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ABSTRACT 

Geologic investigations were conducted at Mesita del Buey to develop a geo
logic conceptual model for the site, to evaluate potential groundwater path
ways and processes, and provide geologic data for performance assessment of 
MDA G. Six stratigraphic sections were measured in bedrock units exposed in 
Pajarito Canyon and Canada del Buey to provide information about the tuffs 
that underlie Mesita del Buey. Selected samples from these stratigraphic sec
tions were analyzed by x-ray diffraction for mineralogy, x-ray fluorescence for 
chemistry, and microscopy for petrography. These investigations were conducted 
in support of the Environmental Restoration Project at Los Alamos National 
Laboratory. 

Exposed bedrock in the vicinity ofMesita del Buey consists of fluvial sediments 
of the Cerro 'lbledo interval which are overlain by pyroclastic rocks of the 
Tshirege Member of the Bandelier TufT. The Tshirege Member, a compound 
cooling unit, is further subdivided based on weldina and alteration characteris
tics. In aacendingord.er, the 'Jlihirege Member consists of: 1) the Tsankawi Pum
ice Bed; 2) unit lg, nonwelded glassy ignimbrite; 3) unit lv, nonwelded devitri
fied and vapor phase altered ignimbrite; and 4) unit 2, resistant, cliff-forming 
ignimbrite that forms the mesa's caprock. 

Unit lg is relatively unaltered and contains abundant volcanic glass. Units 1 v 
and 2 are devitrified and vapor-phase altered, and their mineralogy is domi
nated by alkali feldspar ( -60% by weight) and by combinations of three silica 
polymorph& (tridymite, quartz, and cristobaliteJ. The abundances of the silica 
minerals in units 1 v and 2 vary as a function of stratigraphic position as well as 
distance from the source caldera. Tridymite abundances are greatest in unit 2 
and in the upper part of unit lv in the westermost part of Mesita del Buey. 
Further east, tridymite abundanres decrease overall, and significant tridymite 
concentrations are restricted to unit 2 .. Cristobalite abundances vary inversely 
with respect to tridymite. High tridymit.e abundances in unit 2 suggest that 
post-emplacement vapor-phase activity was greater in the upper tuff units. 
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The decrease in tridymite abundances coupled with the thinning of units suggest that vapor 
phase activity decreased eastward in the distal parts of these tuffs. 

The Tshirege Member at Mesita del Buey is a high-silica rhyolite (77% Si02). Major element 
abundances are relatively constant, but some trace element abundances vary with strati
graphic height. The most pronounced chemical changes take place across the unit 1 v/unit 2 
contact in the eastern part of the study area. However, futherto the west, there is a composi
tional continuum across the same contact, probably reftecting a more complete depositional 
sequence for the Tshirege Member in that area. 

INTRODUCTION 

This study was conducted as part of site characterization activities for the Environml'nt.ll 
Restoration (ER> Project at Technical Area 54 <TA·54). TA-54 is located on Mesita del BUt·~·. 
the site of the Laboratory's solid and liquid hazardous waste disposal sites MDA G and ~ t D.-\ 
L (Fig. 1). This study describes the bedrock geology ofMesita del Buey and its adjacent em· 
yons. It was conducted t.o provide information for a geological conceptual model for the ~itt•. tu 
evaluate potential groundwater pathways and processes, and to provide geological data .. P"· 
cifically required for performance assessment. In addition, the geologic information conta i r" ··I 
herein supports the design and construction of waste pits, monitoring systems, and sul'l'''rt 
facilities. A report that includes subsurface geology and hydrologic setting was compilt>d I r ' 
radiological performance assessment of the site (Krier et al., 1995). 

Stratigraphy is a important component of site wide studies of geology of the Pajarito Pt 1 t • · .111 

for the ER Projeet. These site wide studies are a requirement of the HSWA Module VIII oft: ;• · 
Laboratory'sRCRAPart B operating permit. Section P, Task Ill, Facility Investigation, Suht .1 ,k 
A.l of the HSWA module, requires a program to evaluate site hydrogeological condition:o-. 111 

eluding geologic and hydrogeological characteristics affecting groundwater ftow beneath t! .• · 
facility. The :permit speeift.es that the depth, thickness. and lateral extent ofhydrogeolot!h·.•l 
units which may be migration pathways be identified based on field studies, core stu•!t•, 
structural geology, and cross sections. This study, coupled with previous and on-going in' • · ·. 
gations, address these requirements of the HSWA permit. 

Six stratigraphic sections were measured for bedrock units of the Bandelier 'lUff expo:-•·• I · 
the north wall ofP!ijaritoCanyon and of Canada del Buey and its tributaries. The locati,n- ~ 
these stratigraphic sections are shown in Fig. 1, and summary figures for each section ~r · · 
provided in Appendix A. The stratigraphie sections form three north-south pairs that ,, • ·! • · 
used to construct a fence diagram of bedrock units at Mesita del Buey. The fence dial.!~ 1 •• 

provides information about the distribution and thicknesses of tufTs that underlie Mel" it.• : 
Buey. 

A companion report by Reneau et al. <in revit!w) presents the results of a detailed survl'y r:. •• 
maps the distribution and thickness of surge deposits in the basal part of unit 2. Thest~ ... • • · 
deposits are important because they may provide preferential pathways for the migrat1 .. · 
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moisture and contaminants at MDAs G and L. The report by Reneau et at. also summari1.•·"' 
information about faults found on the south side of Mesita del Buey during the surge surwy. 
A bedrock geologic map is being prepared for the site, and it will be presented in a latt•r 

report. The geologic map and the stratigraphic data presented in this report contributt• tu 

conceptual models for the site and provide a geologic framework for understanding the po· 

tential for contaminant migration at Mesita del Buey. 

