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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? study area lies ~1 km east of mapped faults of the 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: (1) 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 cm, have a mean strike of N12E

+ 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 smalt (<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 of Tshirege Member units
become less pronounced up section, suggesting that, alternatively, they likely result from
deposition over paleotopography.
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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 LANL 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 et al. (1995), Gardner et al. (1999, 2001), Lewis et al. (2002), and Gardner
and Reneau (unpublished mapping). Dashed lines are inferred subsurface faults from Dransfield and Gardner (1985). White
stars mark the locations of faults or fracture zones as follows: a, this study; b, Wohletz (1995); and c, Reneau et al. (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, Pajarito fault; RCF, Rendija Canyon fault; GMF, Guaje Mountain fault; SCF, Sawyer Canyon fault.




Pujevseismiv mvestigations indscate thig
magnitude 0 10 7 earthguakes have vecured on the
Pajarite faull system, and e i evidence Tor at
frast bwer barpe sesmic evems in the Holocene
{Gagdner o1 al., 1990 Wang of ol 1995 Kelson e

al. 1996 MeCUslpin, (998, 1999 Reneaw et al,, 20820

Ciardner ¢t al., in prep.), one passibly as recenthy as
about 7 ka (MeCalpin, 199RS. Beeaese carthuynakes
of magnitude 6 or greater commonly San gnuse
surfacy rupture, surface ruplre hmzards shoold be
assessed Tor all havardous facilities wt LANL.
Although no earthguakes of this magniude have
poouered oo the Pajarito Gl svstems istorcally,
sotvie recent small earthipuaies (052 within the
Pajarito fault system have caused widespread effects,
fedt with Modified Mercalll Intensiies up 1o Vi
{Gardney ond House, JUG4, 999,

Thss report describes the resabis of geologic
mapping and related invesiigations peribemed i the
rorth-ventral 1o norheastern portion of LANL ©©
assess the patendal for seismic surface rupture tha
could affecy future Tanilities, The area mapped
located within Technical Areas (TAs 338 2172,
and T3, and spans Los Alames, DP Sandia, and
Mortndad camvons, PP Mesa, Mesit de Los
Alamos, and » parrow mess between Sandia and
Morandad canyons (Fyare 2, Plate 11 Surface
ruptures aasociated with the Pajarite Sadt sysem
fhave been mapped in detail 1o appresimately 1 km
{0 6 maides  west of the study ares (Flaure 20 Gardner
et al., 1999 The southern extem of tw Sawyer
Canvor tanlt has beon mapped o approximately
208 hm (1.3 mittest nomh of the study area (Carter arad
Crardreer, 1995, and a zone of horsts and grabens hos
bren mapped approsimagely L3 km (-1 miled south
of the study area {Rencan et sl 198

The st widespread nad oldest stragigraphic
it exposed i the study arca s the early Pletstocene
Bandelior Tofl Geologic anits exposed ot the sarface
i the study area inchede the Otowl Member of the
Randelier Tuft, the Cerre Toledo interval, units Obt]
through ©3bi3 of the Tshirege Member of the
Bandelier Toff tFigure 31 and post-Bandeher Tufl
alfuvial amd colluvial deposims, The privvary uni
pxposed within the studs area i the 1.2-million-
vear-0id Tshirege Member of the Bandelier Tufl
which comprises multiple Aow units that conled as
beth simple asd compound cooling wints, and can be
subdivided based on both coodimg ymit and flow unit
stratigraphy (o.g.. Smuth angd Bailey. 1966: Broxton
and Reneau, 19683 Broxton et al, 19934 Gardner
etal. 1996 2001 and ervsratbization churacteristicy

(e, Broxton and Henenst, 1995 Broxton et al.,
FU9sal Below e discussion of the sttstigraphy,
stravtural geology, sl the potential for seismic
surface rupiure 1 the study arca,

., Previous Work

P

Presdons geolozic mvesheatme within the study
area include: geotogic mapping and horelrole studies
for copeems regarding Contaminan! wnsport i

