2). Hornblende-bearing pumices also
occur in these tuffs. One notable character-
jstic of these deposits is that phenocrysts are
gnusually abundant (21%), given the
nonwelded, porous nature of these tuffs.
when phenocryst abundances are corrected
for porosity effects, the nonwelded 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
petween 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
nonwelded 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 typically
subangular and equant. Most lithics are <4 cm
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 cm.

Tshirege 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 Mineralogy

unit that forms the caprock of DP Mesa
(see Fig. 3 of Goff, Sec. I1, this report). 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
STRAT1. 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 ¢cm long
and, rarely, up to 10 c¢cm 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 interiors 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 phenocrysts
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
underlying units (Table 11, 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
A . X-RAY DIFFRACTION ANALYSES OF TUFFS AT TA-21*
Stratigraphic Section #1 (Easternmost Section)
B Elevation Cristo- 1. Crystakine
i Ssmple Fiald Number () Unit ® Smectits  Tridymite Quertx bafite Feldspae Glass  Homblenda Mice Hemattte  Magnetits Keolinite  Gypsum  Caicite Phases
1}
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OU-1106-STRATY. 29 69575 o2 - 212 17 1 53¢ 8 - - . 111 100 ¢+ 8
OU-1106-STRAT? 28 69413 obt-2 - 2512 " - 60t 8 - 4 - - %6y
OU-1106-STRAT1-27 6924.1 o2 Te 2512 15 11 - 60+ 8 141 - - - 101 2 8
OU-1106-STRAT1-26 6908 5 ooty 1t 2812 16 11 - 60 :8 - - - 111 : 241 10318
X OU-1106-STRAT1.25 6891.5 Qot-1v - 2312 13+ 60 :8 T - 111 - 978
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Stratigraphic Section #3 (Westernmast Section)
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tiny t<(.05-mm, wedge-shuped grams in the
shardy matrix. Hornblende-bhearing puaiices
also occur in this unit.

Lithic clasts renerally make up <1 (o 57 of
H A i

the tuff. Lithics include gray, brown. and black
phenocryst-poor devitrified rhyolite, porphs-
ritic dacite. and crystal-rich, moderately to
densely welded Otowi Member. Most lithics
are 1 to 7 cm in diameter. but a few are as
much as 15 ¢m across. Despite excellent
exposures in the stratigraphic sections and
other cliff outcrops, there were no nccurrences
of the boulder deposits that were encountered

near the base of unit 3 during construction of

the vertical waste shafts at MDA T
rPurtymun. 1969

Mineralogy

Figure 5 shows bulk-tuff mineralogical varia-
tions at TA-21 as a function of stratigraphic
pusition. The Bandelier and Cerro Toledo tufls
consist primarily of feldspar + quartz =
cristobalite * tridvmite # glass (Table IV
Minor constituents include smectite. horn-
blende, mica. magnetite/maghemite, hematite.
calcite, and kaolinite.

Volcanic glass is the major constituent

tcommonly >60% t of tuffs in the lower half of

the stratigraphic section, including the Otowi
Member, tuffs of the Cerro Toledo interval,
and unit 1g of the Tshirege Momber (Table
IV and Fig. 51. Glass occurs as pumices and
in the shardy matrix. Quartz und feldspar
tsanidinei are the two other major constitu-
ents of the glassy tuffs: these crystalline
phases occur as phenocrysts and as rejatively
minor devitrification products in the tine ash.
The volcanic glass is fresh in thin section.
and the absence of significant alteration
minerals such as clays and zeolites strongly
suggests that these tuffs have had limited
contact with groundwater since their deposi-
tion. Glass abundances are fairly consistent

in the upper OQtowi Member and in unit 1g of

the Tshirege Member In the Cerro Toledn
inte-val. the proportion of glass tu crystalline

phisses varies widely becmse mdividuad depo.
~tiwonasl unis contam varving aiooun s of

classy pyrochast=. pheroervsis, and devin-
ted v detritus cFig S

Voleanie glass disappears abrupthy at the top
of umit 1y at the vapor-phase notch Tables
HT and 1IV: Fias. 4 and 5. Glass abundances
begin todecline within iy mof the vapor-phase
notch. but most of the glass disappears within
2 m of the noteh. It should be noted that.
despite extensive colbhguial use, the wrm
capor-phase noteh is probably a misnomer
beeause the mineral assemblage ofeldspar +
quartz + minor cristobaliter and textural
features lack of vapor. phase minerals lining
pumices and vugs) sugJgest that gluss under-
went high-temperatur » devitrification with-
out significant vapor-phase ervstallization at
this stratigraphic levei.