METHODS 

Field work was performed using the procedure Characterization of Lithologic Variation,; 

within the Rock Outcrops of a Volcanic Field <LANL-ER-SOP-03.07). Field observations 1:1 

each stratigraphic section generally included descriptions of rock type, unit thickness, typ•· 

and degree of alteration, welding and compaction, phenocryst assemblage and abundann· 

color on fresh and weathered surfaces, pumice size and abundance, and weathering charat· · 
teristics. Bedding characteristics, fractures and their tilling materials, and lithic ass em· 
blage, size, and abundance were also noted. Bulk-tuff samples were collected at a nomin.ll 
vertical spacingof5 m or at majo,r chang{·· in lithology. Metal tags mark sample sites in tl1·· 

field. Vertical CX)ntrol was maintained by Jacob staff and Abney level in the field, and lol'a · 

tiona and elevations were estimated from maps. Some of the sample sites whose location .. 

were close to a surge bed survey line <see accompanying report) were surveyed by infran··! 

theodolite <Table n. 
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Major and trace elements were analyzed in samples using an automated Rigaku wavelength· 
dispersive X-ray fluorescence <XRF' spectrometer. Samples were prepan•d by crushing and 
homogenizing 15-20 g of the sample in a shatterbox in accordance with Yucca Mountain Project 
procedure LANL-EES-DP-130 (Geologic Sample Preparation). Sample splits were heated at 
uooc for 24 hrs, and then 4-g splits were fused at llOO"C with 8 g of lithium metaborate/ 
lithium tetraborate flux. Elemental concentrations were calculated by comparing X-ray in· 
tensities for the samples to those for :H standards of known composition. A fundamental 
parameters program was used for matrix corrections !Criss, 1980l in accordance with Yucca 
Mountain Project procedure I..A!'lL-EES-DP-111. 

The mineralogy of the tuffs was dcterminf.'d by x-ray diffraction IXRD> for 38 ~amplt•s col· 
lected from stratigraphic sections l. 2, 3. 5, and 6. Samples were first powdered in a tungsten· 
carbide shatter box and then mixed with an internal standard of 1 J,lm metallurgical gradt• 
A1,p3 (corundum) powder in a ratio of 80% sample to 20% internal standard by weight. Tlw 
samples were then ground under acetone in an automatic Brinkmann-Retsch mill tittPd with 
an agate mortar and pestle to p:-oduce an average particle size of less than 5 j.tm. This iirw 

particle size is necessary to ensure adequ~1te particle statistics and to minimize primary l'X·· 

tinction UOug and Alexander, 1974, pp. 365-367). Particle size distributions have been n·ri· 
fled using a Horiba CAPA-500 centrifugal particle size distribution analyzer calibrated with 
Duke Scientific glass microsphere standards. X-ray diffraction <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. Data were typically collected from 
2.0 to 50.0° 26 using a 0.02" step size and at least two seconds per step. Quantitative anal.""''"' 
employed the internal standard or .. matrix-flushing" method of Chung <1974a,bl. Detail:-; f;,r 
analysis can be found in Bish and Chipcra (1988; 1989). In addition, the following YlH·, .• 

Mountain Project procedures were used for sample preparation and analysis ofXRD sam ph·, 

LANL-EES-DP-130 <Geologic Sample Preparation), LANL-EES-DP-56 <BrinkmannAutomat•·d 
Grinder Procedure), LANL-EES-DP-16 (Siemens X-Ray Diffraction Procedure), and LA:\ I.· 
EES-DP-116 <Quantitative X-Ray Diffraction Data Reduction Procedure). Yucca Mount;un 
Project quality assurance requirements are comparable in rigor to those used by the Los Ala 1111 .-.. 

Environmental Restoration Program. 

Thin-section were prepared for 19 samples to describe the textures and alteration featun• .... ,f 
the tuffs. These samples are representative of the tuffs in stratigraphic sections 1, 2. and l 

The thin sections were prepared according to Yucca Mountain Project procedure ~'-lL·EE:-i· 
DP-130 <Geologic Sample Preparation) and petrographic observationK were made usinl-! pr·• 

cedure LANL-ER-SOP-03.04 <Petrography). 

RESULTS AND DISCUSSION 

Stratigraphy and Lithology 

The Bandelier Tuff is subdivided into two genetically related members, each with a b.,~ , : 
pumice fall overlain by a petrologically related succession of ash flows I Griggs, 1964. Baik\ . • 

al., 1969, Smith et al., 1970). The lower member is designated the Otowi Member and \\ .• -
erupted at 1.613 ± 0.011 Ma Clzett and Obradovich, 1994) from a caldera source coinc•d····· 



TABLE I. 

LocATIONS OF SA.m»LEs CoLLECTED IN STRATIGRAPHIC SEcTIONS s 
AT MEsiTA DEL BVEY, Los A.Lutos, NEW MEXJco1• 7 s 

'i 
' 

Sample Number Stratigraphic Loc.lion Coordinates Elevation Loc.tton .l 
Unlt2 10 NOI1h(ft) Eut(ft) (ft) Method3 

S.trJtigrutl~ SKfiO!U s 
OU·1 148·STAAT1·1 Obi· tv 54-6900 1756563.9 1644ns.9 65848 s 
OU·1148·STAA T1·2 Obt-lv 54·6901 1756572.2 1644n6.o 65919 s 
OU·1 148·STRAT1·3 Obt-1v 54-6902 17565759 1644n99 6595.9 s 
OU·1148·STRAT1-4 Qbt-tv 54-6903 17565948 1644788.9 66079 s 
OU·1148·STRA T1·5 Obt·1V 54-6904 1756597.7 1644787.5 66091 s 
OU·1148·STRAT1·6 &urge 54·6905 17565989 16448014 66100 s 
OU·1148·STRAT1·7 Obt·2 54-6906 17565995 1644803.3 6617.0 s 
OU·1148·STAATt·8 Obl·2 54-6907 1756608.2 1644801.0 66300 s 
0U·1 148·STRAT1·9 Obt·2 54-6908 17568339 1644805.9 66486 s 

s~~on.z 
OU·1148·STRAT2·1 Obt·1V 54·690~ 1760362.7 16375542 67132 s 
OU·1148·STRAT2·2 Obt·1v 54-6910 17603861 16376118 67308 s 
OU·1148·STRAT2·3 Obt·1v S4-691 1 1760413.7 1637604.9 6751 2 5 

