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Geology of the North-central to Northeastern Portion 
of Los Alamos National Laboratory, New Mexico 

Alexis Lavine, Claudia J. Lewis, Danielle K. Katcher, Jamie N. Gardner, and Jennifer Wilson 

ABSTRACT 

Geologic mapping and related field and laboratory investigations to assess seismic hazards in the 
north-central to northeastern portion of Los Alamos National Laboratory (LANL) revealed only 
small faults that have little potential for seismic surface rupture. These faults likely represent 
subsidiary ruptures associated with hanging wall deformation within the Pajarito fault system. 
The 7.5 km 2 study area lies -I km east of mapped faults ofthe Pajarito fault system, -2.5 km 
south of the southernmost mapped trace of the Sawyer Canyon fault, and within a zone of 
inferred, subsurface, pre-Bandelier Tuff faults. Mapped changes in welding and crystallization in 
the Tshirege Member of the Bandelier Tuff coincide with or parallel stratigraphic contacts, 
providing large-scale, mostly planar markers that are useful for evaluating structural offset. 
Lateral variations in welding in units Qbtlv and Qbt2 have led us to modify stratigraphic 
nomenclature for this part of the Tshirege Member. Field studies and analysis of map data in 2-D 
and 3-D identified the following fault and fracture zones: {I) a 15-20-cm-wide fault with an 
unknown amount of displacement, exposed in unit Qbt3 near building 53-3f, that is oriented 
NI6E, 82SE and consists of densely spaced deformation bands; (2) an -180-m-wide zone of 
abundant fractures and faults that range in width from 1--60 em, have a mean strike ofN12E 
± 26° and a mean dip of 87 ± 5°, are exposed in unit Qbt3 north of the lagoons at TA-53, and 
have an unknown amount of displacement; (3) a 60-m-wide fault zone, exposed in units Qbtlg 
through Qbt2 in a small tributary canyon to Sandia Canyon, with -1.2 m of down-to-the
northwest displacement on units Qbtlg through Qbt2; and 4) three small (<1.5 m of vertical 
separation on Tshirege Member units) faults in the western portion of the map area. Three
dimensional structural analysis reveals changes in dip of mapped contacts that coincide with 
faults, suggesting that some of the faults and fracture zones may be related to distributed 
deformation above deep-seated faults. However, changes in dip ofTshirege Member units 
become less pronounced up section, suggesting that, alternatively, they likely result from 
deposition over paleotopography. 



1. l ntrod.uc:Hon 

LANL is locutl..>d on the f'njar!w Phliteau, which 
is bounded uu the '>Vest by th~ Pajarlto fault system 
n.nd on d1e c!lst by White Rock Canyon of the Rio 
Grande. Th~· £>ajnriro Plateau is fom1ed plimarily of 
the Bandelier Tuff. which was erupted til I .6and 
L2 Ma (lzeu and Obtadovich, t99-4) from the Toledo 
and Valles calderas as a series of pyrodns!k f1tlw) 

(c .. g., Balley et aL 1969: Gnrdncr ci nL 19S6}. tn the 
nren of LA NL. the P«:iadto faulr system is the :.H.:t ive 
west£m h<lllndary of ihc Rio Grand..- rift an are@ of 
predominant!~· east-west ~xt~;-nsk111 th:tl run~ from 
Colorado to Mexico (Figure 1 ). The Rio flraml;e rift 
l$. :m active tecumic rmd magn1aric province (e.g., 
KeUey. 1919; Manley, l'i79; Sanfon.fet aL 191Jl: 
B.aldrids;e ct aL. 1995; !Zdson und Olig. l9Q5; W~J.Ifl' 
~J nd Oardncr, 199!1; Machctte et at, I \>98; Steck e\ 
aL. 199S), and has been ~Wtive fnr at least 3(! million 
years (e.g., Rieckct, l <nt>; Bnlrlrh:lue el at.. 19!!4; 
Keller. 1986) .. Becaus-e the wesren~ portion of LANL 
lies in the ?qjarit~> fault syt>tetn, .many recent smdies 

I 
~<~iHHa 

\(I;M»!.:~;f1:'1.> 
~Jf,-.ttt>N~'f ~ 

H::>;H!M%1' Y¢\~tl; 
ii·il;<-::A~f 

by !he LANL Seismic llaz.nrds l1rogram have focused 
on surfac.e rupture hllzarth lt1 individual facilities and 
proposed building sites (Wanger aL, t 9<9 1: Kolbe et 
at. l\194, !995~ Gard!Jer etaL t998, !999, 2CHH: 
Olig ctnL 1998; Reneau ct uL 1995. 2002), 

Additionally, pale1)Sttismicity and ground motion 
hu:t.ards for the local area hnve been studied in ;,ml 
around Los Alamos {e.g .• Wong et t'IL ]995. 1996: 
Olig, ct uL, 1996; McCalpln, J9<>S:. 19t}1) : Gardt1et et 
al., in prt:p.). The Pa}ariw fimlt sys.Lem includes !.he 
Pajarho, Rendija Canyon, and Guaje Mountain fauJts 
(Figure.:!!. Alon~ the 'INesr.cm pnrtion of LANL, the 
fl(tjrtrlHl flwlt 5yst.cm ranges from approximately J to 
6 krn (2 -4 mile.s> wide. and is expn~ssed as a t.('lm
plex series of lauhs and fiJ,Ids .( r igurc :?. }. In tLw 
rmrthem portion of LAN L. west of rhe study area, the 
l'ajarllo f1mlt system J$ at least (l lrn1 {4 miles) wide 
(Gardner etnL 1991\, 19'19; Lewis cr at, unpublished 
mapping). !n addition to 1he ~'ajarito l'au!l system. !he 
Sawyer Car\yon fault and ?uye f.auh 10 the north and 
ntrrtheaM ofLANL respectivelv, are dominantly 
dnwtH!ast fau lts associated wi1t1 the western m~r;.::in 
(llthe Rio Gmn.de rift in the ar-ea of .los Alrunos ~ 
(Carter llJJd Gardner, I 995 ). 

Ffgtttr: 1. ;\1•1!' ofthf' Rio Grondlf r~ft h1 m:wtilcnt ;\icu Mit:<icv .. \Iujor }tmtl .n•:~tt•m.~ are ~ittn~tl: sdw/mt.lfJC<lllv (lti11l on 
dt¥tt'utltrmwt sidt•!. AM>f'(•,:iatirm.>. f'l': l'aJantnfiwli.· t"C l'd!lto., .. folrdo o'lh1i!NI compk.r, tit,· :;ourr:e <>/lfu/8ant1.:ii<~r Putt 
tmudijh:rijhmr Gurdttet Wid Goff. /984) 
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Figure 2. Map showing the Pajarito fault system in the vicinity of Los Alamos National Laboratory (shaded gray area shows 
the extent of LAN L at time of study) and the study area for this project (thick gray outline). Faults and related folds shown in 
black are from Gardner and House (1987), Reneau eta/. (1995), Gardner eta/. (1999, 2001), Lewis eta/. (2002), and Gardner 
and Reneau (unpublished mapping). Dashed lines are inferred subsurface faults from Dransfield and Gardner (1 985) . White 
stars mark the locations of faults or fracture zones as follows: a, this study; b, Woh/etz (1995) ; and c, Reneau eta/. (1998a) . 
Small-displacement faults were found up to 1.6 km east of the star marked "c." The area inside the dashed black outline is the 
approximate location of a pre-Bandelier Tuff trough inferred from borehole and geophysical data by Broxton and Reneau 
(1996) . Abbreviations: PF, Pajaritofault; RCF, Rendija Canyonfault; GMF. Guaje Mountainfault; SCF. Sawyer Canyonfault. 
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Puleoselsmic invesrigati ns indicate lha.! 
magnitude 6 to 7 eanhquakc!l have m.:cum:d on the 
Pajmito fault \!y$t¢m, und t.lttTe ~~ evidence rur at 
least tW() large ~ci mic evems in the Holocene 
(Gardner ct at, 1990; W<mg ¢1. nl.. t 9fJ5: Kelson et 
al.. 1996: McCalp[n. 19 8. 199 : Reneau ct ul., 2002; 
G rdner cl n.L in prep .. on po!>slbly as reCt'!lll.} .a~ 
• hout2 ka (McC".alpin. IQ9S . Bcc:au e canhqnakcs 
of magoilud 6 or grearcr mmonl> can cause 
urfncc ru[lliJre. surfn e rupture hnzard should be 

assessed fo.r all hut udou~ l'ilcilities m LANL. 
Although nn earth\tllilkcs o thi!> magnit\tde have 
occurred on the l'ajn.rito fm1lt system historically, 
sumc recent small earthquake:t (M<2) willtin the 
Pajarito fnutr system have caused widespread effects, 
felt with Modified · 1:ercalli lntensrtiln• up to VI 
(unrdner and Hou ., 19''14 . !I){JIJ), 

'J11is rep tt describes tht• results l''f genl()~k 
mnppin~. and related investigafinn.s per ormed in the 
nonh·centml to northeastern p<Jrtlon of LA> l. to 
n.$>£sS the potential for eismic surfact: rupture that 
could nffect fuiurc &cilities. The area mapped is 
ltlclJted Wtthin TcchnicrtJ Areas tTAs) 53. 5, 21 , 72. 
and 73. and spans Los Alnrnos. DJl. Sandia, and 
Mmiaudad canyons. OP M;osa, Mesitil de L()S 
\ lamo:;, and a narrow me:.>u bl:tweC'n Saudia ruul 
Mormnd;td Cilnyon, (Fi~ute 2. Plate 1/. urface 
mpturesrusodmedwilh tlte Pajurit fault sy5tem 
have been mapped in detail to nppro:;:imntely I km 
( .6 miles) wes1 of rhc , tudy nrcli (Figure 1: .;urdner 
et al., 1999}. The stluthem extem of' the Sawyer 
Canyon fault has been mapped to approxitmttely 
2.5 km 15 miles) nnrth of the smdy urea (Carter and 
.1ardner, 1995), u:nd a zone of horsts and gmbcns has 

been mapped aptyroximnrely 1.5 km (· I mtle) suuth 
of the stud)· urea (Reneau ('<tal., l99Sn). 

The most widespread and llkit:st stt·atl.g.mp 'li 
unit exposed in tht: ud. area i the early Plc-isto-cen • 
Bandelier Turf eo logic units 1:xpo r:d at the urfa 
in the stud) rea include the Otowi Mcmb.er of the 
IJanrli!lier Tuff, du: Cerro ·r olcdo interval. units Qbtl 
throug.b Qbt3 of the Tshirege Member of the 
Rnndt~Her Tuff (Figure 3 ). u:nd pvst~Banddier Tuff 
nlluvinlnnd colluvial drpo~irs . The primary unit 
exposed wtchin the ~may area is the L:!-mi llicm· 
year-uld lshlrege Memher of1he Bandelier Tuil', 
which CQmprhes rnulliplt flCJw units that eoolerl as 
tmth $lmplc and compound C(loling units., and can be 
ubdivided based Oil ooih cooling unit and Oow Ullll 

stratlgmphy c.!;.. mith and Bailey. 1966: BtOXIOil 

and Reneau, l 5; Broxt n ct at 199.5a~ Gardner 
r:t nL, 1999. ~OOJJ and r;ryst 1117. non chamcteristic · 

4 

(e,g .. Ba;xwn and kenenu. 1995; Brm.:ton et at. 
t995n}. fJelow is a di.scussfon of the stratigrJphy, 
struxturnl geology. nnd !he tx'Jtcnti.:al for seismic 
surface rupture in the study area. 

n. PreviOU1i Wo,rk 

!1rcvious geologil' lnwstig;ni• n;. wilhin the study 
• rea nc'lttde: geol gk m ppin,g nntf borelmle stu die>. 
for ca;mcc.ms regarding onwminanr transport in 
Mortandad Ca yon Baltz f't aL. 1963); strarlg.rnphit:, 
borehole. and mntcdal pmpeny !'tudies nt ~·tesitn de 
Los; Alamos for fa iHiy siting (Purt)'1nun, I Q68); 
.s:tnltigmphic smdi<.'S fur waStt" management l:tj>pli<:<l· 
lions (Crowe cL aL, Hi 8}; driHing test weHs us p~rt 
oft he Envtronrnenlal Restor£Ition Project (e.g .. 
Brox1on el al., 19'>5b: Punymun. ttJ95; Vaninum et 
al.. in prep.. iJlL' ct a!.. in prep.); "Culoa>·. stmtigm. 
ph). pdrography. mine ,lngy. gli morpl1ology, and 
frn.::tun.· stu lie$ at TA--l (llt xt net al.. 1995 , 
19 Sb: Gotr, ltl .::Ren au, 1 Q95 : Woh!etz~ I <'1,:0 ; 
geolnek mappin • f off. J 995~ Reneau, 199 · ~ 
Rogers, 1995): soil~stratig. phk swtllcs tlfpost. 
Brwdelier mff alluvia! , colluviaL rllld voicank 
deposits in Sundin Canyo (Hcne:m and MdJonald. 
1996); detailed geomorphk m;1pping in Los Alamm;.. 
LW, and Mommdad crmyon!> ReneBu. 1995; Reneau 
ct al.. I 998h: Katzman et nl.. 19 9; Drokos and 
Reneau. unpubr hed mapping : ond detailed e.x mi· 
mnion of deform.,tion band t: ulting in no:1weldcd 
1>hiregc Member unil QbtJ at rA-53 (Wll'>on e1 :JI ~ 
2tlfH . 20U:!j. 

The gcneml. :s.trnligraphi nomenclature for the 
.ft~rnez volcanic field wtJ.S developed by Ba.iley ct. uL 
( 196Q) nnd Smith et al. ( 1970). Smith and Bailey 
( 1966) subdivided the Tshin::gc Member into live 
subunit1> thtll can be correlmed throughout the 
·otcanic Held. Det<1Hcd studie m 1hc aren of Los 
Alamos ( L~.g •• Broxton and Reneau, 1995; G rrlner eT 

aL 1999, 2001; Le"'i e1 aL, J002) have resulted in 
~ubdivi:.hm:; lhut are mPre uppticablc und us1:!fu l tor 
the local urec Till." SfPltigmphy of the Band.eiler Tuff 
hut wa:i surnmariz~::d and escrlbed hy Broxton ~md 

Reneau ( 1Q95). ba:wd 011 !'fudie • in the ea!nern and 
centrni portions of LA l L . . is generally cmpiPy~1d h)' 
geologists working on rhe Pajari1o Ploteau. w.ith 
modifications to stnnigrnphy bru;ed on l.alcral 

ruiaticm!'O within: the unils ncross LA NL (tq; .• 
Gardneretal..I9Q&,l'f 9,.JOOLLewisetaL.2002). 
Comph:xitks in strmigrapbi nomenclature witllin the 
Tshirege Member ari cttU c uf lateral \i riation 
in flow und coolmg uniJ$ eaust:d primarily by 
thicl .. ues!> und tempe ture v. riations with distan e 
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from the source (e.g., Gardner et al., 1999, 2001; 
Lewis et al., 2002). All previous work in the study 
area documents that the Tshirege Member units 
exposed are units Qbtl to Qbt3, although they are 
subdivided and named differently by different 
workers (Figure 4; Baltz et al., 1963; Purtymun, 
1968; Crowe et al., 1978; Broxton et al., 1995a, 
1995b; Goff, 1995; Rogers, 1995); for example, 
Rogers (1995) uses units QbtA to QbtD, rather than 
Qbtl to Qbt3. 