Unit 1v of the Tshirge Member consists
primarily of feldspar - quartz + cristobalite
+ tridyvmite. Cristob tlite abundances are
greatest in the colonnade tuff near the base
of the unit and sys ematically decrvase
upsection (Fig. 5. Tridvmite abundances van
imversely with thase of cernistobaute
Cristobalite is intergrown with alkah “eld-
spar—mainly as axiolitic and spheruhti®
growths—and these irtergrowths replace the
original glassy pyroclasts that make up the
tuff. These relations suggest that crvstallizd
tion of colonnade tuff was largely a resull of
tn zitu devitrification. Tridvmite. on the othef
hand, commonly accurs with alkali l(’!d“P“r
as discrete crystals and cryvstal appred ares

thiat were deposited on surficex of open pore

in the tuff. Mostly likely. these occurrences?
tridymite and alkali feldspar were deposit®
by gases vising through the tutt The 1'““‘\
bution of tridvmite imdicates that vapor- -phat

alteration increases svstematically upsectior

(s of

Unit 2 of the Tshirege Member consts
I P‘

a simple mineral assemblage of folds
‘b

+ quartz + tridvmite. Tridvmite 13 m‘ v

abundant (~25% 1 in the maderately to dens

B of
welded tuffs of this unit (Fig. 5 Laths ¢
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,ldvmne and equant crystals of alkali feld-
cpar line voids in relict pumices and in the
ﬂ matrix. The cores of some pumices are
coarqeh crystalline and have granophyric
jextures resulting from intergrowths of
amdme and quartz. Despite its greater
degTe“ of welding (and presumably a corre-
pondmglw lower permeability), unit 2
contains the highest concentrations of
mdymne found in the Tshirege Member. High
mdymlte concentrations suggest that vapor-
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phase alteration was more intense in unit 2
than in other parts of the Tshirege Member.
The high degree of welding and high tridymite
concentrations suggest that ash flows of unit
2 were unusually hot and welded <o fast that
large amounts of gas was entrapped.

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

Fig. 6. Photomicrograph of magnetite microphenocrysts enclosed within a clinopyroxene phenocryst. limenite
exsolution lamelia are visible in the lowermost magnetite grain. Magnetite microphenocrysts make up 60 1o
90% of the magnetite in these tulis. As shown in this photograph, the magnetite microphenocrysts commonly
are enclosed within malic phenocrysts; this limits their availabllity for mineral/'water interaction. More important
for mineral/water interaction are the small-matrix magnetite’hematite grains. These matrix magnetites are

disserninated throughout the permeable tuff matrix and make up ~95% of the magnetite surface area available
for mineral/water interaction. The sample shown here Is OU-1106-STRAT3-21 from Tshirege unit 2; itis a reflected-

light image.
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Fig. 7. Histogram of magnetite grain areas in sample
1106-STRAT2-16. Most of the grains have cross
sectional areas <75 unv, and they are disseminated
in 1he tuff matix; the remainder of magnetite grains
are the relatively large microphenocrysts. Aithough
maltrix magnetites represent only 10 to 40% of the
magnetite present in the rock, they provide as much
as 95% of the surface area available for 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 ahsent in the
west and central stratigraphic sections, but
it is present in the east section (Table IV and
Fig. 5). Tridymite abundance decreases from
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. B. Relation between stratigraphic units and
preliminary proposed hydrogeological units at TA-21.
The hydrogeological units generally correspond to the
stratigraphic units, except for H1 and H3, which cross
stratigraphic boundaries.