OU·1 148-STAAT2-4 Obi·1V 54-6912 1760ot252 1637615.9 6767 2 s 
OU·1148·STRAT2·5 Qbt-lv 54-6913 1760446.1 16376206 6784.0 s 
OU·1 t48-STAAT2-6 Obt·2 54-6914 1760461 5 1637611.7 68000 s 
OU·1148·STRAT2·7 Obt·2 54-6915 1760479.9 16376060 6826.2 s 
OU· 1 148·STRAT2-8 Obl·2 54-6916 17605150 16376450 68380 E 

Stml,.,tl,.. s.ct#QD. ' 
OU·1148·STAATJ.I Obt·lv 54-6917 1757957 0 16408990 66490 E 
OU·1148·STRAT3·2 Obt•1V 54-6918 17579920 16409070 66669 s 
OU·1 148·STRAT3·3 Obt·lv 54-6919 17580130 16409070 66830 E 
OU·1148-STRAT3-4 Obi· IV 54-6920 17580790 1&111050 6703.3 s 
OU·1148·STRATJ.S Obt·1v 54-6921 17580920 1&11 116.0 6715.2 s 
OU·1148·STRAT3·6 Obl·2 54-6922 1758101 0 1041113.0 67184 s 
OU-1148-STRAT3·7 Obt·2 54-6923 1758147.0 1641101.0 67339 s 

Strat/IICMIJIC "-IIQIJ f 
OU·1148·STRAT4-I O<;t 54·6924 1758721 0 16450560 65740 E 

OU·1 I 48·STRAT4·2A Obt-t 54-6925 1758740.0 16450080 65760 e 
OU·1148-STAAT4·28 Obt-t 54-6926 17587~.0 1645006.0 65760 E 
OU·1 tii&.STRAT4·3 Obt-tg 54-6927 1758813.0 1645022.0 66020 e 

SlcfllltlllliJ" S.Cfltm I 
OU-t 148·STRAT5·t Qbt-1v 54-6928 17610990 1638205.0 67490 • E 

OU·1 148·STRAT5·2 Obi· IV !14-6929 17611240 1638223.0 67650 E 
OU·1148·STRA T5-3 Obt-tv 54-6930 176,60.0 1638253.0 67810 e 
OU·t 148·STRAT5-4 Obt·tv 54-6931 17611920 1638243.0 67970 E 
OU·t 148·STRAT5-S Obt·1v 54-6932 17612140 1638263.0 68140 E 

OU·1 148·STRATS-6 Obt·2 54-6933 17612260 16382710 68300 e 
OU·1148·STRA T5-7 Obt·2 54-6934 17612330 16383050 68480 E 

~ 
OU·t148·STRAT6-1 Qbi•1V 54-6935 1759453.0 164,61.0 66640 E 

OU·I 148·STRAT6-2 Obl·1v 54-6936 17594970 16411680 66800 e 
OU·1148·STRAT6-3 Obt·lv 54-6937 17595490 1641180.0 66970 E 
OU·I 148·STRAT6-4 Obt·1V 54-6938 17595710 1641165.0 67190 e 
OU·1148·STRAT6·5 Obt-2 54·6939 17595900 16412100 6734.0 E 

OU·t148·STRATe.6 Obt·2 54-6940 1759598.0 16412090 67500 E 

OU·t 148·STRAT&-7 Obt·2 54-6941 17596690 1641278.0 67680 E 

' Locatiollt liat~d IJS NAD83 Stott Plane CoordrnotP.II 

I Strat. Unit. Qbt·t. 7lrodnwi Pumice IH.d; Qbt·lll. T.~ltiregt unrt I. loiL'ff' RiORBY part: Qht·IU" nltlf't'/lt' IAnll I. 
uppl!r VOJIOf'·pha.~t altt"rvd awl d!'llltrr(i~d part; Qht 2 ~ 'f•hrr<'ll• unrt 2 

J S • Samplt locatums lll.nJIIytd by J. Carnty. D. Brn:dun, and C. LniJodf<', 1993, E • vlt:utwn rstrmatt'tlf'r"'" "'"'" 

ustnR o.djocrnt •urvtytd &amplts and from Jamb ttaff travtrlW. 
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with the younger Valles caldera <GotTt•t al., l!lH-1; St•lf••t al.. 19R61. Th•• upJwr lllPml:wr j,- tlw t, 

Tshirege Member. and it was f>rupted from the Valles caldera tSmith and Bail£>y, 1966; Smrth ,· 

et al., 1970) at 1.223 ±0.018 Ma tlzett and Obradovich. 19941. ;._., 

Otowi Member ·t 

The Otowi Member is not exposed at Mt~sita dt•l Brwy, but it has hl'f'n rrco~nizPd in thl' :-Ouh-

surface at boreholes 54-1004 and 54-1015.1t is 33m thick in borehole 54-1015, including tlw i, 

3.3 m-thick Guaje Pumice Bed (John Marin, ERM; personal communication). The upper 13.8 

m of the unit was penetrated in borehole 54-1004 where it is a massive. nonwelded, pumice-

rich, vitric ignimbrite <Caporuscio, 19941. Gray to light yellow brown pumices make up about 

20% of the tuff. The massive nature of the deposit is interrupted by sporadic pumice swarms 

c -30% pumices) that occur at discrete intervals up to 0.6 m thick. Pumices are fully inflatt~d 

and the delicate tube structures of vesicles are preserved. The pumices are supported by a tan 

matrix consisting of glass shards. phenocrysts, perlite clasts, and broken pumice fragmt>nt,.;. 

The Otowi Member contains 7 to 9% phenocrysts of quartz and sanidine and minnr 

clinopyroxene I Broxton et nl, 1995al. Quartz and sanidine phenocrysts are typically 0 !i nun 

to 2 mm in diameter. Accessory minerals include magnetite, zircon, and chevkinite. 

The Otowi Member probably has uniform hydrologic properties because of its ma:O:Orv•· 

nonwelded nature. The mean porosity for the unit is 47±5% and the mean bulk den~ity i,. 