Within the study area, the Otowi Member of the 
Bandelier Tuff and the Cerro Toledo interval are 
exposed only in Los Alamos Canyon and have been 
described in detail by Broxton et al. (1995a) and Goff 
(1995) in the TA-21 area. Thickness of the Otowi 
Member across LANL is highly variable because it 
was deposited on an irregular paleotopographic 
surface (Broxton and Reneau, 1996) and underwent 
about 400,000 years of erosion prior to deposition of 

Qbt3 

Obt 2 .... SU'IJB beds/ 

the Tshirege Member. The thickest section of the 
Otowi Member encountered near the study area (130 
m) was reported in Baltz et al. (1963) from borehole 
TH-8 in Mortandad Canyon. Borehole LADP-4 in 
DP Canyon penetrated 85 m (278 ft) of Otowi 
Member, including 8.5 m (28ft) of the basal Guaje 
pumice bed (Broxton et al. , 1995b). The Cerro 
Toledo interval (e.g., Broxton and Reneau, 1995; 
Broxton et al., 1995a) includes primary and reworked 
tephras of the Cerro Toledo Rhyolite (Smith et al., 
1970), erupted from the Toledo caldera, and alluvial 
deposits derived from the Sierra de los Valles 
highlands to the west of the study area. The amount 
of primary volcanic deposits and alluvial gravels is 
highly variable depending on location. Exposures of 
the Cerro Toledo interval exposed in the study area 
are described in detail in stratigraphic sections 
001106-STRAT-1, 2, and 3 measured by Broxton 
et al. (1995a). 

Unit3 

Unit2 
Tshirege wbt 2C•tvw) pumiceswarm-
Member - ------------ •• ------

..._,. _ __._wel~g ~ea~n ~~ l~u"S: __ •• 

:t: 
::J 
I-
~ 

.!!:! 
Qj 

" c: 
co 

CD 

Tsankawi 
Pumice Bed 

Otowi 
Member 

Qbt 1v 

Obt 1g 

II ,-; • 

Obo 

Non· to slightly welded Obt 1 v-u 

----.---
Colonnade ~uff (Qbt 1v-c) Unit 1 

Vapor phase notch/ 

Surge beds _...... 
;;,- · ~~~ -~ -~-,- ;;.-· i ~s·;. - i - ,- .. -'i'" .. t-; - . - e ;-••·-.. -.-}.,. 

Figure 3. Generalized stratigraphy of lower units of the Bandelier Tuff and Cerro Toledo interval exposed in the study area 
(modified from Broxton and Reneau, 1995). Thickness of units is shown schematically and varies over the Pajarito Plateau. 
Unit Qbtl to the west (e.g., Gardner eta/. , 1999) is equivalent to Qbt2(+ lvw) in the western part of our study area, which 
includes unit Qbt2 and the upper part ofQbtlv-u in the eastern part of the study area. Unit designations are the same as on 
Plate 1. 
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Expo ures folde-r alluvial deposib ( · ual) in 
OP C~nyo re the type k ality for Qoal, and hnve 
been descrlbt:d in dcmil by Reneau f! 995). Canyon
lwn.om alluvial tkpo.sh.~ Qah and lt:UliCe depo!>its. 
( t have \)feJl srudied in de:t.'li l in andia, Lo.!. 
~\larnos, Mortandad, tutd Of' catt}Ons. Bas·ed on wMk 
in the snut !ll"ea and in other C(lfl}'om nn th" PaJaritt:~ 
Pfateau (e.g .. Mc.Donald er .al., )1)9(,: Reneau and 

1cDonald, 19 et: R(.'llemr e1 aL 199 .a; Rcm:au.:WUO), 
Qt h•-t$ r1 p!('bnble f:i~ mnge from lare Pleistocene w 
late Hulocc:ne. An appro imatel)' 4-nHhkk sequence 
uf nlluvio! and colluvial deposits expo:sect In Sundin 
Canyon (J•late L suiJ profile,, und de!-.ctibed b~ 
Rem::uu aud 1cDonalcl ( 1996. pp . .l 4<)). indicates 
that the Qni 4Qt ·eque1 ce Plat 1) in Ibis. urea can 
local!_ exc.e d &Q. - Il<J kn in age [ba ed on soil 
devclopmem below a 1.15·rn {3 .7 ft)·thick .section of 
the tSI Cajete pumict\ which wa. erupted fnm lhe El 
Ca · •te vent in the Valle.-; caldera at - 50-60 ka 
Cfoy{){lli e-ta!. 1995: Reneau elaL, t9%b]. Available 
d ttn indicutt• tl.t11l much of the aUu ium in the tudy 
orca is 1-lolocene in age ( eneau el .L, I '196a; 
!{cne<HJ und McUnnald, JO\i6, pp -to.-47), and 1n 
some cases post~ares 1942 AD Okneilu ct ttL, 
1998b~ Katzman ct nL l9Ci9: Orak s and Reneau, 
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unpu lished mapping). In DF' Cuny n. alluvium. 
eulluvium. and Lerrncc depo.si11i have a range lifages 
as shown by strntigraphic relations and severo I 
mdioc rhon dme that n:mge from · 37 ka w 2 cal kn 
(ReneAU, l99S) 

; ·vidence or fault in~ in the tudy are·t wru; tlrst 
dvcumented b} Purtymun (lQ68), \ ho rnuppetl .1 

fault at the fulure ;;ite ofthe Los r\lnm ., eurr n 
Sciente Center (LANSCE: Plate I) with 4.3 m 14 ft) 
of dt'Wii·to-the-cas:t disphtccmc:nt on the unit Qbt2 -
Qbt.' conta t b<tScd on 11:hole datu, ros~ '\C·Ii ms 
ofPurtymun (1 68) show displacement based on two 
boreholes CfH-8 and TH-9), which t'I!'C appmx.imaldy 
l k.m (0.6 miles) apart. Pri r t~) dtv~ l opment C! the 
area, 1his fault was recogniznbk b~ o 15 5 em 
l !8 inch) wide ,gouge 7..one that . te~t~d apprm:i
rmll ly I m (2- 3 ft1 above the mesa surface und was 
about 6 m .20 ft h:mg J>urtyawn. I '!!). Thi iault 
has more recent!_: been tudied til det11il hy Wilson 
e< al. 200 I. 20021 to bctier unclersl;uuJ dt~fo rmruion 

mechanismg of fnul~- in tiUnweldt'd unit~ of the 
Bandelier Tuff. The fuuh con sis of . losdy ~P<Jcr:d 
dcfnmtalion hnnds used b}' cro.shin<• ofgmin in 
th nonwddcd tu 'l; this rypc of fetuurc is n common 
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result of faulting in unlithified sediments and 
nonwelded tuffs (Wilson et al., 2001, 2002). Geologic 
mapping by Rogers (1995) shows no faults within the 
study area. Mapping by Goff (1995) in the area of 
TA-21 also shows no faults within the area; however, 
Wohletz (1995) recognized a -500-m (-1600-ft)-wide 
fracture zone near Material Disposal Area (MDA)-V 
(Plate 1, Figure 2) with a greater abundance and 
width of fractures in unit Qbt2 than in adjacent 
exposures. Fracture mapping by Wohletz (1995) was 
done on photographs of cliff faces and involved 
measurements of the density, strike, and aperture of 
fractures that may be associated with fault zones or 
constitute enhanced pathways for contaminants. 
Reneau et al. (1998a) performed detailed total station 
surveys of surges at and near the Qbt 1 v-Qbt2 contact 
in the area ofT A-54 on Mesita del Buey, approxi
mately 1.6 km (I mile) to the south of the central 
part of our study area (Figure 2, location c), to assess 
structure in support of studies of contaminant 
transport. Their survey found 37 faults with 5-65 em 
(0.1-2.1 ft) ofvertical displacement on surges at the 
Qbtlv-Qbt2 contact on the north wall ofPajarito 
Canyon, extending approximately 1.6 km (I mile) 
east of location c on Figure 2. Faults in the west end 
of the surveyed area at TA-54 (Figure 2) form two 
grabens and have the greatest amount of vertical 
displacement [-1-2 m (3.2-6.5 ft) per fault on surges 
at the Qbtlv-Qbt2 contact]. They inferred that these 
structures were associated with distributed deforma
tion during paleoseismic events and that they do not 
represent a major fault zone. Faults mapped at TA-54 
have a wide range of orientations and sense of offset, 
and form several horst and graben structures. Addition
ally, Dransfield and Gardner (1 985) and Gardner and 
House (1987) show inferred buried faults within the 
study area (Figure 2) that are based on boreholes and 
geophysical studies. 

The study area also appears to lie within the 
Velarde graben, a subsurface pre-Bandelier Tuff 
depression that may represent an area of hanging 
wall deformation associated with development of the 
western margin of the Rio Grande rift in the area of 
Los Alamos (Dransfield and Gardner, 1985; Broxton 
and Reneau, 1996). The western margin of the 
Velarde graben is defined by the Pajarito fault zone; 
the eastern margin is defmed by the easternmost 
subsurface structure shown on Figure 2, and is 
inferred from geophysical evidence (Dransfield and 
Gardner, 1985). Further evidence for a north
northeast-trending subsurface depression comes from 
various geophysical and geological investigations. 
Budding (1978) identified a prominent gravity low 
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about 3 km (1.9 mi) east of the city of Los Alamos 
and interpreted a north-northeast-trending graben in 
the subsurface that ranges from about 5 km (3.1 mi) 
to about 7 km (4.4 mi) wide. He interpreted the 
graben as partly syn-depositional and partly post
depositional with the Santa Fe Group, which he 
modeled as up to 2 km (1.3 mi) thick in the graben. 
Electromagnetic sounding surveys also defined a 
northeast-trending trough beneath the Pajarito 
Plateau (Williston, McNeil, and Associates 1979) in 
a similar location. Fergusson et al. (1995) interpreted 
a gravity low on the west side of the Espaftola Basin 
as corresponding to thick sedimentary sequences 
accumulated in a graben. Broxton and Reneau 
( 1996) subsequently noted that this gravity low 
might correlate with a large, Pliocene,·pre-Bandelier 
Tuff valley, known from deep boreholes, that 
underlies the area (Figure 2). 

III. Methods 

A. Geologic Mapping 

Geologic mapping was done on topographic 
base maps at a scale of 1: I ,200, with 2-ft contour 
lines. Contours were derived from a digital elevation 
model (DEM), with a 4-ft grid, based on a laser 
altimetry or LIDAR (light detection and ranging) 
survey performed on the Pajarito Plateau in June 
2000 (Carey and Cole, 2002). This base map derived 
from the LIDAR survey was chosen because it 
allows for identification of more subtle topographic 
features on the ground, and therefore m9re accurate 
placement of geologic contacts with relation to 
topography than would be possible using previous 
topographic base maps. Comparison of the LIDAR 
survey with GPS (Global Positioning System) and 
total station surveys (e.g., Gardner et al., 1999; 
Katzman et al., unpublished survey data) reveals that 
>90% of the LIDAR data has better than 2-ft 
horizontal position and better than 1-ft vertical 
position relative to GPS and total station survey data 
(Carey and Cole, 2002), which meets national map 
standards. Vertical inaccuracies in the LIDAR survey 
are largest and most common on steep slopes and 
cliffs and in heavily vegetated areas. Upon comple
tion of mapping, field geologic maps were digitized, 
and the geologic map (Plate I) was created using 
ArcMap computer software (© ESRI). 

Stratigraphic units of the Bandelier Tuff and 
Cerro Toledo interval in this report are based on 
stratigraphic nomenclature presented by Broxton and 
Reneau (1995), with minor modifications to describe 
lateral stratigraphic variations within the Tshirege 
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Member. Surficial geologic unit$ mapped nrc 
simplified and p:utinlly derived from previous 
inve~tigal il"rii s that included mapping and soil pits on 
the f'ajadto !,lme:au {e.g .• Reneau. I 99:5: Reneau et 
al., 19%a. 1996b. l 99&b: R~:neau and McDonald. 
1996: Kutzrmm e1 aL. 19\19). Oeu:tiled geomorphic 
mapping of the 'IA-21 area and portion~ of Los 
Al<~mo~ and DP n. on!, •:an bl! found in Reneau 
(l995t R~:neau et at ( 199$h , ar1d Katzman et al. 
(1999). Large par o the map oren have !leen 
disll.J.rbed by hum;mucliv itie~ l>f eo\·cretl by urtifkial 
nn. buildings. and parking lots. partially obscuring 
original g,cologfc relations. 

fl truclurnl Amdy~>iso 

('{IOiing 3110 flow unit .CtllllfiCl~ fll the Upper 

unit<s of the T!>hirege Member h ve been used us 
stratigmphic marker h rizons tn previous S<-isaik 
baznrds studies to dclcm,ine vertical displacement 
nnd lhi.' potemktl for seu mic . urface rupture along 
faults of the Pn;;iarito foufr S)·stem (t .. g .. , Gardner et al., 
1998. 1999.200 l: L.:wis et nl., 2002). CIHlllg_(!S in 
\'llpDr·phase crystalliz:llii1n tmd ctcviuification, oflen 
related to cooling nml degassi11g, cao form disen:te. 
mappnhlc zones withm ignimbrite~ (t~s and Wright. 
1987). Unit Qbll of the Tshirege Member~ exposed ln 
the ccrnml and eastern parts of LANL. is largely 
nanwelded. blll n11) di<;tinctl\it: crysmllizllfinn (nnd 
thcrefon~ weathering} cha cteristi ~s that are map
p:lble fhrougb(lut lhe. tud~ area Although chnnges jn 
welding and crystnlli7..ati n muppe-d in this st·udy and 
prevkm.:i seJSmic hazn.rds investiga!lons around 
LANL are not nece:~Sarily sllnligraphic features. they 
e,...,semialfy C<lincide with r parnUcl strn11graptm: 
contru:rr., providing lurge*scale. lair:ly planar marke'rs 
for stru.ctu.oll olTset. M.ost comnct'> map:petl in 11m 
study have heeo walked in thei.r emirety and pro icle 
u strong ha, i$ f(lf iuterpretoJ.ions of geologi stru • 
turer> and their pnt ial rei. tion . 