Although these minerais 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 abundancé
commonly ranges from 0.03 to 0.2%. Magn¢
tite grains are generally unaltered in the vt
tuffs, but some contain exsolution lamells®
of ilmenite or its alteration products along 11
crystallographic directions. The magneme
shows no oxidation to maghemite in unit 16
but varying degrees of oxidation occur in units
2 and 3. Partial to complete replaceme™
of magnetite by hematite also occurs in
crystallized tuffs of the Tshirege Membe"
Former ilmenite lamellae consist of an agg,ﬂ’
gate of rutile + hematite + anatase (?) + goeﬁ‘,’w'
Relatively large (>75 pm?in cross sectio?
area) microphenocrysts make up only ~19
of the individual magnetite (and hemat'.":
pseudomorph) crystals observed in thi
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_jons (Fig. 6). Yet these few micropheno-
"ed.ts account for an estimated 60 to 90% of
¢ 'hnetite present. The remainder of the

setite grains are small (<75 um*) and
ur s disseminated crystals or aggregates
*C crystals that are distributed uniformly
of ‘;ghout the matrix (Figs. 6 and 7). These
1hf;’“er crystals are more important than the
';n;auvely large microphenocrysts for radio-
sclide retardation because tbey occur in the
nighly permeable tuff matrix and because
eir surface areas (based on estimates
de,-ived from grain perimeter data) account
_96% of surface area available for
minerﬂ'/“'ater interaction.

Relation Between Stratigraphic Units
and Hydrogeological Units

yigure 8 presents a preliminary represen-
ation of the major hydrogeological units for
(he upper part of the vadose zone at TA-21.
Complete delineation of all hydrogeological
units at TA-21 must await characterization
o subsurface units and systematic measure-
mnents of hydrological properties from all rock
units. Previous sections of this report sub-
divide stratigraphic units according to their
mode of depositicn and cooling histories. How-
ever, physical characteristics (such as perme-
ability, bulk density, and moisture content)
a5 well as chemical properties (such as min-
eralogy, rock chemistry, and water chemistry)
control the movement of groundwater and
contaminants through tuff. The hydro-
geological 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
with the stratigraphic units described above,
but some cross stratigraphic boundaries (Fig. 8).

Hydrogeological unit H1 combines Tshirege
unit 3 with the underlying nonwelded unit.
Although unit 3 is partially welded near the
pof the mesa, the transition into nonwelded

Stratigraphy, Petrography, and Mineralogy

tuffs below is gracdual. The mineralogy of the
nonwelded unit and unit 3 are similar. This
hydrogeological unit hosts most of the
subsurface SWMUs at TA-21 (Fig. &)

Hydrogeological unit H2 consists of the mod-
erately to densely welded, highly fractured
tuffs of Tshirege unit 2. The contact between
H1 and H2 represents an abrupt change in
welding characteristics. Although the hydro-
logic properties of these tuffs have not yet
been tested, hydregeological unit 2 is expected
to have significantly lower porosities and
permeabilities than unit H1 because of its
greater degree of welding. The sharp contrast
in lithological properties: across 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 diverted later-
ally beneath these liquid waste sites could dis-
charge to DP Canyon, which is developed on
top of H2. Locally. where conditions favor
rapid influx of recharge (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 (Fig. 8 and Nyhan et al.,
1984).

Hydrogeological unit H3 consists of the white,
slope-forming nonwelded tuffs of unit 1v.
Although these tuffs probably consist of
multiple flow units, the individual flows have
similar lithological properties and they prob-
ably have similar hydrological properties.
Because these tuffs are nonwelded, they are
probably mare 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 vertical 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 but they are not as numerous as in
unit H2.
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Hydrogeological unit H4 consists of the col-
onnade tuffs at the base of unit lv and
includes the vapor-phase notch at its base.
These tuffs are cliff-forming above the vapor-
phase notch and may be incipiently welded.
These tuffs have undergone in situ devitrifi-
cation, but there is little evidence of the
vapor-phase alteration that is so prevalent
in overlying tuffs. Differences in welding and
alteration characteristics may affect the pore
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 (for
example, see Broxton et al.. Sec. VI, this
report).