1.25±0.2 glcm3<Rogers and Gallaher, 1995>.1n borehole CDBM-l.located in upper Canada «l•·l 

Buey, hydrologic properties of the unit vary little with depth (Rogers and Gallaher, 199il '· 

Cerro Toledo lnterv•l 
The Otowi Member is overlain by cpiclastic sediments and tephras informally designatt ·•I 1 t ,, · 

Cerro Toledo interval CBroxton ct al.. 1995a; Goff, 19951. A small exposure ofthe Cerro Tnl.·· !· • 

interval crops out at stream level in Canada del Buey, north of MOA G. The Cerro T .. ~o-.! ·, 
interval was encountered in the subsurface by six boreholes (54-1001 through 54-lOOti• ,. 

MDA L <Caporuscio, 19941 as well as in borehole 54-1015 (John Marin, ERM; personal c .. n, 

munication). The Cerro Toledo interval is 12·17 m thick in boreholes 54-1004, 54-100ti ..• nd 

54-1015. 

The Cerro Toledo interval is a complex succession of volcaniclastic sediments and prim 'n 

tephras (?). In general, the unit consist& of two distinct types of deposits: < 1) tu fTaceous d· 'I,," 

its composed of sandstones, siltstones, ash beds, and pumice falls and (2) sand, gravel. l'nhl:: •. 

and boulder deposits made up of dacitic detritus derived from the Tschicoma Formation 1 Brn', n 

et at., 1995a; Goff, 1995). At Mesita del Buey, the Cerro Toledo interval includes both ··-~ 

faceous and dacitic deposits (Caporuscio, 1994). The middle and upper part ofthe unit • · 

sists of reworked tuffaceous sands intt>rcalated with possible primary ash- and purnic.:,. ' , . 

deposits (Caporuscio, 19941. A cobble-rich zone was encountered in the lower part oftlw •.: . · 

by six boreholes <54·1001 to 54-1006> in the vicinity of MDA L. The cobble· rich zont! is up' .. 

m thick in borehole 54-1004, and consists of dacitic clasts ( 75% by vol.) in a crystal-, ash.. 1 ~ ! 

pumice-rich matrix <Caporuscio, 1994). 

Cerro Toledo deposits are well stratified and contain numerous thin depositional sub11r .. · 

characterized by a variety of lithologies. ln addition, tuffs at top of the unit are oxidiZl'tl 1 • : 

clay-rich indicating they are probably modified by soil development. The lithologic hetPr• _·. 

neity of the Cerro Toledo interval results in variable hydraulic properties for these dtT• · 



<Rogers and Gallaher, 19951. The juxtaposition of b~<b with contrasting hydraulic prnpl'rtit>,; 
may result in capillary and permE!ability barriers at the contacts ofbPds and cause ~roundwa
ter and gases to divert laterally. 

Tshlrege Member 
The Tshirege Member of the Bandelier TufT is divided into mappable subunits which arc> rh•
scribed separately because of their distinct physical properties. This study follows the strati
graphic nomenclature of Broxton and Reneau '19951. A correlation chart showing Tshirege 
nomenclature used by earlier workers is provided for the convenience of readers comparing 
this work with older reports (fig. 2). Only the Tsankawi Pumice Bed and units 1 and 2 oftlw 
Tshirege Member are present at :\lesita del Buey. Vnit :3. which crops out just west of :\lt•sita 
del Suey, has been stripped from this area by erosion. and unit 4 was probably nevt>r dl•po,.:
ited this far east on the Pajarito Plateau. 

The Tshirege Member is a multiple-flow ai<h-11ow slu>et that forms promint•nt cliffs and ht>JWIH .... 

at Mesita del Buey and surrounding mesas. It is iO m thick beneath the mesa in the \'icirllt v 

of.MDA Land thins to approximately 45 m thick in the vicinity of:MDA G. Eastward thir:n1:1..: 
reflects the onlap ofthe Tshirege :\lemb<>r onto a paleotopographic high consisting ofh:hl~t ... 
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lava flows and vents in the vicinity of White Hock. Thus the Tshiregc :\l<!mher O\'l'rlil~S the 
Cerro Toledo interval and the Otowi Member at MDA L but directly overlies basalt at White 
Rock. 

Tsankawi Pumice B(•d The Tsankawi Pumice Bt.>d i.s thP. basal pumice fall of the Tshirege 
Member. It crops out on the north side of the stream channel in Canada del Buey. north of 
MDA G. where it is 2:l em to 50 em thick. 

The Tsankawi Pumice Bed consists of two light gray pumice fall deposits separated by a 1 em· 
thick coarse ash bed. The lower pumice fall is four to five times thicker than the upper pumice 
fall. The pumice falls consist of angular to subangular clast-supported pumices 1 to 3 ern in 
diameter. Pumices are typically fibrous with a vitreous luster. The matrix consist largely of 1· 
2 mm felsic phenocrysts and broken pumice fragments. The volcanic glass in the pumices and 
matrix material is abundant and fresh. indicating these tuffs have undergone little dia~enl'tic 
alteration since their deposition. 

Pumices in the Tsankawi Pumice Bed ar~ mostly rhyolitic in t'Omposition, but there is also a 
small ( <5 %) population of medium-gray. dense, finely-vesiculated dacitic hornblende-bearin~ 
pumice (Table 1 ). These hornblende-bearing pumices are a diagnostic feature of the Tsankawa 
Pumice Bed and of overlying ash-flow units (Bailey et at.. 1969). 

Il.niLl Unit 1 is a thick succession of ash-flow tuffs that is characterized by lack ofweldinl!. 
despite its relatively thick accumulation in some areas. The unit is further divided mto ·' 
lower glassy tuffClgl and an upper devitrified and vapor-phase altered tuff <I vi. C"nit 1~.: ~-' 
exposed near the canyon floor in the eastern part of Canada del Buey where it forms low 

rounded cliffs. Except for a small outcrop east of MDA G, Pajarito Canyon is not deep <'nnul-!h 
to expose unit lg. Unit lv is exposed in both Canada del Buey and Pajarito Canyon. 