Stmtigmphic units re rypi ·ally well exposed on 
south·tacing clifls, and nr g.L:nemlly covered by 
collpvimn and vcgen:nion on narth-fadng slopes, 
Faults and rclat!.!d strLK111:re nn in many cases ca~lly 
!'ecognitablc on wdl-exposed liffs; twweve.r, broad 
Z.Oi1es of dis:tributed deformation on sma!Hlisp.IH e
mem faults can be 1>ubtlc · r wtr~:cognlz:able in rhe 
field. Many ofthese broad zones. or ddormtttiml Ciitl 

be recognized han~<:$ m oriutlltiiion oi bedding 
through deuuled 2-0 lid 3-IJ analysis of conta t 

elevntion.s in profile . ro s cctions, and s:trucwre 
contourmapJ>{~,g .• ardnerct L J99S.l !J9Q, 2001: 
Lcv.·is et uL 20021. r: obmin 3-D data. dig.iriz.cd 
lin ·s from field mup1- were conwrted to points every 

20 ft . and ~-y·z oordinatcs for ahe:.c poims ,, ere 
o )tahrcd from the .20(/U LIDAR DEM (4-ft grid) 
using ArcGlS{:) computer sufh,arc and its c;;;tet1· 
sinns. These data were t:hen used to cortstruct 
e.eDio~ic crQ$~ sections (!'hue 2), p1·otiles. and ihree
dillleJtsional surface diagrams \lsing ll vanely of 
sofl.w repackage . ln~ccur.;dcs ir11hc OEM. 
especially on di fi t~c:.. and the process ofdig ilizillg 
c:an result in some anomalo r spuriou Jmillt 

elevations. However. rt i. tl.\.u.ally ell.'i}- lO di •tlnguish 
larg irn•gulnritic,; imparted by the lopo!?mphic ba:1.e 
from geologic structures by <:hec: ·lng tlu::st:! cations 
in the field. Three·dirnensi(l!llll sur111ce models of 
selected geologic su.rfa!.:eJ> \H:rc iut~rpn!atcd using 
kriging (a llnear regreJ>sion technique for minimb·Jrtg 
the variance of uosnmpled values between points: 
Deuts.ch ilfld Joum1.ol, 1992) in lhe computer sotiware 
' urfer ··and were then como~nt."'::W exnminr unoma:-

fi • • and trends in surfi ce-Si. Sur ra c:. were irtlerp bltl!d 
using a 500-ft grid sp mg to minimize U.nJlnl lie,;, 
cnu ed by the softwll in areas of no daro and 
u.nomalic. derive-d from inaccun:1cy of elevation data 
on .cliff faces (partly caused by I hi.' scale: of nmppiog, 
limitntions ofUDAR dam <ln !itT i'aces , nnd 
ina cessihility or outcrop~ un liffl1lC'-':-l Grid:; 
interpo1utcd usif'lg urfc-t \\ere then imported into 
ArcGJS for examination '"ilh relnti n !CJ buildings, 
mads., and geologic s•ructure~ . Ctus~ ~cttiOI:I£ were 
creat~d using Te!TllmodetO compmer wftw;,re and 
A reG!- ex"tensions pntial Analyst nd .:m Ana1y!.1. 
and contact eJ.evati(ln!i were d!!rived frnm elevations 
of interpolated surfnces along the lines of cross 
section. 

Mineralogy, .r~ctrggraphy. ami G~Jclu.•m ist•·y 

Sampl6 ofBtmdelier Tuff were cvlfected from 
four measured stmtigraphi sec1iu1L in Sandia and 
Morumdad c.anyom (Plate I} for whole-ruck X~my 
ditl'b:u;:tinn f ' RDl. petrographic, and whole--rock 
X-ray tluore. cence ' RFi liJ!ldy ·es hl j;upp~H't unn 

identification nnd stratigrnphic corrclmions tst>e , or 
Cl\11mple, Broxton et . I. , 19Q5a; Gardner ct al., 1999, 
.1001; Lewi~ et ~d .. 2002) N !>ecti.ons were measured 
ill Los A1amru. Cnnyrm becnu.s~ Bro~lon er al. ( 1995.a) 
measured. des~::ribed, and illllllkd tnn.-e srmtigrnphi 
sections in the TA-21 lltell (J>Iate l). Previous invcsliga
turs (e.g, .• Broxton et a l .. 19l.l5u) have demwtstmted 
thilt whole-rock "RD nalys.e are uM.>ful in discrimi
nating among lower units in the Tshire<Je Member. 
Whole-rock XRf ana!~t!i nre nol as useful in 
discriminating tmong tht.> lower units oftb T.shirege 
Member. but tlv sh w some vmintion with $tmti· 
graphic height (Brostotl ct al.. unpubli bed darn).. 
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A total of 49 samples were collected from an 
outcrop depth of 5 to 10 em (2-4 in.) to avoid 
obvious weathering rinds. Sample locations were 
mapped in the field using a hand level and topo
graphic maps and are shown on Plate I and in 
Appendix A (Figures A 1-4). Northing, easting, and 
elevation coordinates for sample locations were 
derived from the 2000 LIDAR DEM. 

XRD analyses were performed on all 49 
samples to characterize mineralogy of the samples; 
results are tabulated in Appendix B. Samples were 
first powdered in a tungsten-carbide shatter box, and 
then a small portion of each sample ( -0.8 g) was 
mixed with 1.0-~m corundum (Alp

3
) internal 

standard in the ratio 80% sample to 20% corundum 
by weight. Each sample was then ground under 
acetone in an automatic Retch Micro-Rapid mill 
(fitted with an agate mortar and pestle) for a time 
greater than 10 minutes. This produced a sample with 
an average particle size of less than 5 ~m and 
ensured thorough mixing of sample and internal 
standard. All diffraction patterns were obtained on a 
Siemens D500 X-ray powder diffractometer using 
CuKa radiation, incident- and diffracted-beam Soller 
slits, and a Kevex Si(Li) solid-state detector from 
2°-70°29, using 0.02° steps, and counting for at least 
2 seconds/step. 

Quantitative XRD analyses were conducted 
using the FULLPAT method and software (Chipera 
and Bish, 2002). FULLPAT is a quantitative XRD 
methodology that merges the advantages of existing 
full-pattern fitting methods with the traditional ref
erence intensity ratio (RlR) method. FULLPAT is 
based on the premise that patterns for each individual 
phase in a mixture can be added in the correct 
proportions to reproduce the observed pattern. Like 
the Rietveld and other full-pattern quantitative 
analysis methods, it uses complete diffiaction patterns, 
including the background. However, FULLPAT can 
explicitly analyze all phases in a sample, including 
partially ordered or amorphous phases such as 
glasses, clay minerals, or polymers. The addition of 
an internal standard to both library standards and 
unknown samples eliminates instrumental and matrix 
effects and allows unconstrained analyses to be 
conducted by the direct fitting of library standard 
patterns to each phase in the sample. FULLPAT 
makes use of a least-squares minimization routine to 
fit standard patterns to the observed patterns, thereby 
reducing user intervention and bias. FULLPAT has 
been coded into Microsoft EXCEL computer 
software using standard spreadsheet functions. 
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Petrographic thin sections of 46 samples were 
made to determine the constituents of samples for 
comparison with petrographic descriptions by 
Broxton et al. (1995a). Thin sections were examined 
for size and abundance of minerals and pumice and 
degree of devitrification and vapor-phase alteration 
to strengthen stratigraphic correlation of subunits in 
the Tshirege Member. 

Major and trace elements were analyzed in 49 
bulk samples using an automated Rigaku wave
length-dispersive XRF spectrometer. Variations in 
whole-rock geochemistry obtained by XRF analysis, 
especially variations in Si0

2 
and Ti0

2
, have been 

proven useful for differentiating subunits within the 
upper part of the Tshirege Member (e.g., Gardner et 
al., 1999, 2001; Lewis et al., 2002). Results are 
compiled in Appendix C. Samples were first crushed 
and homogenized in 15-20-gram portions in a 
tungsten-carbide shatterbox in accordance with Yucca 
Mountain Project procedure LANL-EES•DP-130-
Geologic Sample Preparation. Sample splits were 
dehydrated at ll0°C for 4 hours and then allowed to 
equilibrate with ambient atmosphere for 12 hours. 
One-gram splits were fused at 1, I 00°C with 9 grams 
of lithium tetraborate flux to obtain fusion disks. 
Additional one-gram splits were heated at I ,000°C to 
obtain the loss-on-ignition (LOI) measurements. 
Elemental concentrations were calculated by compar
ing X-ray intensities for the samples to those for 21 · 
standards of known composition, after correcting for 
absorption. The XRF method employed calculates 
the concentrations often major oxides (Si0

2
, Ti0

2
, 

Alp)' Fep
3

, MnO, MgO, CaO, Nap, Kp, and 
P

2
0

3
), ten trace elements (V, Cr, Ni, Zn, Rb, Sr, Y, Zr, 

Nb, and Ba), and LOI (App.endix C). Elemental 
concentrations of V, Cr, and Ni in the Bandelier Tuff 
are generally below detection limits and therefore are 
not reported in Appendix C. 

D. Notes on Units of Measure 

Because the local Geographic Information 
System (GIS) and most of the LANL engineering 
databases are in the State Plane Coordinate System 
(New Mexico Central Zone, 1983 North American 
Datum) in feet, a mixture of English and metric units 
is used in this report. For maps and other geo
referenced figures, we employ English units. In all 

. other cases, we use the metric system following 
general scientific practice. For length measurements 
at the centimeter scale or greater, English units are 
shown in parentheses adjacent to the metric length. 
For length measurements at the centimeter scale or 
less, measurements are shown only in metric units. 



IV. ;cology 

A. .Strnti~rnphy 

Below are de~criiJtiOn$ or S!Nltl!!fitpilit unils 
$hown nn lhe geologic rtlup (l' i:lh~ I) , We employ the 
tratig.raphk nomenclature or Broxto and Ren au 

( 1995} for the Bandelier Tuff wilh minar rnodifu:a
tillllS to units b1l v and Qbt2 (Figure• 3 and 4 }. For 
t.:crmparison. Figure 4 shows chc approx imale correln
tiom of ~11bdi\lisi m oftlw 'l$hirege embermrtde b}' 

me authors for d1c Jemez Mountains and areas in 
nnd nround Los Alau1o:.. lncludu1g ;,tratigraphic 
nomem;lature use:d in this ruporL 'fbc okte t e-xpt•sed 
oodroc).; in the area is the l.!Hllillion-year-o;lld Otuwi 

ember of the l!nndeller Tuff. Descrlpr ions o ' the 
towi Member n erro Toled imerval are bused 

largely on work by Broxwn e ol. ( 19 ~5a)" 

Overlying the Bandelier luff are more re;,;ent 
alluvial and olluviaJ deposits. which have been 
1napped in d~tnil by other nulhurs (C.!J. .• McDormld 
et ul., 19'16: Rc:neau nd Me[) nald. 1996: Reneau ct 
aL. I i'JQSb: Knrzmnn e~ nl,. 1999; I. mkos and. Reneau, 
unpublished l'lUlppin.;). but are not subdivided in ti1i~ 
report. Mruty are within th tucly a.rea, CS!let:iully 
Me. ita t.le Los Alunm: Plate 1 ). have been di turbed 
'I humlmactivities or are covered b; urtifititll Ji lL 

. 1 ·OtmrJ Member of the Rnmlelil!'r Ttiff (Qbo) 

In the tud~ area, the Otowi M.:n1ber i~ t'Xf'l!'lj>cd 
only in Los Alamos C.)myon, and b been enc untered 
in bon:holes ·n Sandia and Mom111dnd canycrn {e.g.. 
Purtymun. 1 95; unlrnan et aL. in prep.; Colee\ at. 
in prep.: Kuhn, in prep.; SAl C. unpublished dnta). 
TI1e exposed ponion nf the tow[ Member in Los 

larnos Cnnyo i~ 18-21 m • 59 .69 ft .i thick. glassy. 
non welded and m:minduratcd. nnd has no apparent 
internal flo\\ or cooling unil onmcts 1t consists of 
pumice lapilli. accidental lith! s.. ~ nd phenucrysts io a 
white to light grey·to-plukish, a .. hy nmtrix. Tile matrix 
r mud~· up of glass. shard,s, broken pumice frngmcn rs. 
nd fr..gmcnts of perlite (Broxt<ITI ~ al , J995a , Ught 

gr~:. -tu-pinkish·orungr gia:;sy pumice lapilfi m.tk(!> up 
I 0%-lD% of the tuff, with pumice coJTtcru nrl !>t1.C 

ia 1'Car.ing wwun:l the lop ttfthc unit r>umke lapillr 
are 05 cm- 6 ern (2J in. in dlame er and L't:!ntaln 
pheuucry. or hi yrnmidal quartz ant.l sanidioc. 
Phenocrysts af quuttz and nidinC' rnng:e in si1.e mm 
0.. ro 2 mm and make up n ·(> 9~v of ihe mff. 1 rn c 
amounts of clinopyrt}XCne. fllagiodase. ami hom· 
blcndc arc also pr~sent. Acddentllllithic; frngmems 
constitute 2'%-5% oft he tipp;er part of the tuff, are 
0.3 em 3 em (I iJ1") i dimn ·ter. ' llld are mostl ' 
derived from ime~mediare c mpositiM volcanic rocks 

1.1f!he Keres roup. Rare neddemallithk fragments 
denved fmm Tscbicoma fonnation dacite and 
Pre am brian lithologies arc ai&o present (Bruxtm\ e! 
n1.. 1995a), 

·- Cerro Tolef/(' /lltcn·lil ((let) 

In the stud. ;~.roil. 1he eno Toledo interval is 
cxposctl in <:li lts lltid slopes of Los Alamos .anyon 
l'lld en . ounteret1 in boreholes in Los A !amos, Sandi 
11nd Mort mdad canyons (Bm>.lon et al., l995b; 
V: nim net nl.. in prep.: Kuhn. in prep.: AIC, 
unpllblished dam). The interval exposed in lhc stud~ 
art:a i ~ 3·-'l m (! 0-;~o ll) thick and consb;ts of primary 
and reworked tephms and alluvial grovels. The 
t~lli ccous portion o the Cem1 Toledo interval 
contain!. both prim. ry rmmi l' ftt ll deposiG nnd 
re•vorked a$h (Jf\d pumice. Reworked pumice 
includes both the typkaH.Y aphyri pumice of the 
Cerm Toledo Rhy lite and reworked pumice derived 
frrnt1 the Otowi Member of Jhc Bandelier luff, wJ1ich 
contain. plH.m crysls. orquanz and sanidine. The unit 
incll!des alluvial S..1J'ld 5 and g veh that contain 
abundant Tsch ic(~mn tm'Citc pebbles. to boulders 
o cunlng iulenfi ular deposits thntare 0.2.>-1.25 m 
CO.S 4.1 ft) 1l1ick in thi area, Numcruu~ buried soil 
within the sequcm:1: (Mct:ronald, unpublished dam) 
indi ate sevcmllliatuses ln depositi tl . 