Mortandad Canvan (Baltz gt s, 19650 siratigeaphic,

borehole, and materiat property studies @ Mesita de
Los Alamos for facility sing (Partvmun, 19681
sisatipraphic snudios for waste management spplicas
tions (Crowe o al., 19781 drilbing o3t wells ay part
of the Environmensal Restoration Project fez.
Broxion et al., 19950 Poarremun, 19935 Vanunea ¢
al., i prep., Cole 21wl in prep 1 seology, sratigre
shy. pelrography, mineralogy, geomurphoiogy, and
fracture studies af TA-21 (Broxwn 21 al, 1093
10ush: Gofl, 19935 Reneau, 1995 Woklety, 1995}
peodogiv mapping (Goff, 1905 Reacay, 1995
Rogers, 19953 spil-stratigraphic studies of past-
Bandeler wff atlovial, cotluvial, amd volcanic
depositz iy Sandia Camvon (Renean and MeDonald,
1906 deralled geomorphic mappmyg w Los Aanys,
Y and Morandad canvons {Reaeau, 1993 Reneau
et al, 998k Kateman of al, 1999 Dirskos and
Renean. unpublished mappingl and deailed exams
pation of deformation basd faulting in nonwelded
Tahirese Member pnit 0D at TA-S3 (Wilson ¢t al,
2000, 20075

The conersd suratipraphic nomenclaiure for the
Jermr veleanic fekd was developed by Baley g1l
£ 1O aed Savith et al (19701 Smith and Bailey
{196R) subdivided the Tshireze Member o fve
subunits tha can be corredated throughout the
volvanie Treld. Devatledt studies o the arep of Los
Aamios 0.2, Broxon and Reneasn, 1995 Gardner ¢t
al., (9 2001 Lewis ef al, 20021 have resubed n
sathidivisivns ey are more apphicsble and gselut tor
the loval area, The stratigraphy of the Bandelier Tutt
that wis surranarized and described by Broxton and
Reneay {19935, hased on studwes i the easzern and
ceniral portioms of EANL. 15 generally employed by
geutopists workisig on the Pajario Plateau, with
modifications to stratigraphy based on fisteral
varigtions withie the uniis across LANL ez,

Crardier e al., 1908, (1999 2001, Lewss o al, 2007y

Compleximies in stratigraphic nomencinture within the
Tehirege Member arise because of lieral variatons
i Foaw and coaling wiits caused privarity by
thickness and lempersture variations with distance




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
Qbt1 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

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 fi) of Otowi
Member, including 8.5 m (28 ft) 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
OU1106-STRAT-1, 2, and 3 measured by Broxton

et al. (1995a).
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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 Qb12 to the west (e.g., Gardner et al., 1999) is equivalent to Qbt2(+1vw) in the western part of our study area, which

includes unit Qbt2 and the upper part of Qbtiv-u in the eastern part of the study area. Unit designations are the same as on

Plate 1.
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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
(Platel, 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 Qbt1v—Qbt2 contact
in the area of TA-54 on Mesita del Buey, approxi-
mately 1.6 km (1 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 cm
(0.1-2.1 ft) of vertical displacement on surges at the
Qbt 1v—Qbt2 contact on the north wall of Pajarito
Canyon, extending approximately 1.6 km (1 mile)
east of location ¢ 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 Qbt1v—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 (1985) 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 defined 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

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 S 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 Espafiola 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 1:1,200, 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 more 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 1) 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




Merher, Surficial geclogic units mapped are
siplified and parially dertved trom previows
mvestigations that ncheded mapping and sl pds on
the Pajarite Plateae (.. Keneau, 1995 Renean o
al., 1996, 19%0, [UUED: Rencaw and MoDonald,
10UG; Ratrman e all, P9 Detadled geomorphic
mapping of e TA-21 area and portions of Los
Adamos and DF Canvons can be tound 6 Reneay
(1905, Reneay of al ¢ 1998, and Kareman ¢t al.
{1999, Large pants of the map area lave boeen
disturbed by Sman sotivities or coverad by artificiad
il buiidings, amd parking lots. parisdly obseuring
orightal peviogic mwiations

B, Steoctural Analyvsis

Comnling and flow unit contadts i the upper
units of the Tshirege Member have been used s
stratigeaphic marker horizons in previous seisig
bprards studies 1o determing vertieal displacemen
and the potestial for seisnne surface rppture along
Tauhts o the Pajarito Bul svstem {e g, Gardner ot gk,
FROR, 1805 2001 Lewss et al, 20020 Changes in
vapor-phase oryvstattization and devimification, often
rebatedd to cooling awt dezassing, can form discrate,
mappable zones within ignimbrites (Cas and Wnght,
PRy, Upit Obe of the Tdurege Member, exposed in
she central and eastern parts of LANL, = targely
ronwelded, bt has distincive crvstallizazion Gand
therefore weathering) characteristics that are map-
pable throughout the study area. Although changes in
wetding and crvatallization mapped in this studs and
previous serimic hazards ivestigations around
LANL are not necessarily sumtigraphic features. ey
gasertiatly cotcide with or paralle] steatigraphic
contacts, providing large-scale, fairly planar markers
for structaral offser. Most comacts esappod o 1iis
sty hapve been watked in their entirety and provide
a stromg hasis {or inerpretations of geolopic strye-
tures e their spatind relarions,