Unit 1g is a massive nonwelded vitric ignimbrite consisting of gray to tan vitreous puman· 
supported by a matrix of coarse ash, shards, pumice fragments. Phenocrysts are abund:un 
02-16%) and consist mostly of 1-2 rnm quartz and sanidine <Broxton et al., 1995a). The ba,.· 
of the unit is a distinctive light-gray to white, nonconsolidated, massive, and ash-rich tufl". It 
grades upwards into light orange partially-consolidated pumice-rich ignimbrite. In this uppt•r 
part, pumices are commonly 3 to 9 em in diameter and make up30 to 40% ofthe tuff. Th·· 
matrix is pale orange in the upper part of unit lg and becomes dark orange near the top oftl11· 
unit. 

In outcrop. the top of unit lg is a resistant cliff-forming tuff. the top of which forms a bf'nd' 
that is several meters wide locally. The bench marks the base ofthe vapor-phase notch, a tlun. 
horizontal zone of preferential weathering that marks the transition from the glassy tutr .... ,, 
unit 1g to the crystallized tuffs of unit lv. The contact is gradational over 0.3 to 1 m and •· 
arbitrarily selected as the first appearance of volcanic glass going down section. Crystal Ia 1.1· 

tion of volcanic glass in unit tv indicates that U) tuffs became hotter as eruption of urut : 
proceeded or (2) a combination of r••atgassing from lower tuffs and effective heat retention h~ .1 

thick tuff sequence promoted slow cooling and crystallization in the upper of the unit. 

Unit 1v forms a combination of cliff-like and sloping outcrops that separates the resist.mr 
bench at the top of unit lg from the near-wrtical cliff of unit 2. The basal part of unit 1 ,. a- . ' 
resistant orange-brown tuff that overlies the bench on top of unit lg. This basal part h.t.~ .• 

.• 
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.. colonnade" appearance due to the presence of abundant \'ertical fractures that serve as fail· 

ure planes for rock falls, resulting in smooth dihedral surfaces on cliff faces. The l'olonnade 

tuff is overlain by slope-forming tuffs, hereafter referred to as uppE.lr unit lv I Fig. ;JI. Cpp<'r 

unit 1 v tuffs are relatively thick in the western part of :..tesita del Buey, but thin significantly 
eastward (Fig. 3). 

The colonnade tuff forms a diff 6 m high near ~IDA L and 2-3 m high near MDA G. These 

tuffs may be slightly welded, although pumice relicts show no discernible compaction at the 

hand specimen scale. The colonnade tufT consists of soft, chocolate-brown to dark purple-gray 

pumice relicts supported by a pinkish-white to light-gray ashy matrix. Pumice relicts typi
cally make up 30 to 50% of the rock and are 0.2 em to 6 em in diameter. Weathered tufl" 
surfaces are pockmarked because of the selective weathering of soft pumices from the enc los· 
ing, more-resistant matrix. Broxton et al. 11995al recommended treating the colonnade tuff 

as a separate hydrogeological unit because of its distinctive lithologic properties. The colon· 
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nade tuff has lower saturated and unsaturated hydraulic conductivities than :;!opt>· forming 
tuffs in the upper part of unit lv cTurin et al., 1994). Fractures are more abundant in colon· 

nade tuff relative to the glassy tuffs in unit lg. Near-vertical fractures of the colonnade tuff 
typically die out at the boundary with unit lg, although a few fractures persist across this 

lithologic contact. Fractures are open and fracture walls are commonly free of fracture-lining 
minerals. 

Upper unit lv forms a distinctive grayish-white band of outcrops sandwiched between the 

darker colored outcrops of the colonnade tuff and unit 2. In places, these tuffs form step-like 
outcrops which probably reflect slight variations in the amount of compaction of the tuffs (Fig. 
4 ). However, outcrop weathering patterns probably are also affected by variations in the a bun· 

dances of pumice relicts. Tuffs with abundant pumice relicts tend to erode more easily and 
form sloping outcrops whereas tuffs poor in pumice relicts are somewhat more resistant to 
erosion and form more resistant outcrops. 

Upper unit lv tuffs consist of soft pumice relicts supported by a pinkish-white to light·Jn"UY 
ashy matrix. Pumice contents are highly variable both vertically and laterally. Pumice n•licts 
typically make up 10 to 30th. of the tuff and are commonly 1-4 em in diameter. These relicts arl• 
chocolate-brown and have good preservation of delicate vesicle structures in the lower part of 
upper unit lv. In the upper part of this tuff sequence, pumice relicts are commonly brown
gray to medium-gray and relict pumice structures are relatively poorly preserved becausE> nf 
post-emplacement devitrification and vapor-phase alteration. 

In some exposures, upper unit 1 v has a stratified appearance due to the presence of horizon t a I 
zones of pumice accumulation. These zones of pumice accumulation are especially prominent 
near the top of the unit and may be preferential pathways for moisture and vapor movement 
because oftheir high porosity. Pumice relicts make up 30-50% ofthese tuffs and are 4-15 l'm 
in diameter. In some cases the pumice accumulations occur at the tops of individual ash flow:-. 
and represent the rafting of pumices to the tops of flows during emplacement. In other cnstos, 

entire ash flow depositional units are pumice-rich throughout and probably represent ttw 

distal parts of flow units that lost much of their fine ash during emplacement. 

Unit lv thins eastward from 27-30 m thick in the vicinity ofMDA L to 4-8 m thick near tht~ 
eastern end of MDA G <Fig. 3). Unit lv is absent in outcrops just west of the visitor center an 
White Rock, and unit 2 directly overlies unit lg <compare Figs. 4 and 5). The pinch out of umr. 
lv eastward may be due in part to the onlap of the Tshirege Member onto the basaltic hil-!h· 
land in the vicinity of White Rock. However, lower units such as unit 1g also should pinch out 
against the basaltic highland if depositional on lap onto a paleohigh was the only factor con· 
trolling the distribution of these tuffs. Alternative hypotheses for the eastward thinnin~ ,,f 
unit 1v include (1) decreasing devitrification and vapor-phase alteration in the upper parts ol 

unit 1 because ofthe loss of heat and gases towards its distal edge and (2) non-deposition ,f 

the upper, hotter ash flows of unit 1 in the eastern part of Mesita del Buey because of short •· r 
runouts of its constituent ash flows relative to underlying and overlying tuff units. 