.J Tshirege Memhl!r <if tlu Bnmtefittr Tuff (QbtJ 

The stratigraphy ofthe Tshin::gc Member of the 
ll ndelier Tu . a.'> de~cribe,d in this r<port i5 hown in 
Figure ... "f1te degree o welding und cry tallizullon in 
individual subunits of the T! hir ge ember is d ,. 
crihed in det'lil ;:u the tour measured strnligruphk 
sections (Plate 3) ami is genera tty conslsteni withiri 
each subunit throu hout the map area. 'lltc degree or 
welding described for individual utlits is tnsed on th~ 
11.attcning of pumice lapilli in hand specimen. and 1s 
c(mf>iste<rn with welding char. !crt tics described ~ 
Broxton eta! ( l995:l) ftlT the Tshiregc Member rn the 
TA,· :! J area. 

fsunkawi Pumice Bed: Tltc Tsankawi pumi e 1ed is 
tbe basal purnict- fall of the Tshirege Membe1 and 
ranges in thickness from 73 ern to - l m (2-3 fi} 

\ here expn~~d. The Tsankawi pum ice consists of two 
p~1 111k fal111nits ,s;ep rated by thin n.~h beds. Titc 
lower 607 -~m ::! - '2 . ft tltitl-. poml e bed c rt i ~ 
of norm lly graded pumice lapilli in a matri of 
phcn crysts and coan.e asl1 , Thr: l\\O f!llltlict> beds 
~eparurecl by two 2· 7.cm ( :1 -J hd·tbi k ashy beds. 
mude up of ragmented pumice lapiUi, ash. and 
f)'Stal!>. The upper pmnicc bed is 13-14 em - in.} 

thick and grades mash at the top The depm;i · 

I 

I 
I 
I 

I 
I 
I 
I 
I 

I 

I 

I 
I 



I 
I 
I 
I· 
I 
I 
I 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

contain some hornblende-dacite pumice with minor 
amounts of clinopyroxene and plagioclase, and 
I %-2% accidental lithic fragments of dacite that range 
in diameter from 0.5 cm-4 em (1.5 in.; Broxton eta!., 
1995a). The Tsankawi pumice bed is exposed on the 
nonh side of Los Alamos Canyon and encountered in 
boreholes in the area. 

~ Unit Qbtlg ranges from 22-32 m (72-105 ft) 
thick. Qbtlg is the basal ignimbrite in the Tshirege 
Member and typically forms cliffy outcrops, especially 
near the top of the unit (Figures 5 and 6). The base of 
the unit is white and powdery, and the upper pan is a 
dark pinkish-orange color and well indurated. The top 
of the unit is marked by a prominent notch or bench 
associated with a transition from glassy unit Qbtlg to 
the overlying vapor-phase-altered unit Qbt I v. 

In the study area, the base ofQbtlg is exposed 
only in cliffs in Los Alamos Canyon. The base is 
marked in places by an ashy, pumice-poor, cross
bedded pyroclastic surge deposit that ranges in thick
ness from 10-25 em (4-10 in.). The lowermeterofthe 
Qbtlg ignimbrite overlying the surge is typically ash
rich and pumice- and lithic-poor. Above this, unit 
Qbtlg is nonwelded, powdery, and white to the central 
portion of the unit. Qbtlg contains 15%-30% pumice 
lapilli, I o/o--5% accidental lithic fragments, and 
I Oo/o--20% phenocrysts. Pumice lapilli range from 3 mrn 
to 15 em (6 in.) in diameter and 3-5 em (1-2 in.) in 
diameter on average. Pumice lapilli are white to light 
grey to pink, glassy, and fibrous, and contain I Oo/o--15% 
phenocrysts of quartz and sanidine in subequal 
amounts. Minor amounts of hornblende-bearing 
pumice are also present. Accidental lithic fragments 
are mostly andesite and dacite, range in size from 2 
mm to 5 em (2 in.}, and are mostly <5 mrn in diameter. 
Lithic fragments decrease in size toward the top of the 
unit. Rare granitic lithic fragments also occur in Qbtlg 
(Broxton et a!., 1995a). Phenocrysts are primarily 
quartz and sanidine in subequal amounts, with trace 
amounts of clinopyroxene, hornblende, and fayalite. 
The matrix and pumice lapilli in Qbtlg are largely 
glassy, but some devitrification and vapor-phase 
alteration is recognized, especially near the top of the 
unit, by axiolitic textures in minerals that have 
replaced glass shards and by tridymite crystals in some 
pumice lapilli. Glass shards are platy, blocky, and 
cuspate. The upper several meters of unit Qbt1g are 
more indurated, but nonwelded, bright orange, and 
mostly glassy. 

The top ofQbtlg is marked by the uppermost 
occurrence of glass, with vapor-phase-altered tuff of 
unit Qbt I v-c above. This transition is usually 
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gradational over about 10 em (4 in.) to 1-2 meters 
(3--6 ft) and forms a prominent notch or bench, 
known as the vapor-phase notch (Crowe et a!., 1978; 
Vaniman and Wohletz, 1990; Broxton eta!., 1995a), 
which is a fairly continuous mappable marker 
horizon across the LANL site. 

.Q!llly: Unit Qbt1v ranges from 30-40 m,(I00-130 ft) 
thick. We divide Qbtl v into two subunits: Qbtl v-c 
("colonnade"; Broxton and Reneau, 1995) and 
Qbt1 v-u ("upper''; Broxton and Reneau, 1995). 
Qbt 1 v-u has a nonwelded base, a partially to moder
ately welded center, and a nonwelded to moderately 
welded top. The base of the welded portion of Qbtl v-u 
is shown as a welding break within unit Qbt1 v-u on 
Plates 1, 2, and 3 and Figures 3, 4, 5, 7, 8, andA1-4. 
We use the term "welding break" to describe a 
change in degree ofwe1ding [occurring over 1-2m 
(3--6ft)] that may or may not coincide with cooling 
or flow unit contacts. In the western pan of the study 
area, the pan of unit Qbt 1 v-u above the welding 
break is welded together with unit Qbt2 and is 
included in unit Qbt2( +I vw). 

Obtl y-c: The basal part of Qbtl v is a resistant 
"colonnade" tuff (Qbtl v-c) that has characteristic 
prominent vertical fractures that produce columns, 
distinguishing it from overlying Qbtlv-u. Qbtlv-c 
ranges in thickness from 3-7m (10-23 ft); its upper 
contact with nonwelded unit Qbt 1 v-u is gradational 
over approximately I m (3 ft) . Qbtl v-c either forms a 
continuous cliff with Qbt1g or forms steep outcrops 
above the bench formed by the Qbt1g-Qbt1v-c 
contact (Figures 5 and 6). Fracturing in tpe colon
nade unit commonly extends down into llnit Qbt1g. 
Qbt 1 v-c is typically nonwelded, light pitik-orange, 
and indurated. It contains 20o/o--30% pumice lapilli, 
10%-20% phenocrysts and lo/o--5% accidental lithic 
fragments . Pumice lapilli are vapor-phase altered, 
grey to purple to brown, arid range in size from 3 mm 
to 15 em (6 in.). Pore spaces in pumice are filled with 
radiating, wedge-shaped crystals of tridymite, 
spherulites, blocky tridymite, and some primary 
sanidine phenocrysts . Most shards in the matrix have 
an axiolitic or microcrystalline texture. Shards are 
orange in plane light, and have darker, oxidized 
alteration rims. Alteration rims also occur around 
phenocrysts. Iron oxides occur as altered mafic 
minerals and cement in pore spaces and around 
shards. Quartz and sanidine phenocrysts i'lfe 1-2 mm 
in diameter. Accidental lithic fragments are up to 
2 em (-1 in.) in diameter. The matrix gets lighter in 
color and less indurated going up section. The unit 
becomes more difficult to recognize in westerly 
portions of the study area. 



Flgurr: 5. /'JwttJgrwph, f<JtJkhig uctlh t!Ohe trliit-egt Mi!mber rlj rffl: Bamichi!r lujj c:cpaMtd 111 Mamu#lotl Carwon m r'ln· 
,w:~ufh•.twil pomrm oftJw sf~<~· t1rt:ft \/<XIt•rrucJ\• Wt•fd,,d umr {Jbt:Zform.< w·tmtmrnt dljj;· wh~·rr il r>l·t•rli••j oom••eldvilwm 

Qbtl••·u 

flf..'111'!' 6. fhi!T<')J.rapit lrmking Wt'Jt, (~f11tnl.' (J'Mi:g r/ll'rmgh {Jirr~tr • lnv) 1{/'tll<~ T:rlun:gt: ,1/.,.m!mr oftlli; R~:mJdi11r ti~t/itt Los 
tfhrmm· ( 'm!_'!Oil n thR' •lnr!IHi!t'KII'f'll part (Jj tflr 11Udy W'~'tl 1f;e Wlp!N •JiiUU<.' fWI.:iJ 1J >.<i, lhft• fWH<t'<'ll h Ho} ('!tlf-fi1Y111Itlf.J ufliU 

Qht If! urul Qhtlv-c 'Tire llf'f"'r part M[ U'lil {!in I ·.u hi'"' lX m<>d<Wlf•'ll 1w tl•·rl <Jild mduti•lJ:UMhabtr ii,'JffJ ur:11 Qbt1 in tl~·· 

111 f141~' chfii 

I:! 

I 

I 
I 

I 
I 

I 

I 

I 
I 
I 



I 

I 
I 
I 

I 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

Obtlv-u: Qbtlv-u is 12-30 m (39-100 ft) thick and 
is a nonwelded to moderately welded, powdery, white, 
vapor-phase altered unit (Figures 5 and 6). The base 
of Qbt l v-u is marked by a decrease in induration 
from underlying Qbt l v-c. Unit Qbtlv-u contains 
I Oo/o--20% pumice lapilli, l 00/o--15% phenocrysts, and 
< lo/o--3% accidental lithic fragments. Pumice lapilli 
are light grey to purple-brown, have a sugary texture, 
range in size from 2 mm to 8 em (3 in.), and have an 
average size of7 mm to l em (2.5 in.). Approximately 
l 0% of pumices are light gray and less vesicular and 
may contain hornblende. Accidental lithic fragments 
range from 4--6 em (1.5-2.3 in.) in diameter and are 
generally larger to the west. Phenocrysts of quartz 
and sanidine are mostly 1-2 mm in diameter, with a 
maximum diameter of 4 mm. Pumice lapilli decrease 
in size and abundance going up section. Vapor-phase 
alteration of glass shards and pumice is evidenced by 
mostly blocky tridymite, with lesser amounts of 
wedge-shaped tridymite and sanidine in pore spaces. 
Shard and pumice morphology has been largely 
obliterated by alteration, but in some cases axiolitic 
texture can be seen. Some shards and pumice also 
display microcrystalline textures. Spherulites are rare. 

Qbtlv-u in the eastern part of the study area is a 
cooling unit with a slope-forming, nonwelded base, 
and top and a central, partially to moderately welded, 
cliff-forming portion (Figure 5). There are several 
pumice swarms within Qbtlv-u, suggesting that it is 
made up of multiple pyroclastic flows . The base of 
the partially to moderately welded zone is shown on 
Figures 3 and 4 and Plate 1 as a welding break within 
Qbtlv-u and is gradational over 1-2m (3--6ft). In 
the eastern part of the study area, the contact between 
units Qbtl v and Qbt2 is both a cooling unit and a 
flow unit contact, marked by pyroclastic surges, 
pumice swarms, and a sharp upwards increase in 
welding from unit Qbt lv-u to Qbt2. To the west, the 
part of unit Qbtl v-u above the welding break is 
welded together .with Qbt2 to form a compound 
cooling unit mapped as Qbt2( + 1 vw) (Plate I and 
Figure 6). Our combined unit Qbt2( +I vw) is equiva
lent to unit Qbt2 mapped by Broxton eta!. (l995a) at 
TA-21 and unit Qbt2 mapped by Gardner et al. 
( 1999) to the west of the study area. 

Qbt2: Unit Qbt2 ranges in thickness from 2-25 m 
(6-82 ft). The greatest thickness of Qbt2 is in the 
western part of the study area and includes the upper 
welded portion of unit Qbtl v-u [i.e., Qbt2(+1vw)]. 
Unit Qbt2 is the most welded unit in the study area, 
and is generally a cliff-forming unit. Welding generally 
increases toward the top of the unit and to the west. 
The base of unit Qbt2 is commonly marked by a 
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pumice swarm containing -30% pumice lapilli up to 
15 em (6 in.) in diameter. This pumice swarm is 
generally < I m (3ft) thick. In the eastern part of the 
study area, the base of the unit is also marked by 
numerous pyroclastic surges [as documented by 
Reneau et al. (l998a) to the south and east of the 
study area] . 

Unit Qbt2 contains approximately lOo/o--15% 
vapor-phase-altered pumice lapilli, which range in 
size from <5 mm to 8 em (3 in.) in diameter. The unit 
contains some white to light grey and le.ss vesicular 
pumice lapilli, which may contain hornblende. 
Phenocrysts make up 15o/o--25% of the unit, with 
sub-equal amounts of quartz and sanidirie up to 5 mm 
in diameter near the top of the unit, and ·some 
chatoyant sanidine. The unit contains < lo/o--2% 
accidental lithic fragments that are up to 3 em (I in.) 
in diameter but mostly <5 mm in diameter. Vapor
phase alteration of pumice and shards is evidenced 
by the presence of blocky and radiating tridymite in 
pore spaces, and axiolitic texture in glass shards. The 
top of Qbt2 is marked by a gradational decrease in 
welding [over 0.5- 1 m (1.5- 3 ft)] from moderately to 

. partially welded unit Qbt2 to nonwelded unit Qbt3. 

Qb!J.: Unit Qbt3 ranges in thickness from 0-30 m 
(0-100 ft). The contact between underlying moder
ately welded Qbt2 and the nonwelded b~se of Qbt3 is 
a fairly sharp change in welding, from ritoderately 
welded to nonwelded, that occurs over iess than 1 m 
(3 ft). Welding and induration increase slightly 
toward the top of the unit, making the upper part of 
Qbt3 a cliff-forming unit. Unit Qbt3 is distinct from 
underlying unit Qbt2 in that it contains ~ore pumice 
lapilli, more crystals, generally larger c~stals, and up 
to 5% accidental lithic fragments . The unit contains 
-5o/o--20% vapor-phase-altered, grey pumice lapilli 
that are mostly -I em, but as large as 15 em (6 in.), in 
diameter. Pumice lapilli are vapor-phase altered 
throughout Qbt3, but are not as friable near the top of 
the section. Phenocrysts constitute 25%:_35% of the 
unit, consist of quartz and sanidine in s~bequal 
amounts, and are 1--6 mm in diameter. Accidental 
lithic fragments constitute 3°/o--5% of the unit, and 
are up to 15 em (6 in.) in diameter, but are mostly 
<5 em (<2 in.) in diameter. Both the matrix and 
pumice are vapor-phase altered, and axiolitic texture 
is common in shards. Shard shapes and :some tubular 
pumice textures are still preserved, but are mostly 
overprinted. Qbt3 forms the tops of most mesas in 
the western part of the study area. The ~verlying unit 
Qbt4 (e.g., Gardner eta!., 1999) is not present in the 
study area, either because of erosion or nondeposition, 
and the original top of Qbt3 is eroded in places. 