Seearipraphie anits are pypreadhy well exposed on
south-facing cliffs, and are generally covered by
colhiviam and vegetation on norb-facimg slopes
Faults and redated structies are in many cases gasily
recugnizable on wellb-exposed Ciffs however, bromd
womes of distribted deformation on smatl-displace-
et Taults can be subtle or unrecognizable in the
field. Many of these hroad zones of deformation can
he recogrived as changes m onentation of bedding
through detaded 2-I0 and 3-8 analvsis of contan
elevations i profiles, cross sections, and struclure
comtonr mraps fe, Gardner efal, 998, 1999, 2001
Lewss ef ad, 20000 To obban 3D dat, digitieed
lies from field maps were converted to pomts evwen
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26 1 and soves coordinates Jor these pomts wer
aptaimed from the 2000 LIDAR DEM (d-11 grud)
using ArcUESD computer software amud s oxten:
sions, These data were then used 10 construg
geolopic cross seotms (Plare 13 profiles, and thiee
dimenstonal surface diagrams using o varien af
software packages. Insecuravies in the THEM.
eapeciathy on elifl fuces. and the provess of digitizing
cam resall 1 some anoialous o spurious poim
elevations, However, it s usually casy o distnguish
{arpe frregadarities inparied by the wpngraphic basg
from geologic struciures by checking these locations
i e Tiehd Three-dimens
sefected geobogic surfaces were mterpolsted using
kriping ia linesr regression technigue for munmuamg
she variance of unsampled values betw een pomis;
Dreutsch and Journel, 199323 in the compmner sottware
Surfert) and were then contoured o exmpise anins-
bes mvd trends i surfaves, Surfaces weore interpolated
wsing 4 301 grid spacing o mmimize wnomalees
causedt by the sofbware in aress of ne data and
anomabies derreed feom maccurpey of elevanon data
o LY faces {partly cansed by the seale of mappmng.
Famitations of LIDAR data on ot taces, aml

e cessibiliny of vuterops on oliff faces). Gris
maerpolated using Surfer were then nported o
ArcGIS for examination with relugion 1o buildings,
ronds, and geologic structures, Cross sections were
created vty Terramede ! computer software and
ApcUiS evtensions Spatial AnslvsC o 30 Analys,
and comtact elevations were derived from elevations
of nterpoiated surfaces aleng the bes of gross
SeCTaon,

wid surtace models of

C.  Minersiogy, Petrography, and Geachemistry

Saniples of Bandelier Teff were coliected from
four measured stratigruphic sections in Sandm and
Muortsnidad camvons (Plage 1) for whole-rock Xty
diffraction { XRD perrographic, and whole-rock
Neray fluorescenve (NEF Y arabeses (o sapport ani
pdemtification and stratigmphic correbitions (seg, Tor
example, Broxma ot sl 19935g; Gardner et al., 1909,
2001 Lewisoed al, 20003 No seelons wire measured
n Los Alimos Canvon because Broxtom o1 al (19934}
measwred, deseribed, sad sumpled three stratigraphic
sectiors in the TA-2T area (Plae 11 Previoss nvestiga-
ik Lo, Broxton e al, 19930) have demonstraled
that whaole-rock XRID anabesesarg uselul i diserimi-
nating wmong lower units i the Tshirege Member,
Whole-rock XRT analvses are not as wseful n
diseriminating among the lower unmits of the Tshurege
Sember, but do show seme vanation with strati-
araphic height {Broxton ot al. unpublished data),




A total of 49 samples were collected from an
outcrop depth of 5 to 10 cm (24 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 1 and in
Appendix A (Figures A1-4). 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-um corundum (AL0,) 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 um 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°26, 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 (RIR) 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 diffraction 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.

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 8iO, and TiO,, 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 110°C for 4 hours and then allowed to
equilibrate with ambient atmosphere for 12 hours.
One-gram splits were fused at 1,100°C with 9 grams
of lithium tetraborate flux to obtain fusion disks.
Additional one-gram splits were heated at 1,000°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 of ten major oxides (SiO,, TiO,,
Al O, Fe,0,, MnO, MgO, Ca0, Na,0, K,O, and
P,O,), ten trace elements (V, Cr, Ni, Zn, Rb, Sr, Y, Zr,
Nb, and Ba), and LOI (Appendix 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.