The first hypothesis is supported by proximity of Mesita del Buey to the distal edge of unit 1 

Crystallization of volcanic gla·ls following emplacement requires high initial temperaturt·'· 
slow cooling (promoted by the insulating effects ofthick tuff deposits), and fluxing of volca n ac 

gases tSmith. 1960). However, depositional thinning in the distal parts of ash-flow shl'•·t
promotes rapid cooling of the tuffs and tends to inhibit the crystallization of volcanic ~:Ia" 
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Mineralogical data for the measured stratigraphic sections show that tridymite, an indil';lt•·r 

mineral for vapor phase alteration, tends to increase in abundance both up section and fr· •I ~' 

east to west in unit 1 v (Fig. 6). This suggests that tuffs in the eastem part of Mesita del B ,,. ·, 

were subjected to less vapor-phase alteration than equivalent tuffs to the west. 

The second hypothesis is supported by variations in chemistry through unit 1. Petrol·.:: 

studies ofthe Bandelier Tuff have shown that there are well defined chemical variation· 

many minor and trace elements in the Bandelier TufT that reflected the systematic \\ : · · 
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drawal of magma from a chemically-zoned magma chamber tSmith, 19791. ChPmic;ll data for 

the measured sections show that chemical variations from unit lv and unit 2 form a con· 

tinuum of compositions in tuffs in the western part of !\lesita del Suey, but there is a compo· 

sitional gap separating the two units in the eastern part 1Fig. i). The most plausible explana· 

tion for these data is that a more complete sequence of unit 1 v ash flows was deposited in the 

western part of Mesita del Buey, and nondeposition of some of the same tuffs in the eastern 

part of mesa resulted in the development of the compositional gap unit 1 v/unit 2 boundary. 

It is likely that both hypotheses for the thinning of unit 1 v eastwards are partially correct. 

Nondeposition of ash flows in upper unit 1 in the eastern part of the area would result in 

thinner unit 1 deposits. These thinner deposits would tend to cool more quickly and condi

tions necessary for the development of a crystallization zone at the top of the unit would be 

less likely to occur. 

llniJ.2. Unit 2 is the cliff-forming unit that forms the caprock to Mesita del Buey <Fig. 4 ). This 

unit forms medium-brown. near-vertical cliffs that stand out in marked contrast to light· 
· 20m 

Fig. 8 Phofogrlph ot IU,. rlepotlf• •t rite b.IN·ol ~ ,.,.,,.,. Ulfll 2. TlwN lurp *POliti •re finely 

b«Jdtld Mid ty,U:.IIy torm hump-lilt• d.,.n. thlt ttlln ,,,.,_,,, .~ .,..,,, thll ttrltlgrlphlc level of the 

IUJTifi t1t1pot1ta 11 m.rtH by • PM*ftrenr horlzonr.t PMflng. A• mlny •• ,.,.. turp Wpollrl occur within tt'le 

lower 3 m ot unit 2. Nott tiHI flllfflnlng ot pum'r:n In tiHI welded tuft• of unit 2 1nd tiHI _,u1nt pumices .n 

nonwelded unit 1v. 



thick in the vicinity of l\'IDA G (Fig. 31. The thiekness of unit 2 at MDA L i:-> sonwwhat le~s 

than that at MDA G because Mesita del Buey is narrower at MDA L. and more of the upp(>r 

part of unit 2 has been removed by e1·osion. In wider mesas to the north and south. where 

there is more complete preservation of unit 2, these caprock tuffs become thinner eastward. 

At drill hole SHB·l at TA·55 (Gardner et al., 19931. unit 2 is about 35m thick. 

Unit 2 is partially to moderately welded and has pumice aspect ratios of2:1 to 4:1. l"nit 2 is 

significantly less welded than outcrops to the west such as those at Pajarito ~lesa 1 Broxton et 

al., 1995b) and TA-21 <Broxton et al., 1995al. Nonetheless. unit 2 is more welded than ot.her 

tuffs at Mesita del Buey. The greater degree of welding in unit 2 has a significant effect on its 

hydraulic properties relative to underlying units. For example, Rogers and Gallaher t 199:) 1 

Fig. 9 Pltotoml~rograpltl ofaurgt l:llldtt rr.. DaM of unit 21natrlrlgr.,lc HCtlon f, dmple 6. Both Images 

,,. ot the nnttuurte '*" J'Mifttrlm.,. fa • no#ltal irllillflllfftd llghl#m•ltfld the r#fhf one w•• generated 

ullftl croa.d ptiiMIZfl! lljht. . .,.,..,,. wo cur ~Jcurtw to beddlltf, mouniN on• gl111.plate, and cur 

•nd poll.,_, tot 3tJ.:mltrM thlcln.lt. tM rop tdttHJ lufftl tHHI IJ'ofWntH up.Sttltlflcttlon In tl'tll surge 
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show that saturated conductivity for unit 2 is significantly less than that found in unit 1 v. 

This suggests that travel times ofwatE•r and vapor by porous matrix flow will be slower in unit 

2 relative to underlying units. 

However, because of its greater degree of welding, unit 2 is more brittle than underlying tuffs 

and it typically is more highly fractured. Ttwse frat·tures prnvide possible fast paths for mow· 

ment of water and vapor. Most fractures are nearly vertical although some horizontal and 

low-angle fractures are also present. Many of the fractures extend into the upper part of unit 

lv before dying out. Near-surface fractures typically are filled by clays, tuff detritus, and 

calcite. In borehole 54-1006 near MDA L. some fractures contain small El Cajeta pumice 

fragments 10m below the present-day land surface (Caporuscio, 1994). The occurrence ofEl 

Cajeta pumice fragments in fractures at depth indicates that some fractun~s are tran . ..:port 

pathways for surface-derived materials. 