.4.4 Olfler Allm,ifll D«ptJsit · (Qrml) 

Older nlluvinJ dr:posi\s (Qonl) within the study 
area consist of dac ite--rich alluvmm thal was deposited 

top of the Ran lelier Tuff pri w and during the 
inception ofrn jor inctsion of pr~ent·<:lnr dntinagcs 
Rc.neau, 19'\15). Tilese older iilhtVHt l depn5its o 'ur 

in Sandin Cuny on, along an erosional bench along 
the edg.e of DP Mesa fonned between moderately 
welded unit Qb ., nnd mmwelded uilit Qbt3. and in n 
small tributnr) \tl DP Canyon and (Plate !j. Q ·ll in 
the ltihutary 1 IJP canyon was depo itcd against 11 
Mream-polished \ ll oftmit bt3 and. contains 
consolidated, strmilicd sands and grovels , Clasts are 
as J::u'go m. i 111 (3 ft) in diameter and include su-erlm-

und~o.'i:l gnwel~ derived from .. ·thicoma Fonnmion 
dacites expPsed in the Sierrn de lo!> Vrdlc~ t-J~o of 
the clasts) m1d welded Tshircgt: Member unit~ 
(~8(% of the clasts; Reneau. 1995). 

l.S ReceritA IJu viul ami Terrace D~tm,,.it\ 

(Qai+Qt) 

In rhis report, recent alluvial de:po&its and 
l~· rtnce deposHs are genemlJ. nol broken ou1 as 
:Sepamte unitsanthre ~hown o Plate ln.s'Oai •Qt. 
Unit Qal co1tsi ~of relatively young >tlluvium altmg 
strc.am cllanm:l and include 'Telicnt)> a~lilic 
clumneh; and dJaccnt floodplains. low terraces. and 
n s,odated colluvium. Qa! nlso in ·Jud . active 
channel buumns with linle or rwulluvium whc~ 
exp sed bedrock unh'S were too small to brenk ou1us 
l\eparnte map units. B reholes in • mldia and 
Mort:mdad .canyol15 indicate the cany n bottom 
alluvium i!' as thick as 24 m (7Q ft; Kuhn. in prep.}. 
Unit Qt consist~ of stream terraces al<mg the rnodern 
dralnnges. and a.bove the present c;myon t1oors. Unll 

ai+Qt include coar c s;md nnd gravel thm reprc
settl bed-lund :cdiment dcpo, l~. medium sand to silt 
dcposir that represent overbilrik :.cdiment deposits, 
und omc colluvium dt•rfved fmrn adjHccm slop¢s. 

.6 Calim·lum (Qc) 

tJnit Qt in lodes deposits un steep slope· that 
record primarily gravity·dfivcn tmnsport and deposit 
un gentle slopes tha:t record deposition by s.urface 
runoff. Qc indtldc:s dcp<r;itJ; thlil havt" a wide range 
In origin. rcxture. and age !hat wcr~ nm prm:tic<d to 
~ubdivide in thi ' investigati n. ln uddition. on many 
mesa tops, Qc includ!!S tiru::-:gr<~inerl deposits that nrc 
prohably domin Ted by eolian sediment. niiJt ugh lhi. 
eolian st>diment may be loca.lly reworked by surfacl! 
nmofl' nnd!or mixed \\ lth other material by 
bioturbalion Oc includes deposit~ that range in age 

from >50 to 60 ka (pro--El Cajclt" pumice) t pre en; 
(Rt:rwM, J 995). Small thin patches. of olluvial cover 
that do not obscur-e underlying straliJ;mphiJ.: n:t;:nions 
were g.enerally not 1llllflt>t:d and are indilded on 
Plutc ! in uthcr ruap unit!>. Where il wns p . siblc rtl 

dctcrmine tht:' uni! 'firec ly underlying Qc, it is o;h Wfl 

on Plate I a:> .. Q IQbt~··. for cxnmpk. to indicill~t that 
thin cnlluvium <Wcrlies unit Qhu. 

i l. rtifldaJ Fill 

Anificial fill and areas of:.mthropogenic 
dt lurbant.-e~ lll't" "'ide!iprend ir1 dll' map ar~a. C. n 
PhH' I, thi~ unit h uUy it1t:ludes big1liy distu.rbe~1 
areas. such as roads. p-.lrking hJts., and area~ nrotmd 
buildings. Man} areal> that include pat hy or thin fill 
wer mapped as tht: undcrlyin" . troljgrnpbic unit. 

B. Minerlll gy :utd .cl.lcllemi tr · ofT hircg • 
M.cnibrr ! nil.$ 

n. I Mlnettllo;:.v 

Exnmm tion of thin sections and 'RD nr111lyses 
ofwlmie-rock mple~ collected from measured 
!nttip.mphic section~ (Plale l. Appendix A) shmv 

tha.t thl.' Tshlrcge Memh r tmiL Qbt I through Qbt3 
c nsist primaril. {)fquai"LZ-r t:•ldspar ±cristob<llite .!; 
tndymite :. glass {Appendix B. Fi \Irr 7)" 
Hornblende. bi(Jtile. me ueri:w/mnghemir.e. hematite. 
calci1c. halite, and s apolite occur in minor :irnmiii!s, 

GIMs is prc.sem .in unit Qbtlg and the lowcr 
portions of Qbflv-c and occurs as pumice lapilli and 
glas~ shnrds in lht~ llshy matrix . Glnss make. np 
5(~· 70% of unit b I g. hut the bundancc ofgl ss 
drop;; orr drnlmllt .all} up secti n within 1- 2 meters 
(3-7 ftl oflh!: Qb lg-·Qbt l v-c conl.ttCL No gl ss is 
pr1:.~ern in the tne ,<;.urcu sections {Plate l) above unil 
Qbtl v-c ( ·igure 7 . eldspar c ur.s. as ph~uocr:-·st!i in 
the mmrb; and pumices and mlcn11ites in pore \!pa cs 
:md along !he edges of piHni~ and glass shard. , and 
mokes up 20%--60% of units Qbtlg to Qbt3. Feld fltli 

bu11dancc increase!> ~harpl> from approximate!>· 
20% m Qbtlg 1o >60~-1. ill overlying unlb (Figure- 7}, 

amples l'mrn unit~ Qbi I g to Qb.t3 oontnin I 0~~ ·30% 
J:JUn:rtl'~ "vhith oceurs as phenocrysts in the pumice 
tmrlmalrix . Although !here arc :$O!llt:' variations, 
~enerally the abund:mce or quartz increases up 
se tion !rom umt Qbllg to Qbtlv, then remains fairly 
onstanttltrough unit~ Qbrl v. bt2, and Qb1J. 
ristt)hnl he · onstilmes M~·- 1.5% of units Qbtl g to 

QbtJ. is grente 1 in nbund:mc~ nt~~- 111~ wp of Obi I v-c, 
unddccrcasc upwurd!. in ullll Qbtlv·u (Figure 7). 
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Figure 7. Variation diagrams showing mineralogy of tuffs in stratigraphic sections AHF-S-1, AHF-S-2, AHF-M-1, and 
AHF-M-2 in relation to elevation and mapped subunits within the Tshirege Member. Data are from XRD analysis of whole 
rock samples. Red line indicates the welding break in unit Qbtlv-u. 
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Cri:stnhalite dl'Ch: \Sc.~ to near O~o abov~ the welding 
break it1 Qbt I v-u nnd in unit Qbt2. then iru.:rca!il.' ~ tv 

5%--·1 O'h, Jn QbL3. Cristut.nil h~: oc ui's ns uxioliric and 
sphcruhtlc growth!. that ha.vc reph.i ed the original 
gh s shards i the matrix. Tndymiic t;(tnstitufe$ 

0'%-30~.) ofunl s Obtlg rhrough hG. Tridymite 
abrmcbmce vnries invel'llcly with cristoba.lite 
Figure 7), and wiil1 the cxceptiun ofn peak at the 

busc of unit Qbll v·c in section AHF-S--1. &hows a 
~harp incrce!«.' ill thl' top of unit Obtl v·c, increase 
upwnrtl within unil (lbtlv-u ;md Q t:! . ~lild then 
d crea<>e& in uni QbC, lhc up er part of unit 
Qbt I v-u , gcneraUy above thl' welding brenk in unit 
< hllv~u. contain. the hig.h~-st ubundnru::e ofLridymite 
in the Tshirege Member. lmn oxides are mare 
abundant in Qb1l v-c lhan in ov rfying unit bt 1 v-u 
nnd occur & ahered mafk pher•o rysts., o h !>llfWJ ll-' in 
thin section. as well a.~ magncrlie/maghemite micro* 
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/L.. Gem:lumri try of ['iltir~e Member U11it\ 

RcS!Jits of 'Rf analyses (If bulk rock &amples 
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C. Structural Geology 

C.I Faults 

Field mapping revealed a few small displace
ment [<1.5 m (5 ft) of vertical displacement on 
stratigraphic markers in units Qbtlg to Qbt3] faults 
within the study area, but only four of these had clear 
evidence of offset on mapped contacts. Two zones of 
faulting and fracturing were identified in roadcuts of 
nonwelded unit Qbt3, and may not have been 
recognized without the excellent exposures. Although 
no stratigraphic markers are exposed in these zones 
to determine displacement, faulting is inferred based 
on cataclastic textures characteristic of faulting in 
nonwelded tuffs and poorly lithified sediments (e.g., 
Wilson et al. , 200 I , 2002). None of the faults or 
fracture zones can be traced laterally across mesa 
tops or canyons. Faults and fracture zones found in 
the study area are described below. 

A fault exposed north of the beam line (building 
TA-53-3t) at LANSCE (Plate I , Fl) crops out in 
nonwelded, vapor-phase-altered unit Qbt3 . This fault 
is unique in that its relatively complex fault-zone 
architecture is well preserved compared to other small
displacement faults in the area. The 15-to-20-cm-wide 
fault zone is oriented Nl6E, 82SE and consists of a 
discrete slip surface adjacent to a zone of densely 
spaced deformation bands (Figures 9a and 9b), which 
are visible in outcrop as nearly vertical planes of 

. varying resistance to erosion. Deformation bands are 
distinct from fractures, which are common in Qbt2 
and other, more welded units of the Bandelier Tuff, in 
that they have no discrete slip surfaces, but instead 
are tabular zones of grain-size reduced material and 
collapsed pore space. Each deformation band in fault 
F I is an approximately 1-mm-wide zone of crushed 
phenocrysts and crystallized glass shards with 
reduced porosity (Figure 9c) compared to the Qbt3 
proto lith. The spatial density of these deformation 
bands increases from the eastern edge of the fault 
toward the western edge of the fault, where the 
anastamosing bands are deformed and truncated by 
an open, discrete slip surface (Figures 9a and 9b). 
Electron microprobe analysis indicates that the open 
slip surface of this fault has coatings of Fe- and Sn
oxide minerals (Figure IO); individual, undisturbed 
crystal faces can be seen on the slip surface. Fault Fl 
contains neither roots nor calcite. We found no 
evidence for dip slip displacement on stratigraphic 
markers based on mapping in adjacent Los Alamos 
and Sandia canyons, and the fault could only be 

I7 

traced a short distance along the mesa top in unit 
Qbt3. Though we cannot exclude strike slip offset, 
we could not document it. 

An approximately 180-m (600-ft)-wide zone of 
abundant fractures and faults to the north of the 
aggregate G surface impoundments at TA-53 
(referred to as "the lagoons") is exposed in roadcuts 
of nonwelded, vapor-phase-altered unit Qbt3 
(Plate I , F2). These fractures and faults deform 
roughly the same part of unit Qbt3 as fault Fl. 
Approximately 150 fractures were counted within this 
zone. Orientation and width were measured for 71 of 
these; those with maximum widths <2 em (<1 in .) 
were not measured because they are likely to be 
cooling joints that are typical in the Tshlrege Member 
(Vanirnan and Wohletz, 1990; Kolbe et al. , 1994, 
1995; Wohletz, 1995, 1996; Rogers et al., 1996). 
Maximum widths of measured fractures .range from 
2-60 em (1 in.-2 ft) ; 70% have widths <10 em 
(4 in.). Only the narrowest fractures in this zone are 
open, and most 1-2-cm (0.5- 1 in.) wide fractures are 
filled with clay-sized material of unknown composi
tion. Most wider fractures are filled with a mixture of 
ash, pumice, phenocrysts, and lithic fragments. Some 
are filled with fine-grained material and clasts of tuff 
(Figure 1Ia). Many fractures contain abundant roots 
and root mats, anastamosing clay seams, and abun
dant calcite that form tabular zones along one or both 
walls of the fracture or within the fracture filling 
(Figure II b). Cross-cutting relations suggest multiple 
periods of formation of clay and calcite. Many of 
these fractures show a distinct foliated appearance 
with clay, calcite, and sparse vertically aiigned lithic 
fragments defming the foliation. By analogy with 
fault F I, foliation could be associated with deforma
tion band faulting; however, overprinting by clays, 
calcite, and roots make it difficult to determine the 
presence or absence of deformation bands, and no 
stratigraphic markers are exposed to determine 
displacement or lack thereof along individual 
fractures. The finer-grained material in these frac
tures could have resulted from grain size reduction 
due to cataclasis (e.g., Reneau and Vanin:tan, 1998) or 
infilling of open fractures from the surface. Some 
faults in this zone exhibit fracture-based morpholo
gies rather than deformation banding. The most 
prominent of these is a zone about 60 cni (2 ft) wide 
that exhibits considerable brecciation of the host tuff 
(Figure lie). 
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Figure 10. (a) Back-scattered electron image of the slip surface of fault F 1, displacing the zone of deformation-band material. 
The slip surface is coated by high-atomic-number minerals (appearing white in this image) adjacent to a zone of deformation 
band material. (b) X-ray image of Fe- (red) and Sn-oxide (green) mineralization on the open slip surface shown in (a). 

Figure 11 a. Photograph of 1 5-20-cm (6-8 in.)-wide fracture or fracture-based fault in nonwelded, vapor-phase-qltered unit 
Qbt3 north of the lagoons in fault zone F2, filled with fine-grained ash, pumice, lit hies, and fragments of tuff Pen for scale. 
Subhorizontal calcite band may be offset across the fracture, but many such adjacent calcite bands are highly irregular in 
shape. 
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Geometric analysis using methods similar to 
Lewis et al. (2002) shows that the faults and fractures 
as a group have a statistically significant north
northeast preferred orientation (mean direction of 
Nl2E ± 26°, Fig. 12) and dip steeply (74°-90°), with 
a mean dip of 87 ±5°. Despite some scatter in strike 
and dip, these data pass uniformity tests at the 95% 
confidence level, indicating that the data are derived 
from a population of structures with preferred 
orientation. It is possible, however, that the preferred 
orientation is biased by the orientation of the expo
sure (approximately E-W) as cautioned by Reneau 
and Vaniman ( 1998) for exposures at Area G.. 

Zone F2 lies north and slightly east of a 60-m 
(200-ft)-wide fault zone exposed in a tributary to 
Sandia Canyon (Plate I, F3), which has approxi
mately 1.2 m (4 ft) of down-to-the-northwest 
displacement exposed in units Qbtlg, Qbtlv-c, and 
Qbt1v-u (measured by leveling on the top of unit 
Qbtlg) across a 45-m (150-ft)-wide zone. The 

population of 11 faults measured within this zone 
shows no preferred orientation. Most of these faults 
are open slip surfaces with subvertical slickensides in 
welded units Qbtlv-u and Qbt2, but display 
cataclastic textures down-dip in nonwelded unit 
Qbt 1 v-u. Trace lengths appear to be short, most of 
these faults terminate at intersections with other 
faults or fractures. These faults appear to be caused 
by minor reactivation of cooling joints. 