. Geolupy

A, Stratigraphy

Below are deseniprions of stratigeaphic units
shown on the peolopic map {Plaw 1) We employ the
stravigrapiic nomenchture of Broxton and Renean
{1995 for the Baodelier Tof! with minor maodifica-
fions to units O Ty smd Ol (Figures 3 and 93 For
sompanison, Figore 4 shows the approximate corvels-
tos of subdivisions of the Tshirege Member made by
sofe suthors For the Jemez Mountains amd arcas in
and around Los Alamas, including stratigraphic
meaenclature used mthis report. The oldest exposed
Bedrack in the arew 18 the Lo-millionsveaeold Oiow;
Member of the Bandelier Tuff. Descriptions of the
Dot Member asd Cerro Toledo nterval are based
largeh on work by Broxaon el (19%3a)

Urverving the Bandeher Taff are more revent
athovial and coluvial deposits, which have heen
mapped In detail by other authors (e.g., Mollonak]
ef al., 1994, Reneau and MeDionatd, 1994, Renvau o
ab., P9Rb: Kateman et al, 1999, Drakos and Renes,
vnibslisired mappg kbt are oot subdivided (n this
repert, Many areas within the stady area, especially
Mesita de Los Alamos {Plate 1) have been distighed
by Tsman zeivoitios o are covered by anifical Bl

AL (hrowi Member of the Bandetier Tufl ((Obol

bri she stady area. the Onowi Member s expesed
ortly m Los Akamos Canven, and has beenn epcounternd
i horeholes in Sandia aed Morusdad canyons (eg.
Pustvenun, P95 Vaniman ef ab. o preps Code et al,
it preps Kuhn, in prep. SAIC, unpublished data)
The exposed portion of the Ouowi Member in Los
Alaroos Canvon is 15-71 m 03949 1 thick, glassy
nenwvelded and nommdurted, and has no apparens
mternal fow of cooding unit comaars, 1 consists of
pumice lapilli, accidemtad Hihics, and phenocrysts in g
white to Tight grevao-pinkish, ashy matrix, The matnis
iw made up of glass shards, broken pumice fragments,
ana? fragments of perlite (Broxuo ee ol 1993503 Light
orev-to-pink ish-orange plassy pramioe lapiih e up
T30 of the it with pumice coment and stz
ingreasing wward the top of the unit. Pumice lapili
are (03 e om (2.7 w03 incshameser and contam
phennerysts of bipyramidal guany and sanidine,
Phenocrysts of quartz and sanidme range n sire from
.5 10 2 mm and make ap T8 9% of the wit Trace
amounss of clinopyroxene, plagiocksse, and hormn-
blende are alse present, Actidental Hhic fragments
ponstiute 29 5% of the uppoer part of the 1o are
0.3 ome-3 om § b in dearneter, and are mosily
derived from inlenmediate composition eoleanic rocks

of the Keres Group. Rare acvidental lithic fragmenis
derived from Tschicoma Formation dacite and
Procambrian bthologes are also present (Rroston ¢
. 19950

4.2 Cerre Toledo interval ((Jct)

by the ey ares, the Cerro Toledo interval 1
exposed] i clitls and stopes of Los Alamos Canyon
and encoumtered i boreholes in Les Alameos, Sandia,
and Meostndad canvons {Breston et al,, [958
YVandmar et ab, in prep Kubo, i prep. SAIC
unpibhished datal The interval exposed in the study
b s 39 10050 8y thick and consiats of privany
and reworked fephras and aliuvial gravels. The
tifaceous poriion of the Cerro Toledo nterval
contains both primary pumice fall depesits and
reworked ash and pumice. Reworked pnwe
inciudes both the tvpically aphyric purmice of the
Cerre Toledo Rivolie and reworked pumice derived
frami the CHowi Member of the Bandeler Tull, which
comaing phenoervsts of quartz and sariding. The uni
includes slluvial sands amd gravels that contain
abundant Tschieoma dacite pebbles o boulders
ovourring i lesticular deposits that are 825125 m
(%41 frrthick w this area. Numerous buried soils
within the sequence {MeDonald, snpublishad data)
mficate several hiatuses in deposition

A.3 Tshirege Member of the Bandetier Tulf (QObt)

T stratigragdny of the Tshirege Member of the
Bandelier Tull as described 1 this repott is shown in
Fisre 3. The degree of welding and crystallization i
individgual subunits of the Tshirege Member is dese
cribed i detail 3t the Towr measared stratipraphic
sections ¢ Plate 33 and is peaeratly consistent within
cach subuni throughowt the map area. The degree ol
wekding described for individual units & based on the
flagtenine of purice tapilh in hand specimen. and 13
comsistent with welding characteristies described by
Broxton ¢f af { 1993a) {or the Tshirege Member in the
TA-21 wrea.