Unit 2 is characterized by medium-gray to ,.,rray·brown crystal-rich pumice relicts supportl•d 

by an ashy matrix of shards, pumice fragments, and abundant phenocrysts. The matrix is 

light pink-tan to purple-gray and tends to be more highly colored in the zones of greatest 

welding. Pumices are generally smaller (<2 em) and less abundant <2·15%) than in undl'rly· 

ing tuft's, except for local pumice swarms which occur in the lower part ofthe unit. Devitrifica · 

tion and vapor-phase crystallization have destroyed most of the primary vitroclastic textures 

in the tufT. In hand specimens, relict pumices have a sugary texture due to the deposition of 

tridymite and sanidine in open pore spaces. Phenocrysts are more abundant < 17 to :12•·; . 

Broxton et al., 1995a,b) than in unit 1, in part because of the lower porosities in these nwrP· 

compacted tutTs. 

Unit 2 contains several surge beds within 1-3m ofthe base of the unit. In addition, two ,.,uri.!•' 

deposits were found in the upper part ofthe unit at Pit 39. The surge beds commonly rani-!•'.'" 

thickness from 0.5 to 6 em. The thickest surge deposit found is 50 em thick and crops out nn 

the north waD of Canada del Buey. The surge beds form hump-like deposits which thm ,,, 

feather edges <Fig. 8). Laterally, these surge deposits are discontinuous, and they grade mtn 

horizontal partings that separate thin, non welded pumiceous ash-flow tuffs. Up to three sur~" 

deposits occur at the base of the unit at some locations. 

The surge deposits form planar and cross-bedded dunes. Stratification is imparted by n u nw r · 

ous, thin, alternating beds of crystals and ash-rich tufT <Fig. 8). The crystal-rich layers .• ,.. 

made up almost entirely of phenocrysts which have been highly concentrated by empl.~<·•·· 

ment processes. Individual layers within the surge deposits are a few millimeters to 3t·•·nta 

meters thick <Fig. 9). 

In some areas, the presence ofnonwelded pumice-rich ash-ftow tuffs at the base of unit:!' 111 

cause confusion when assigning the lower contact of the unit. These tuffs are very sim•l.~r · · 

those at the top of unit 1 v. The non welded pumice-rich tuffs at the base of unit 2 represent •! .. · 

distal ends of small ash flows which pinch out eastwards. If traced westward, towards t h· r 

source areas, these thin pumice-rich tuffs thicken and grade laterally into partially·\\'t•lt!· ·I 

pumice-poor deposits that are more typical of unit 2. Therefore, for mapping purpost•~. ': ·· 

base of unit 2 is defined as the base of the lowermost persistent surge depositor itsequi\·alo·J:! 

parting at the base of the unit 2 cliff. However, because of the poor preservation of ~ur .. ~· 

deposits in drill core, it is recommended the unit 2/unit lv contact be defined as the eb ,. :· 

• .. 
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TAbu: II. 

MINERALOGY OF TuFFs AT MEslTA DEL BL"EY, Los ALAMos, NEW MF.xlco'· 
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from welded tuffs to nonwelded tuffs in borehole studi('s. Although different criteria are rec· 

ommended for surface and borehole studies, tht•se J,ruidelines allow placement of the unit V 

unit lv contact to within approximately 2m. 

Mineralogy 

The bulk-tuff mineralogy for units lv and 2 is relatively simple, consisting primarily of alkali 

feldspar (-60% by weight) and of combinations of three silica polymorphs ftridymite, quartz, 

andcristobalite). Together, these four minerals make up over 95% ofthe tuffs <Table Ill. Al

kali feldspar and cristobalite occur mainly in the tuff matrix as fine-grained 1 micron-size I, 

high temper;tture devitrification products that replaced the original volcanic glass during 

cooling of the tuff. The tridymite and some alkali feldspar were deposited in open pore spaces 

by vapors rel,~ased during outgassing of the tuff after emplacement. Between 50% and 100(~ 

of the quartz and about 25% of the alkali feldspar detectt.>d by x-ray diffraction in these tuff::; 

are coarse-grained <1·3 mm) phenocrysts that grew in the magma chamber prior to eruption 

<Broxton et al., 1995b). Minor constituents in these tufTs include smectite, hematitt.>, horn-· 

blende, and mica (Table 11>. 

Alkali feldspar and silica minerals are relatively resistant to mineralogic tram;formation un

der present-day geochemical conditons and should remain stable beyond the 10,000-year pe

riod being studied for the MDA G performance assessment. These minerals have relativPly 

poor ion-exchange properties and probably provide little in the way of natural mineraluf.!ll' 

barriers to contaminant migration. On the other hand, the surfaces of ofthese minerals han· 

high affinities (Kds > 1000 ml/g) for elements such as Am, Cm, Nh, Rfo:E, Sn, Th, Zr, and 1'11 

(Allard et al., 1982; Beall and Allard, 1981; Thomas, 1987; Brandberg and Skagius, HJU l. 

Meijer~ 1992), and they may provide retardation by surface complexation. 

Sme«itit,e and hematite are potentially important trace minerals because they are sorptiw nf 

certainradionuclides and could provide important natural barriers to their migration. Smecti tt•s 

are highly selective for cationic radionuclides <Grim, 1968). Magnetite and its alteration 

prodacts such as hematite have an affinity for uranium and actinide species through surfan·· 

complexation (Hsi and Langmuir, 1985; Ho and Miller, 1986; Allard and Beall, 1979; Bt>all 

ood ~. 1981; and Allard et al., 1982). Although these minerals occur in small quantitit·~. 

they are disseminated throughout the stratigraphic sequence and may provide significant 

.retardation potential over long ground water now paths. 

Although not analyzed by x-ray diffraction, thin-section investigations show that unit lg, tlw 

Tsankawi Pumice Bed, and the exposed portion of the Cerro 'lbledo interval contain larJ.!•• 

amounts ofvolcanic glass. These units commonly contain 60 to 80% glass at TA-21 <Broxton , ·t 

al., 1995a), and they probably contain similar amounts at Mesita del Buey. The glass occur~ 111 

pumices and the shardy tufT matrix. The presence of abundant glass and paucity of low tt·n•· 

perature alteration minerals such as smectites and zeolites indicates that these tuffs h,l\ •. 

had limited contact with groundwater since their deposition. 