Three small down-to-the-west faults were found 
in the western part of the study area: fault F4 in a 
small tributary to Sandia Canyon that has -1 m 
(2-3 ft) of down-to-the-west displacement on units 
Qbt1 to Qbt3, fault F5 in a roadcut near the guard 
gate at the entrance to LANSCE that has -Q.6 m 
(2 ft) of down-to-the-west displacement on the 

· Qbt2-Qbt3 contact, and fault F6 on the .western 
boundary of the study area that has -1.5 m ( 5 ft) of 
down-to-the-west displacement on the ~bt2-Qbt3 
contact (Plate I). 

Figure 12. Rose diagram of strikes of fracture data from fault and fracture zone F2 exposed in approximately E- W trending 
roadcuts north of the lagoons. The inner circle represents 10% of the data analyzed, and the outer circle represents 20%. The 
mean strike, indicated by the arrow, is accompanied by the 95% confidence interval. Abbreviations: R. resultant vector; or 
mean strike; N, number of measurements. 
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.1 Zone.~ of CllangCJ· ifl I>ip "f )rtttigrap.lt i 
Mlltl..t!tS 

Unit Qbtlg through QbG ~trike appro~\inmte1y 
N 15E .and dip betwel!n 0.3" and 3.4" to the 'tiUthcast. 
The avcmge drp on aH uni:ts acros the study area is 
about 1.0" to the ;s,nutlwast, Tiwecwdimcnsional 
surfaces dd'i ned by the tOt) of unit Qhtl g H , ht1 
tmw CI:JnSiSICnl but _ubtle patterrts f thlln~ ·~in dip 

o the urder of I 0-2" Figures 13u:- l3d i. 11nee 
ub!}amllel .7ones of change$ in dip (steepening lo the 

custl were rcc gniud on the to of uni~ Qbt1 g. 
htlv-c, Qbttv-u. nnd Qht2 (Figures l3n- l3cl) 

Bas ·d. on the 3·0 surfaCI.' models, these zones trend 
approx inratel,y N I 0-15E, parallel (V the geru:ml srrit..c 
of bcddln • in thls ar .a. The weSt.:rnmost :1.one ts an 
in reas in eastward dip of pproximatcly 0.5'' on the 
tops ofQbtlg and Qbtlv·c. bur no d1anges in dip are 
apparent on the top of Qht2; however. anomali • ln 
th Wp .of the Qbi:J surfi c exis< in the uortht•mrnost 
pan (lf the stud;r area (figure l "'d). The ccntrnl zone 
is an io1:-rea..-.c in L•astwnrd dip of- 2" on the top nf 
Qbtl g. < I on the to ' f Qbt 1 v·c. - 1o. on the top of 
Qbtl v-u (tbi cbange ( ccur~ futthtr south th n on th 
tops of Qbt I g, Qbtl v~c. nnd Qbt2 and rnuy not he a 
pan uf the same feature). and OJ~" on the top of Qbt1 
(this change OC\:UI'S urtiler cast on the lop {If llC 
than on the tops of Qbt I • Qbt l v~c. and "'btl v. u l. 
111e easternmost zone is an increase in e:usrward dip 
of - 1" on the !Op!t of Qbtl g and ~)bt !v-c. 0.6° n rhc 
10f' ofQbtl 'NI, and 0.~" Oil ihe top of Qbt..: (hOW· 

el.'er. da.tll tire sparse for the Hlp 0 r Qht2 in lh ir. .. n:·a. 
and n greater hange in dip is apparent in the north
eastern pan or the 11:rea). Fault F I. c .im:id:es with the 
centn~lxone of change in dip, nnd lault zones F2 and 
,.3 coincide approximate!~ with the eastern zone af 
cltangc in dip. Alth ugll these dip chun~c) are small 
in magnitude-. they Q.c ur in Hppm.xirn:n..e ly the ame 
loct~dun in li units. and the nmgrritudc:S gcnen!ll} 
appear to decrease up secti n. 

Dist>u s ion 

Strntignpb · ofT hircgt• Men1ber nnd Post
.Bandcti.t:r ·ruff llniu 

Tshir<:g.e Member !>lmtigraphic unit~ describ"d 
in thb teport in the at'ea ufTAs 5, 5~, 2 l . 73 . and 72 
ioclude unit:. Qbt I g,. Obt 1 ' 'Me, Qhtl Hl, Qht.2( 4 1 vwl. 
Qbt.2, and b . Detailed mappin ofthes unit!\., 
based on variations in weWlng and crystlll li:.~ati u. 
acmss the 'll.ldy area pr vided .insi_h into how th.e;;e 
unhs vary la te:mlly and h<)\\ they correlate to tratig
ntphy descnbed by previuu!> worken>. Petro<,p<~ph i c 
und gcttchcmical dnra further suppvri correlation of 

:n 

unit" to those prcviousl~· d ~cribed :and reveal 
JJslinctivc charat:terist i · that nrt> usdhl for 
dil1'erentiuHng unit:;. 

.4. 1 amparlmn t~/ 1!·lllrege ,\.lt:mber Otlib .to 

.PreviiJIU !i'tmlie.t 

Tshiregc Member units mapped nnd described 
in thl!i smdy generally correlate wirh those descnbed 
in previou!i ,:eolo,.:i mapping. b rehole. and stmti~ 
graphic studies, (Figure 4). Some ditllnences in 
placement of ontact« hctwc~n Plate l nd p vi us. 
map" llfc due 10 the ~eale of mapping and th • ae ura~.o")' 

of the topogr.tphic ba~ ma.ps u!'Cd or mappin:c and 
some arc due to diffetei1CCli in strati_ mph it nomen~ 
cl.ature and t·riteria u~d 1o ubdivide units. Variation 
in JmtlcraloK e.g., glass, rridymlte, cristobalite, nrl 
cldS.Jl<tr content) and in dcvitrincation and vapor~ 

phase :~ ltcnuion lexrure • based on XRD an.ulys~l> , nd 
chaructel'lsttcs ot thi." unrh in I bin .r.e tion, are 
consistent wirh those of Broxton et a!. ( 1995 J. 

Uni1 (Jbtl g is recognized and broken our by 
most worker:; ' a distincr glassy unlr at th ba:.e of 
!he 'lshin~ge Member. rowe ct ul. ( 1 tl78) mcluded 
both u.nit Qbtlg and Qbtl v in unir. Qht l. wich no 
subdivisl\ln nil bHg i directl} con:elativc to unit 

blA of Rogl'r ( 199!1 . 

The vupnr·J}lmse altered unit Qhtl v htli1 been 
divided in a numoor of wuys over !h..: ye crs. Our umt 
Qbtl v~c { .. Mlonnade" correlates with unit Qb1l b of 
Batv et ut \ 1963). unit Qbt l v of Goff { 1995}. a:nd 
the col nnade unil (Qbll ,._, ~ Qf Broxto11 ami Rt!neau 
1 1995) and f\roxton ct aJ. ( 1995a. 1995b). Unit btB 
of Ra_gcrs ( 199:5 in had~ nur miils , bt I v-c am1 
Qb 1 v-u. Our petwgraphic observations of devitrifi· 
ation and vapor-phas~ alt~:ru:ion mittc:"!1il$ and 

textures In Qbt l v are C()rt!.isteot \'~<'itb Lhose o 
previous inveMi.gmors. 

11H: tc Ignition of mappabl welding brcaL. 
within unit Qb! ~v-u anJ. inclusion of the upper 
welded pan DfQbtlv-u in lmtt Qbt2(' tvw) in the 
\.\esuan pat1 ofth area is helpful in clarii)'ing 
in nn.liimmcics as to h<lw the: Qbtl -QbQ ontnct has 
been previously rnnpped or dc$Cribed. ln the eastern 
part of l.A L. the Qbt 1 v ·Qbt2 contact I!' · gencmJly 
been pi eed 1 a flo\\ and cooling unit ntacL 

{Reneau el al., 1998:1) that i!> commonly rmui.;;ed y 
pyrodt.t,.!ic MJll;t~s . pumic.:-e swarms. und 1111 upward 
incn:ase in welding Fl<>ur 5). Jn th central to 
we em ·pnrtiuns uf L . L. l.he ht l v-QhC c uttact 
hib gcnt"mlly .b¢en placed ttl a ~tdaimnnl upwards 
in fCitS~~ in welding e.g .. Broxton ~'1 aL. 1Q95ll). 
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Figure J 3a. Contoured upper surface of unit Qbtlg. Points are derived from the mapped unit Qbtlg-Qbt lv contact (see text for methods). 
Fau(ts are shown as thick black lines. Fault and fracture zones are cross-hatched and are bounded by thick gray lines representative of average 
strikes or the edge of the zone. The white stipple pattern indicates areas of change in dip (eastward steepening). Elevations of points were 
derived from the 4-ft grid, 2000 LIDAR DEM (Carey and Cole, 2002). The surface was interpolated using kriging with a 500-ft grid spacing; 
the contour interval is lOft. The grid is in the State Plane Coordinate System, New Mexico Central Zone, 1983 North American Datum (in 
feet) . The surface model is constrained by mapped contact elevations; in some areas of limited or no data, the software creates spurious 
topography. Structural features, strike and dip, · and buildings are labeled as on Plate J. 
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Figure /3c. Contoured upper surface of unit Qbtlv-u. Points are derived from the mapped unit Qbtlv-u-Qbt2 contact. 
Methods for generating this surface, contour interval. labeling, and uncertainties are as in Figure 13a. 
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where the upper part of unit Qbt I v-u and unit Qbt2 
are welded together (Figure 6). The lower nonwelded 
portion of unit Qbtlv-u was included in unit Qbt2a of 
Baltz et al. (1963), in the nonwelded base of unit 
Qbt2 by Vaniman and Wohletz (1990) and Goff 
(1995), and in unit Qbtlv by Broxton and Reneau 
(1995) and Broxton et al. (1995a). The nonwelded to 
moderately welded tuffs above the welding break in 
unit Qbt 1 v-u have been included either in unit Qbtl v 
(Broxton and Reneau, 1995; Rogers, 1995) or in unit 
Qbt2 (Vaniman and Wohletz, 1990; Broxton et al., 
1995a; Goff, 1995; Rogers, 1995), depending largely 
on the location of the study. Units Qbt2a and Qbt2b 
of Baltz et al. (1963) are equivalent to units Qbtlv-u 
and Qbt2, respectively, in the eastern part of LANL, 
and are combined as unit Qbt2 in the western part of 
LANL. Broxton and Reneau ( 1995) recognized that 
cooling units Qbtlv and Qbt2 merge to the west, and 
suggested that they could be combined as unit 
Qbtl v/2, which is equivalent to our unit Qbt2(+ I vw). 

Unit Qbt3 has been consistently mapped by 
most workers, but the lower bench-forming part of 
the unit was broken out as a separate nonwelded unit 
(Qbt-nw) by Vaniman and Wohletz (1990), Broxton 
et al. (1995a), and Goff (1995). 

A.2 Post-Bandelier Tuff Units 

Post-Bandelier Tuff units exposed in the area 
include older alluvium (Qoal), canyon bottom alluvium 
and terrace deposits (Qal+Qt), and colluvium (Qc). 
Although geomorphic mapping, primarily of canyon
bottom sediments in DP Canyon and portions of Los 
Alamos, Sandia, and Mortandad canyons (Reneau et 
al., l998b; Reneau and McDonald, 1996; Katzman et 
al., 1999; Drakos and Reneau, unpublished mapping) 
shows more detail than mapping in this study, the 
post-Bandelier Tuff units of previous investigations 
generally correlate to Plate I. Older alluvium (Qoal) 
was mapped in Sandia, Mortandad, and DP canyons, 
and on an unnamed mesa between Sandia and 
Mortandad canyons by Goff et al. (in prep.). We found 
that several of these areas are colluvium adjacent to 
steep outcrops ofnonwelded unit Qbt3, containing 
abundant dacitic and andesitic clasts that have been 
weathered out of adjacent unit Qbt3 outcrops. These 
colluvial deposits differ from Qoal in that most clasts 
are subangular to angular, rather than rounded. Most 
deposits of Qoal, including those mapped in DP 
Canyon, contain abundant large clasts of rounded 
dacite, typically in a red clayey matrix. Clasts in the 
colluvium derived from unit Qbt3 are a mixture of 
andesitic and dacitic lithologies. Additionally, the 
colluvium displays little sign of soil development. 
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The nature and location of Qoal deposits in DP 
Canyon indicate that they were deposited during 
head ward erosion from the Rio Grande of the 
tributary canyon as present day canyons were 
beginning to be incised, rather than just after deposi
tion of the Bandelier Tuff, when braided streams 
draining off the Sierra de los Valles occupied the 
present mesa tops (Reneau, 1995). The upper part of 
this tributary to DP Canyon is plugged with older 
alluvium, suggesting that there has been little 
headward erosion in this drainage since deposition of 
Qoal. Nevertheless, the lower part ofthi~ canyon has 
been incised 3-6m (10-20 ft) below Qcial where it is 
exposed along the erosional Qbt2-Qbt3 bench 
(Reneau, 1995). The age of Qoal in the tributary to 
DP Canyon and along the edge ofDP mesa is not 
certain, but is inferred to be early Pleist~cene in age 
based on pumice beds included in exposures of Qoal 
elsewhere on the Pajarito Plateau (e.g., Reneau et al., 
1995; Reneau and McDonald, 1996; Gardner et al., 
200 I; Lewis et al., 2002; Reneau et al., 2002). 

B. Structural Geology 

Although several small-displacement faults 
were identified in the study area, our mapping reveals 
no major fault zones. In addition to four ·small
displacement faults and fault zones with clear vertical 
displacement on mapped contacts, we mapped a 
fracture and fault zone and a fault with unknown 
amounts of displacement. No mapped fa!Jlts could be 
traced across mesa tops or canyons (Plate I); trace 
lengths appear to be short. 