Hydrogeological unit H5 is equivalent to
Tshirege unit 1g. This nonwelded ignimbrite
is fairly uniform 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 overlying
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 hydrogeological 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, Broxtonetal.,
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 seeps are
perched within water-saturated Tsankawi
Pumice Bed above fine-grain clay-rich soils.

Hydrogeological unit H7 lumps together all
of the bedded deposits of the Cerro Toledo
interval. These well-stratified deposits
contain numerous thin depositional units
characterized by a wide range of lithologies.
Undoubtedly, these individual depositional
units have differing hydrogeological proper-
ties. In addition, juxtaposition of lithelogies
with contrasting grain sizes across deposi-
tional boundaries can result in capillary and
permeability barriers and cause the lateral
diversion of groundwater 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. 50
far only the uppermost part of this ignimbrite
has been studied, and H8 may be extended
to include more of the Otowi Member after
further investigation.

CONCLUSIONS

Heterogeneous tuffs underlie the solid Wﬂ_ste
management units at TA-21. The physlcal_
properties of these tuffs vary both vertica'l Y
and laterally. Vertical variations prov!
most of the geologic control for movement ®
groundwater in the vadose zone. Rec:og’nitlon
of tuff heterogeneity is important f“r
developing conceptual models of the S‘te:
evaluating transport pathways and P**
cesses, and bounding parameters in co®
puter codes used to model groundwater an
contaminant transport.

ic
Tuff stratigraphy, with the bedrock geolgg;
map, provides the geologic context for uft
standing the distribution of rock units 8
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. the basis for describing cores and cut-
@@bfrom future drillholes at TA-21. Depo-
g al and cooling histories control the
A0 pution of the major stratigraphic units
gist oas physical and chemical properties

"h;e tuffs control the movement of ground-
¥
:‘,ﬂter.

. ht hydrogeolog'ical units are identified on
3 rovisional basis (until further hydrologic
! ing iS completed for these rocks). The
& ogeological units have unique litholagical
h'\d mineralogical properties that probably
jﬂ‘ect their conductivity to water and gas.
:ome of these hydrogeological units cross

P ratigraphjc boundaries. Systematic measure-

. ents of hydrological properties are neces-
; Sy 10 complete the characterization of these

Additional delineation of hydrogeo-
cal units in the subsurface will occur
4uring the drilling program for the site.

. The tWO critical bedrock units for evaluating

gbsurface contaminant transport at TA-21
fm, Tshirege unit 3 and the underlying
qonwelded tuff unit that makes up
hvdrogeological unit H1, and Tshirege unit

© 2 which makes up hydrogeological unit H2.
* Hvdrogeological unit H1 hosts both surface

* ;nd subsurface SWMUs at TA-21, and its

iste
ical
ally
ride
it of
tion
for
site,
aro-
om-
and

ogic
der- |
and

shysical properties govern how contaminants
.remobilized and transported at their source
erm. Our study shows that this hydro-
reological unit is generally highly porous
and contains no bedding features that might
édivert groundwater to canyon margins.
ecause of its high porosity and low degree
«f moisture saturation, hydrogeological unit
H1 should provide an effective physical
barrier to waste migration because of its
ability to imbibe and trap water in the tuff
matrix under natural recharge conditions.
These tuffs also may provide a mineralogical
Jjarrier to contaminant migration in the tuff
natrix because of the presence of trace
amounts of magetite’hematite and smectite,
+hich are highly sorptive of certain radio-
zuclides. One area of concern is that the

Stratigraphy, Petrography, and Mineralogy

favorable barriers in unit H1 could be
bypassed by transport through fractures. This
is of particular concern at the liquid-waste
MDAs, which received large amounts of
effluent in addition to the natural recharge.
Porous flow through the tuff matrix as well
as fracture flow may have occurred beneath
some of these MDD As. 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 documented at
TA-21 (Nyhan et al.. 1984). 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 H1 because
of its greater degree of welding. The contrast
in physical properties at the contact between
H1 and H2 might provide a barrier 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 characterizing as many fractures as
possible is warranted for the deeper boreholes
being planned to investigate the liquid waste
MDAs at TA-21.
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