The abundances of the silica minerals in units lv and 2 vary as a function of stratigraph11· 

position as well as distance from the source caldera. Figure 6 shows cristobalite and tridym''' · 

abundances plotted versus stratigraphic height for the three stratigraphic sections in Paja n ,, • 



Canyon. Tridymite abundances are greatest in unit 2 and in the upper part of unit 1 v in the 

westernmost section. Further east, tridymite abundances decrease overall, and tridymite is 

most abundant in unit 2. Cristobalite abundances vary inversely with respect to tridymite, 

suggesting the occurrence of these minerals is controlled by coupled processes. Tridymite is 

an indicator mineral for vapor-phase alteration and its abundance in unit 2 suggests that 

post-emplacement vapor phase activity was greater in the upper tuffs at Mesita del Buey. The 

decrease in tridymite abundances coupled with the thinning of units suggest that vapor phase 

activity decreast.~d eastward in the distal parts of these tuffs. 

Chemistry 

Bulk-rock chemical compositions for units lv and 2 at Mesita del Buey are given in Table Ill. 

In addition, two pumice compositions are presented f<lr the Tsankawi Pumice Bed, as dis· 

cussed below. 

The Tshirege Member at Mesita del Buey is made up of high-silica rhyolite i 777r SiO .. on a 

volatile-free basisl. Major element abundances are the same for both units, but some tra(.'(.' 

element abundances vary with stratigraphic height \Table 111 and Smith, 1979. A compo!'i· 

tional gap occurs at the unit 1 v/unit 2 contact in the eastern part of the study area 1 r'ig. i '· 

However, further to the west, there is a compositional continuum across the same contact. 

Although dominated by high-silica rhyolite, the Tshirege Member also contains pumice lumps 

of hornblende dacite (68·70% Si02, on a volatile-free basis). Table 111 presents compositions 

for a high-silica rhyolite pumice <sample l148-4·2A) and a hornblende dacite pumice 1 sam pie 

1148-4-2B) from the same outcrop of the Tsankawi Pumice Bed for comparison. The horn· 

blende pumice lumps make up <2% of the Tshirege Member, and they are found at all strata· 

graphic levels. Although co-erupted with the high-silica rhyolite, the hornblende pumicl.'s rPp· 

resent a magma that was compositionally distinct from the dominant rhyolitic magma of the 

Bandelier system. 

When establishing background chemistry for the site, it must be recognized that background 

elemental concentrations can vary as a function of stratigraphic position, particularly fur 

trace metals. However, the differences between background elemental concentrations for una ts 

lv and 2 is relatively small for many elements. Where trace element differences are relath·•·ly 

small, a single background value can be used to represent the two units as long as the vara· 

ability in elemental abundances is well constrained. Also, care must be taken not to uwr 

represent the compositions ofthe hornblende pumice by the selective sampling ofsinglt•l.ar:.: .. 

pumices when establishing the background chemistry of the tuffs. 

The chemical data can be used to establish stratigraphic relations in the eastern part ot t !w 

study because a compositional gap provides a means for locating the unit lv/2 contact 1 Fig -; · 

This compositional gap may be useful for interpreting subsurface data from characterizat t••n 

boreholes and for selection of instrument locations in monitoring wells targeting the umt I\! 

2 contact. In the western part ofMesita del Buey, chemical data can not be used to con:-;tr.,,u 

stratigraphic relations because the depositional record for the Tshirege Member is mort• ····rn · 

plete and there is no compositional gap at the unit 1 v/2 contact. 
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CONCLUSIONS 

The Tshirege Member of the Bandt>lier TutTis a multiple-flow ash-flow sheet that forms promi
nent cliffs and benches at Pajarito Canyon, !\lesita del Buey, and Canada del Buey. It is a 
compound cooling unit whose physical properties vary both vertically and laterally. These 
variations in physical properties result from zonal patterns of welding and crystallization. 

Exposed bedrock at Mesita del Buey and vicinity consists of, in ascending order: 1 l fluvial 
deposits of the Cerro Toledo interval, 2> the Tsankawi Pumice Bed, 3) unit lg of the Tshiregc 
Member, 4) unit lv (including the lower colonnade part and the upper less resistant part), and 
5) unit 2 of the Tshirege Member. These units should be treated as separate hydrogeological 
units during performance assessment because their dissimilar lithologic properties results in 
significant differences in hydraulic properties. In addition, the geometry of potential vertical 
transport pathways changes as units of the Bandelier 'fuff become thinner eastward. 

The bulk-tuff mineralogy of the tuffs at ~II"sita del Buey consists primarily t >95lJ 1 of alkali 
feldspar, tridymite, quartz, and cristobalite. Alkali feldspar and silica minerals are relativt•ly 
resistant to transformation and should remain stable over the life time of the ~IDAs. SmectitP 
and hematite, which occur in small amounts throughout the stratigraphic sequence, are im
portant because they are sorptive of certain radionuclides and could provide important natu· 
ral barriers to their migration. 

The Tshirege Member at Mesita del Buey is a high-silica rhyolite 177% SiOll. Major ellmwnt 
abundances are relatively constant through the unit, but some trace element abundarH·,.,.. 
vary with stratigraphic height. When establishing baseline conditions for the site, it mu~t I"· 

recognized that background elemental concentrations for some trace elements can vary as .1 

function of stratigraphic position. The chemical data can be used to establish stratigraph11· 
relations in the eastern part of the study because a compositional gap provides a mean~' ti •r 
locating the unit lv/2 contact. This compositional gap may be useful for interpreting sub:o:ur
face data from characterization boreholes and for selection of instrument locations in rnonr · 
toring wells. The chemical data can not be used to constrain stratigraphic relations to th·· 
west because there is a compositional continuum across the same contact. 
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