Fault F1 corresponds to a fault mapped by 
Purtymun (1968), and lies within a zone of increased 
eastward dip of lower Tshirege Member units 
(Figures l3a-13d). Purtymun (1968) suggested 4.3 m 
(14ft) of vertical displacement across this fault based 
on two boreholes that were located approximately 
l km (0.6 mi) apart on either side of the zone of 
change in dip. It is possible that the increase in dip 
represents an approximately 300-m-wide zone of 
distributed down-to-the-east deformation that could 
accommodate approximately 5 m (20 ft) of distrib
uted dip-slip displacement, including fault F 1; 
however, the increase in dip is less apparent on the 
top of unit Qbt2 (Figure 13d), and therefore more 
probably indicates deposition of underlying units on 
irregular topography. Fault Fl (Plate 1) also coin
cides approximately with the western margin of the 
pre-Bandelier Tuff valley (Figure 2), which may be 
fault-controlled, as described by Broxton and Reneau 
(1996). 
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raults and fm~ tures in :wne F2 ll tht: madcul 
north of·the lagoons in nonw~:lticJ unit Qbt3 are 
more abund ntthan froct.u res elsewhere in krL} 
(including adjacent e posures), have vendi great~:r 
v ldths. and In rome ases di pia) c:atad. uc tex· 
tures. Many of the fra tures in zmtc.\ F:'! and F3 mny 
be cooiingjoutis that \\ere r~:>lttiliU ied b). te~wn i 

a tivhy (e.~ .. Le·wis et nL. 2002), Cooling 'oinls in 
th Bandelier Tull are ,!!.CflernJiy vert icaL evenly 
spl'l cd trncks of .. h . n lateral extent and s inuous 
su·ike that commonly terminate at. other jnints, 
forming irregular pol~g,onuj columns with dinmetel'l'> 
<3 m ( lO ftJ(e.g .• Rogerse aL. J9 ). ·ne (lrienUI· 
tion ofcooli.ngjoints depends on the mielltation or 
principul stresses wltnin the tuff during co lling; 
orientntioo of joints can be influenced by ~ combina· 
lio of re¥ional tectuoic .stres~cs arid local strcssc. 
itnPQ ed b> underlying topo~rnph] during the 
processes of comp tiotl nod Wt1!ding. Fra tures in 
1.one F_ hne a mean strlle direction o N 12E. hut 
compri three prominent sets nr slrikes {N, N-WE. 
and · '40W). ·ntese strikes arc similar to those 
do ument1: I in previous frn ture smdie-s in the 
Bandelier Tu th l show, in same I calities. n crude 
bim!.Xlrtl distribt.tt iorl tluu d'·fine& n ·onju~ate system 
flf nPrthwesterl:r und n<lrthea. terly oriented fracture 
et {e.g ... r•urt)'nlan ct aL 1995: Wohletz. I 95. 
t996, in prepamtion). Fra ture den ities in lvlle F2 
(56 fructtl re~'30 m are above background fracture 
density am! equivalenl to mu.ximum frnctun: densihes 
dotumented in mmwelded unit QbiJ 31 orher 5ltes 
arou!id LANL {e.g,. K.olbc et ~ !994, 1995: 
Purtymun et at. IC#95). Locally high fracture densities 
a~ in . ontt' cases as !ldnred with known fau l r~ 
(Vm1imun and Chipe:m. jQQ5), nnd have be n used to 
infl!r 1.mderlylng fault (Vbnim:m nnd Woh l etll~ I>) JO: 
Wohletz. 1995. 1996). AI TA- , however, rehltively 
low values of frnnur~ dm~ity have be-en measured 
Hl!<lr f«u.l.ts. and higher than uvemgc v<Jiut's tllt \'l' been 
measured where no fuults wen: id~:utified tKo!he e1 al .. 
!994; Reneau et at, 1995). Widths offrnctures and 
faut~ in z ne !": nre lso above bac:f..ground corn
pared to oU·a~r nren.!i round LANL {e.g .. Vaniman 
and Wohletz., 1990; Kolbe J:'t. nl., 1995; Rt'neau et al .. 
19 • ; V1m inum and ll ipe.ttl, 199 ) and cornp rod tt1 

n:djaccnt exposures ((l the v.esf on 1esita de Los 
Alamos. 

The existence of both fmcture·bascd and 
deformation hand faults.. tt'> seen in fnuJr F I and 
zones F2 and F3. is not unusual inn nw,•lded. vapor· 
phase altered tufls like u11it Qht3 Wihwn et aL. 
.2002}. Prc:liminary rr:sulls .su gest tlm vapor-phase 
altcmtinn of a non welded ignimbrite iiKreases grain~ 
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to·grnin conu t~ within the tu.ffmatri.x. im::rcn.:.ing it:; 
strcn:,,h and a lim\ ing it to ddom1 b;; .fmcturr:s as 
wdl ns deformation bands (Wilson et nL 200:?.). 
Individual defann<ltion b1mds c.an b fom1ed from • 
liuh: ;L' l nun tu ceruimeters f displu cmffi.l. md are 
wel l developed in fau Its in n nwe tded tuff \\ ith ~ I m 
<J fi) .f displaccmcm Wibon ct aL. 2001. 1002. 

in prep.}. Finc-graineti matertal filling Jmm:t of the 
thi .tttres in zone F'2 may be crushed tuff resulting 
from s:mall·displatemem faulting. as h been 
dncumcnted at MDA .. Q (Reneau and V;mimun, 
19<)8). mnc uf t.he fault;. in 1:011.c f2 may be defor
mnticrn band iaults f<mm:-d b) grain size redm:rion. s 
Uf;';terrnined lbr fault F 1; however, hc<Jvy overprinting 
by rt 01 gt·owth nd , ss.ociated depo · hion of fay and 
calcile makes it difficult tu r eogni1.e fauh fabrics in 
:wne L . The cuicite in these fnults likely results from 
biolog1cal and chem1c.nl proce·ses in which plnnt 
root.'> in the f:ttth~ and fractures arc convert i to 
cakite, as propos.ed by .ewman e1ul. ( 199 ) ru1d 
lten~au and ~, Jtiman (19•}8) for fm.eture till in unit 
Qbt2.. Without d¢tailed st.ructurnl und geochemical 
unnly i of the nmterial fil ling faults and ra tures, it 
is not clcur .if tht!' origin of m ture~filllt!S material fn 
zone F2 is due to infilling from the ut 'llCl~ or 
cataclasis. Structurc4 likcr thcs are the · ubject f 
ongoing study {e.g ., \ tlson clnl.. 200 I, 20 2. in 
prep . . Cia ' in :many of the fra lures is likely l, be 
smectite-rich. as iletennined for uther deformation 
band auhs in noow!dded parts ofunh Qht3 (Wi!&on 
c! al., 2002 and for CtlJre fill in welded part.l\ of 
unit Q) ·' (V<.IJJiman nn I Ct11pera. l 95: Vanimnn 
et aL. 2002) Clay may have been transported in 
colloidn.l form from lhc urface by water infiltr.ning 
long rools e.g .. Dilvenport et aL. 1995: Vumman 

and hipem. 1995); howevC'r. this h; no1 been 
confirmed. \Vetting and drying of swelling days like 
snlt:ctite likr: l • opened crnckl. that acted us pathway.s 
for warer. 

Zones f2 and F3 coincide ilpproxirmnely with 
!lie eastern 1. m: of thange in dip on the lOp of tmits 
(.)btl g. Qhth-· • and btl v·u. nw ch:mge in dip c n 
the top oftmit Qbt! is less appanmL suggesting th.ut 
tbe hange in dip mn~ be due lo dep ition o• c:r 
paleompugraphy, but datu are sparse. Ba:.ed on the 
orientmi n offratiUre-s and fuult:s measured in :rxloes 
F:! and F3 Md the oriental\ on (lf zone .3, 11 w uld 
not n.ppct1J tha the&e /,.Oties arc counected; however, 
botb zones lie along be same dnmge in dip of 
Tr.hire e Member contact:> (Figure 13a--d) . We 
reiterate tbnt. the nrienmtim1 of fracture~ wiihm zone 
F3 is variable and may refl« fbe orientation f 
c;_)(l!ingjoint~. In addition. the or.iem.ation or f crures 
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in zone F2 may be biased by orientation of the 
exposure. We therefore cannot prove or rule out the 
possibility that they are connected. 

' 
Because fault Fl and zones F2 and F3 coincide 

with subtle changes in dip of Tshirege Member units, 
we entertain the possibility that the changes in dip 
reflect broad zones of distributed deformation. We 
cannot determine without more detailed mapping if 
these zones of change in dip are the result of distrib
uted faulting, fault-related folding, or deposition of 
Tshirege Member units over irregular topography. 
These zones could be similar to faulted monoclines 
that have been mapped to the south and west in the 
Pajarito fault system (e.g., McCalpin, 1997; Gardner 
et al., 1999, 200 I ; Lewis et al., 2002). Such exten
sional fault-propagation folds have been documented 
to form above steeply dipping normal faults (e.g., 
Hardy and McClay, 1999; Withjack and Callaway, 
2000; Willsey et al., 2002) and may be related to 
discrete normal faulting at depth, especially where a 
distinct mechanical contrast exists between basement 
and cover strata. However, decreases in changes in 
dip higher in the stratigraphy suggest that changes in 
dip may be related to deposition over paleotopography. 
Based on previous studies, some of the 
paleotopography could be fault controlled. 

It is unclear if small-displacement faults mapped 
in this study are associated with known or inferred 
faults in the vicinity. Mapped faults are too far east to 
be part of the Pajarito, Rendija Canyon, or Guaje 
Mountain faults, but may be related to inferred 
subsurface faults (Figure 2). The Sawyer Canyon 
fault displaces Tshirege Member units up to 37m 
down to the east near the northern end of its trace; 
based on fracture zones, the fault may extend south 
of its mapped trace (Carter and Gardner, 1995), 
which ends -2.5 km north of the study area. How
ever, if the Sawyer Canyon fault does pass through 
the study area, it does not offset the Tshirege Member 
units to any notable degree. The dispersed locations, 
size, and character of faults found on this part of the 
Pajarito Plateau suggest that they are similar to faults 
found to the south and east at TA-54 (Reneau et at., 
1998a) and in the central part of LANL (Kolbe et al., 
1994; Reneau et al., 1995). The small-displacement 
faults are most likely the result of diffuse adjustments 
associated with large earthquakes on the main Pajarito 
fault. In other regions during historical earthquakes, 
distributed subsidiary faulting has been documented 
up to 14 km from the main fault, especially on the 
downdropped block (Coppersmith and Youngs, 1992; 
Wells, 1993; Pezzopane and Dawson, 1996). 
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C. Implications for Contaminant Transport 

Fault and fracture zones F2 and F3 may be 
significant features for subsurface transport of 
contaminants due to increased permeability in these 
zones. The abundance of roots, clay (probably at 
least in part transported from the surface in colloidal 
form), and carbonate in fault zone F2 stjggest higher 
unsaturated permeabilities in the fractures than the 
host rock (Wilson et a!., 2002); these fractures, 
therefore, may provide pathways for fluids and 
contaminants into the subsurface. Our identification 
of distributed, small-displacement faulting to the 
north and south of the lagoons at TA-53 raises 
concern that the lagoons themselves are ' located in a 
zone of distributed faulting. The lagoons (Potential 
Release Sites 53-002a and b) are three surface 
mixed-waste impoundments that have been used for 
treatment of liquid sanitary and radioactive waste, 
including tritium, from 1970 until the present. 
Drilling of several boreholes in this area: revealed a 
subsurface plume of tritium contamination that 
extended up to I 00 ft below the ground 'surface 
(LANL, 1992;Stauffer et al. , 2002). It appears that 
some of this contamination was from discharge from 
an outfall structure into a drainage ditch, rather than 
directly from the surface impoundments. Near
surface data show the highest tritium concentrations 
near the intersection of the lagoons (Stauffer eta!., 
2002). Seven additional boreholes were drilled to 
better determine the extent of the subsurface tritium 
plume and gain a better understanding of subsurface 
transport of contaminants in this area (SAIC, 
unpublished data). A better understanding of the style 
and extent of deformation in this area w~uld help to 
assess potential infiltration of contaminants into the 
subsurface. Although the identified fault and fracture 
zones may not pose significant seismic hazards, they 
are possible fast pathways for contaminants. 

D. Potential for Seismic Surface Rupture and 
Age of Faulting 

All faults mapped within the study area displace 
units of the 1.2-million-year-old Tshirege Member of 
the Bandelier Tuff, and are therefore Quaternary in 
age. Although some of the near-surface faults and 
fractures in fault zone F2 may have incorporated 
surficial material that is younger than the Bandelier 
Tuff, the age of this material is unknown. The faults 
mapped in this study are all small-displa~ement faults . 
[<1.5 m (<5 ft) measurable on any individual fault] 
that likely experienced small amounts of movement 
during earthquakes on the Pajarito fault system. 



----·------ ·--------------

Detailcd.studil!h (' l!>ewhere llO the Paj. ritn Pltucnu 
hilV(' f11tmd similar srmlll·dL pi ~temeut frmhs o the 
scale fmmd in this study te.g., Reneau et ul. , l995. 
1998a). nut densily offault5 found in the stud) area 
is relatively lm~. with nly four , tru lures with 
memmrnble dtspl cement on lratig phi cotlllcts, 
rndi ting thm tni . is a fairly stnbh: pnrt nf the 
Pnjarito Plateau with relatively low potential for 
·eismk surface rupture. Prohabllis.tic aru1lyses of 
·urlacc rupture p tl'ntial h) Olig tt at ( 19')'!t ::!00 l ) 
nt TA·3 fo.r the Rendi'n Canyon fault tone and at 
lA-16 for the Pajarit fault suggesltha! even in tht.> 
case of l-in· LO.OOO-year evenb, !>elsmk surfiu~t: 
tttprure i~ only a measurable hruurd <m the main 
traces of the Pujarito and R.endija nnyon ftmh.>. In 
both , St:S, the main Splays of the f ults have 
tumulatl•·e ven ical di!ipl;u::ern~nts f :> 15 m i>5tl ft) 
in Tsllircgc M<.1tnbrx units. Titerefi re, ihe small 
di plucemeut faulr;; found in thi: .. mdy hnve 
elO;tremely low JWt<.'tltie! for dsmic £urf.'K'' rupture. 
Wr: deem i1 highly unlikely that the ·e faults wuuld be 
reactivated as mt~.i r 5urf.ace ruptUring r.·wlts durinft 
fuwre carrnquake .. 

'VL Conclusions 

C'tmnge in cry tn.llization and welding char.l -
trtristi s funfts Qb lg through QbG ftht: T·hiregc 
Member of the S · ndelicr Tuff in tn~ north-centrnl to 
tttmheastem portion ofLAN1. provided excellent 
stmtigrnpllic. market!> t'or examininJi; the structure f 
the urea nd delermin ing the p · tential for scisrnic 
surf."'lce n tpture. shirege Member unl strikt< 
approximately N15E, and on average dip abolll l "E, 
with maximum dip of 3.4"£. Lmcmt vuriHtions in 
welding i11 units Qbt lv and Qbt? led us to nmdifY 
strotigruplue nomenclature of pans nflhese units. 
which helps clurif): inconsistr:n ies in pl'evious 
m ppin_g of the unit Qbt 1 v- Qb ':' cont!fct. ( ur 
investigntktl'1~ revcnlcd severn! small-displa ement 
friUlts with limited lalernl cxtem. o individual f3ult 
had > l.5ln (>.S l)) ofvcrti aJ (primarily down·to-the
\\'l'lit di1>pln c:nH:nt of mapped contacts; however. 
!>f'veral fanlt'i nd fmcurres crop out in area-.. where 
no stnlligmphi i tatkers were e ·p }Sed to determine 
the amotmt of displa~;emenl. The p.resencc Qf faul1ing 
ill lhesc areas Wl!s b~Ged rm ide-ntlflcnticm of 
cata lastic texture& including dt'tomli.trion band~ 
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which are typi .nl ' · faults in n Jrlwtldcd tuH\ and 
unhthi tied !\edirncnili. Thi: zone of fractures and 
faults exposed 10 the north of the TA~5J lagoOi1:S 
additionally bus fl-ucture densitic~ Md widths ab(lvc 
back rnund ]e\iel~ o this area and ot:her areas of the 
Pajarho Pl;neau. S met: ulrs ani trJcture zones 
c incide with ch 1nge in dip (on tbt order of l"-!"1 
of nmp1wd T:>hin:ge Member conwcts. Changes in 
dip CI,Jttld renect disrrfbuled fmtlling. hut more Jlkel 
reflect deposiliun Qf uniti> tm incgu1ar topogruph ·. 
which is suppnried b)' tnaller chilllgc:s in dip htghcr 
in tlk stt11tigrn:ph[c section. Faulting in &he am 
o cutTeil some tlme since l 2 Ma, bHscd on displn e
menr nn the T:>nir('ge Member or thl:' Bandelier 'fw ff. 
Mupp1:d fau lrs and frncnm: zones lie east vf th 
Pajarito fnult sy ·tem 1md -are nclt clt.>arly connected 
with the Saw_:.er (:any n fuuh or other mapp d or 
inler.red structures. R:nher. the t: smnll-di!>placernem 
fault~ likely represent subsidiary distributed fnultin~ 
a. sad t.cd with earthquakes on the Pajarito !auli 
Fy. tern. 11le di ~tribution nd size of faults found in 
thi udy $Uggestrhnt the n: i a relatively stable 
part of the P•tjarito PI t<.>au with extremely lo\v 
porentilll fN ::>t:L mi S!lrface rupture. 
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Appendix A. Maps Showing Sample Locations from Stratigraphic Sections 
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Figure A-1. Geologic map showing the location of samples from stratigraphic section AHF-S-1. The contour interval is 2ft 
and is derived from the 4-ft grid, 2000 LIDAR DEM (Carey and Cole, 2002). Map units and symbols are as on Plate 1. The 
grid is in the State Plane Coordinate System, New Mexico Central Zone, 1983 North American Datum {in feet) . 
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Figure A-3. Geologic map showing the location of samples from stratigraphic section AHF-M- I . The cntour interval and grid 
are as in Figure A-I . Map units and symbols are as on Plate I . 
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Appendix B. Mineralogy of Samples from Whole-Rock X-Ray Diffraction Analyses 

Sample Tridymite Cristobalite Opai-CT Quartz K-spar Plagioclase Glass Hematite Mica Hornblende Other Otherwt% Total 

AHF-S-1-1 0.7 0.0 0.0 12.3 6.4 12.9 69.6 0.0 0.0 0.0 --- --- 102.0 
AHF-S-1-2 0.7 0.0 0.0 15.5 8.6 15.4 62.4 0.0 0.0 0.0 --- --- 102.7 
AHF-S-1-3 1.0 0.1 0.0 15.0 9.8 18.4 58.6 0.4 0.0 0.0 ... --- 103.3 
AHF-S-1-4 13.8 7.1 0.0 16.4 24.8 32.9 5.0 1.3 0.0 0.0 Scapolite 1.8 103.1 
AHF-S-1-5 0.6 13.9 0.0 19.2 25.3 40.5 0.0 1.1 0.0 0.1 Scapolite 1.2 101.9 
AHF-S-1-6 16.6 3.0 0.0 13.3 27.2 35.0 0.0 0.5 0.0 0.1 Scapolite 1.6 97.2 
AHF-S-1-7 20.6 0.2 0.0 19.3 25.6 32.6 0.0 0.8 0.0 0.0 Scapolite 0.7 99.9 
AHF-S-1-8 25.3 0.0 0.0 13.1 25.5 32.0 0.0 0.9 0.0 0.1 --· --- 96.9 
AI·IF-S-1-9 22.8 0.0 0.0 12.9 26.2 37.8 0.0 0.9 0.0 0.1 --- --- 100.6 
AHF-S-1-10 23.3 0.0 0.0 15.0 25.0 37.1 0.0 0.8 0.0 0.0 --- --- 101.2 
AI-IF-S-1-11 23.7 0.0 0.0 15.9 24.6 37.9 0.0 0.7 0.0 0.0 ... --- 102.7 
AHF-S-1-12 22.4 0.0 0.0 14.9 26.0 36.6 0.0 1.1 0.0 0.0 --- --- 100.9 
ABF-S-1-13 24.4 0.0 0.0 15.9 24.7 33.9 0.0 1.0 0.0 0.0 --· --- 99.9 

""' 
AI·IF-S-1-14 22.0 0.0 0.0 15.2 24.5 39.7 0.0 0.7 0.0 0.0 --- ··- 102.2 - AHF-S-1-15 23.3 1.3 0.0 14.3 24.7 35.9 0.0 1.5 0.0 0.0 --- --- I 01.1 
AI-IF-S-1-16 14.4 3.5 0.0 17.9 27.8 35.6 0.0 1.0 0.0 0.0 --· --- 100.3 
AHF-S-1-17 10.6 5.6 0.0 17.1 28.8 38.1 0.0 0.8 0.0 0.0 --- --- 101.0 

0.0 
AHF-S-2-1 1.1 0.0 0.0 11.4 8.5 19.6 60.1 0.0 0.0 0.0 --· --- 100.8 
AHF-S-2-2 1.0 0.0 0.0 15.5 8.7 16.7 59.7 0.1 0.0 0.0 --· --- 101.7 
AHF-S-2-3 3.2 0.7 0.0 15.5 12.7 28.5 42.6 0.4 0.0 0.0 --- --- 103.5 
AI-IF-S-2-4 2.3 1.4 14.4 15.6 20.3 33 .2 10.5 0.6 0.0 0.0 --- --- 98.4 
AHF-S-2-5 2.0 12.3 0.0 19.9 26.2 33 .0 5.0 0.7 0.0 0.0 Scapolite 1.8 100.8 
AHF-S-2-6 10.9 5.1 0.0 19.4 29.9 32.9 0.0 0.5 0.0 0.1 Scapolite 1.4 100.1 
Al-IF-S-2-7 22.0 0.0 0.0 14.3 28.4 35.3 0.0 0.9 0.0 0.0 ·-· ··- 101.0 
AI-IF-S-2-8 23.2 0.0 0.0 14.4 27.2 38.4 0.0 1.1 0.0 0.0 ... -·· 104.4 
AI-IF-S-2-9 25.3 0.0 0.0 14.2 26.2 36.1 0.0 0.9 0.0 0.0 ... ... 102.8 
AI·IF-S-2-1 0 23 .5 0.0 0.0 14.7 26.0 37.1 0.0 0.8 0.0 0.0 --- ... 102.1 

AHF-S-2-11 19.7 0.0 0.0 18.5 24.3 36.2 0.0 1.2 0.0 0.0 ... ··- 99.9 
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Sample Number 
AHF-S-1-1 
AI-IF-S-1-2 
AI-IF-S-1-3 
AI-IF-S-1-4 
AIIF-S-1-5 
AI-IF-S-1-6 
AI-IF-S-1-7 
AI-IF-S-1-8 
AI-IF-S-1-9 

AHF-S-1-10 
MIF-S-1-11 
AI-IF-S-1-12 
AHF-S-1- 13 
AIIF-S-1-14 
AI·IF-S- I -I 5 
AHF-S-1-16 
AHF-S-1-17 
AHF-S-2-1 
AHF-S-2-2 
AIIF-S-2-3 
AHF-S-2-4 
AI·IF-S-2-5 
AHF-S-2-6 
AI-IF-S-2-7 
AHF-S-2-8 
AHF-S-2-9 

AI-IF-S-2- 10 
AI-IF-S-2- 11 
AHF-M-1-1 
AHF-M-1-2 
AHF-M-1-3 
AHF-M-1-4 
AHF-M-1-5 
AHF-M-1-6 

Si02 Ti02 

75.25 O.Q7 
76.44 0.07 
76.28 O.Q7 
77.17 0.08 
75.66 O.o7 
75.44 0.06 
77.96 O.Q7 
77.87 0,07 
77.28 0.09 
77.58 0.09 
77.56 0.09 
77 .58 0.09 
77 .80 0.09 

Appendix C. Whole-Rock Geochemistry 

Al20 3 Fe20 3 MnO MgO CaO Na20 K20 P20s LOI Total Maj 
1.62 1.49 0.08 0.06 0.43 4.28 4.23 0.00 2.39 97.51 
1.60 1.44 0.07 0.06 0.32 4.04 4.23 0.01 1.62 98.28 
1.54 1.47 0.07 0.00 0.36 3.60 4.95 0.00 1.54 98.35 
1.67 1.46 0.08 0.06 0.20 4.10 4.34 0.0 I 0.71 99.18 
1.73 1.45 O.o7 0.22 0.89 4.14 4.40 0.16 1.08 98.82 
1.23 1.35 0.06 0.16 I. 71 4.02 4.24 0.0 I 1.61 98.29 
1.44 1.44 O.o7 0.00 0.17 4. I 7 4.30 0.00 0.30 99.61 
1.64 1.37 0.06 0.00 0.35 4.08 4.28 0.00 0.19 99.72 
1.68 1.51 0.07 0.07 0.38 4.25 4.43 0.00 0.17 99.76 
1.74 1.44 0.06 0.06 0.29 4.13 4.36 0.00 0.16 99.75 
1.63 1.47 0.06 0.07 0.29 4.09 4.34 0.01 0.32 99.60 
1.70 1.44 0.06 0.06 0.27 4.13 4.36 0.00 0.24 99.68 
1.60 1.43 0.06 0.00 0.27 4.07 4.34 0.00 0.25 99.67 

Zn Rb Sr Y Zr 
117.5 231.5 14.9 84 .1 224.5 
121 .6 206.5 15.2 83 .4 200.2 
105.0 217.0 20.0 88.6 207.7 
119.4 199.3 21.2 83.5 214.0 
94.8 205.4 28.7 73.5 215.5 
97.9 195.6 22.2 79.7 190.8 
113.1 204.6 13.2 72.7 198.9 
96.7 184.8 19.2 62 .1 197.7 
78.9 171.6 22.1 60.1 214.1 
81.5 154.5 20.2 55.3 218.0 
73.0 147.0 19.4 47 .2 213 .7 
77.2 138.7 19.1 44 .0 208.3 
66.2 139.4 19.5 52.4 198.8 

Nb 

116.4 
95.4 
99.9 
96.5 
93 .0 
95 .3 
92 .7 
74.4 
68.8 
72.2 
59.9 
72.5 
69.8 

Ba Total Trace 
56.4 0.11 
130 0.09 
52.7 0.10 
115.9 0.11 
BO 0.09 
58.2 0.09 
130 0.09 
65 .6 0.09 
130 0.08 
78.2 0.09 
BO 0.07 
70.0 0.08 
95.3 0.08 

52.6 144.8 15.6 38.0 202.2 62.4 65 .8 
50.9 140.4 16.0 39.8 200.7 65 .3 69.9 
72.7 105.4 21.8 37.9 212.7 58.7 171.5 
49.9 107.1 22.8 35 .9 229.1 53.2 107.9 

77.67 0.08 11.75 1.31 
77.80 0.09 11.55 1.43 
77.78 0.11 11.66 1.42 
77.22 0.11 11.91 1.45 
76.15 O.Q7 11.74 1.47 
76.29 0.08 11.52 1.49 

0.06 0.00 0.32 4.15 4.42 0.00 0.17 
0.05 0.06 0.31 3.96 4.36 0.00 0.31 
0.06 0.08 0.26 3.94 4.32 0.00 0.28 
0.05 0.08 0.29 4.04 4.39 0.00 0.37 
O.o7 0.00 0.29 4.00 4.23 0.00 1.89 
0.07 0.07 0.52 3.86 4.20 0.00 1.81 
0.08 0.00 0.39 3.99 4.42 0.00 1.08 
0.09 0.08 0.32 3.91 4.40 0.07 1.05 
O.o7 0.06 0.18 4.11 4.35 0.02 0.46 
0.07 0.00 0.23 4.17 4.32 0.00 0.31 
O.o7 O.o7 0.26 4.15 4.28 0.00 0.30 
0,07 0.00 0.23 4.25 4.45 0.02 0.24 
0.06 0.00 0.20 3.99 4.42 0.0 I 0.34 
0.06 0.00 0.26 4.18 4.47 0.00 0.15 
0.08 0.15 0.35 3.97 4.26 0.00 0.27 
0.08 0.00 0.49 3.52 5.04 0.02 1.64 

99.76 
99.62 
99.63 
99.55 
98.02 
98.09 
98.81 
98.86 
99.45 
99.59 
99.61 
99.67 
99.59 
99.75 
99.64 
98.25 
98.05 
97.91 
99.46 
99.50 
99.31 

.112.8 221.1 16.0 86.5 214.9 113.2 BO 

0,07 
0.07 
0.09 
0.08 
0.10 
0.10 
0.10 
0.10 
0.09 
0.10 
0.09 
0.09 
0.07 
0.09 
0.08 
0.12 
0.10 
0.09 
0.10 
0.10 
0.09 

76.51 0.07 11.81 1.54 
76.27 O.o7 12. 13 1.49 
77.55 0.07 11.60 1.44 
77.78 O.o7 I 1.53 1.42 
77.71 O.Q7 11.52 1.48 
77.22 0.09 11.79 1.56 
77.54 0. I 0 I I. 78 1.50 
77.31 0.09 11.92 1.46 
77.25 0.12 I 1.66 1.80 
75.76 0.08 11.69 1.56 
75.17 0.08 11.64 1.52 
74 .92 O.o7 11.70 1.37 
77.28 O.o7 11.85 1.4 7 
76.64 0.08 12.08 1.6 j 
76.81 0.09 11 .89 1.61 

0.07 0.16 1.14 3.55 4.66 0.07 1.84 
0.06 0.13 1.56 3. 79 4.28 0.0 I 2.00 
0.08 0.00 0.15 4.16 4.39 0.01 0.44 
o.o8 o.oo o:21 4.29 4.46 o.oo 0.40 
O.o7 0.08 0.24 4.15 4.37 0.0 I 0.60 

104.4 200.2 22.9 83 .6 201.5 100.9 73.5 
86.9 215.3 21.7 79.8 218.0 108.4 94.8 
90.7 145.7 19.6 98.4 229.0 106.6 65 .8 
109.4 198.1 14.1 72 .5 199.9 95.8 130 

168.7 193.5 10.6 92 .5 198.6 87.1 52.9 
92.3 170.8 15.2 80.2 207.7 92.7 61.4 
91.0 163.8 19.2 90.3 217.4 83. 1 65.5 
74.8 144.7 14.4 57.4 217.1 64.5 BO 
73.1 140.7 19.8 45 .1 213.8 72.1 180.0 
111.9 120.7 28.3 40.5 194.0 61.8 94.9 
114.9 243.3 23.2 95 .3 241.6 111.2 73.7 
102.5 190.6 38.1 77.8 206.9 83.8 104.4 
80.4 I 55.9 35.7 63 .6 198.6 80.4 62.4 
111.7 207.6 15.6 63.0 210.8 105.8 90.7 
112.5 219.4 . 14.1 93 .2 234.3 115.3 BO 
98.9 168.2 17.1 54.9 226.8 72.6 48.4 
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