Tsankawi Pumice Hed: The Taankawi pumnice bed i
the basal pumsice {all of the Tshiege Member and
ranges b thickness from 73 omto - (223 11
where exposed. The Tsankewi pumtbce consists of two
peovice fall wmits separated by thin msh boeds, The
lower 60 Fdeom 2224 foethick pumice bed congisis
of nurroathy graded pantice lapilliin s matris of
pheseorysts and coaese ah. The tao pritice beds are
separated by two 2-Foom (-3 i -thick ashy beds
ruade up of fragmented panvice lagih, ash, and
crvatals, The upper puimice bed s 1584 om -8 a0}
thick and grades 1w ash 81 the jop. The deposis




contain some hornblende-dacite pumice with minor
amounts of clinopyroxene and plagioclase, and
1%-2% accidental lithic fragments of dacite that range
in diameter from 0.5 cm—4 c¢cm (1.5 in.; Broxton et al.,
1995a). The Tsankawi pumice bed is exposed on the
north side of Los Alamos Canyon and encountered in
boreholes in the area.

Qbtlg: 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 part 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 Qbtlv.

In the study area, the base of Qbtlg 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 cm (4-10 in.). The lower meter of the
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, 1%—5% accidental lithic fragments, and
10%—20% phenocrysts. Pumice lapilli range from 3 mm
to 15 ¢cm (6 in.) in diameter and 3-5 cm (1-2 in.) in
diameter on average. Pumice lapilli are white to light
grey to pink, glassy, and fibrous, and contain 10%—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 cm (2 in.), and are mostly <5 mm in diameter.
Lithic fragments decrease in size toward the top of the
unit. Rare granitic lithic fragments also occur in Qbtlg
(Broxton et al., 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 Qbtlg are
more indurated, but nonwelded, bright orange, and
mostly glassy.

The top of Qbtlg is marked by the uppermost
occurrence of glass, with vapor-phase-altered tuff of
unit Qbtlv-c above. This transition is usually

gradational over about 10 cm (4 in.) to 1-2 meters
(3-6 ft) and forms a prominent notch or bench,
known as the vapor-phase notch (Crowe et al., 1978;
Vaniman and Wohletz, 1990; Broxton et al., 1995a),
which is a fairly continuous mappable marker
horizon across the LANL site.

Qbtlv: Unit Qbtlv ranges from 3040 m,(100-130 ft)
thick. We divide Qbtlv into two subunits: Qbtlv-c
(“colonnade”; Broxton and Reneau, 1995) and
Qbtlv-u (“upper”; Broxton and Reneau, 1995).
Qbt1v-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 Qbt1v-u
is shown as a welding break within unit Qbtlv-u on
Plates 1, 2, and 3 and Figures 3, 4, 5, 7, 8, and A14.
We use the term “welding break” to describe a
change in degree of welding [occurring over 1-2 m
(3—6 ft)] that may or may not coincide with cooling
or flow unit contacts. In the western part of the study
area, the part of unit Qbt1v-u above the welding
break is welded together with unit Qbt2 and is
included in unit Qbt2(+1vw).

Obtlv-c: The basal part of Qbtlv is a resistant
“colonnade” tuff (Qbt1v-c) that has characteristic
prominent vertical fractures that produce columns,
distinguishing it from overlying Qbtlv-u. Qbtlv-c
ranges in thickness from 3-7 m (10-23 f); its upper
contact with nonwelded unit Qbtlv-u is gradational
over approximately 1 m (3 ft). Qbtlv-c either forms a
continuous cliff with Qbt1g or forms steep outcrops
above the bench formed by the Qbt1g-Qbtlv-c
contact (Figures 5 and 6). Fracturing in the colon-
nade unit commonly extends down into unit Qbtlg.
Qbtlv-c is typically nonwelded, light pink-orange,
and indurated. It contains 20%—30% pumice lapilli,
10%—-20% phenocrysts and 1%—5% accidental lithic
fragments. Pumice lapilli are vapor-phase altered,
grey to purple to brown, and range in size from 3 mm
to 15 c¢m (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 are 1-2 mm
in diameter. Accidental lithic fragments are up to

2 ¢cm (~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.







Obtiv-u: Qbtlv-uis 12-30 m (39-100 ft) thick and
is 2 nonwelded to moderately welded, powdery, white,
vapor-phase altered unit (Figures 5 and 6). The base
of Qbtlv-u is marked by a decrease in induration
from underlying Qbt1v-c. Unit Qbtlv-u contains
10%—20% pumice lapilli, 10%—15% phenocrysts, and
<1%—3% accidental lithic fragments. Pumice lapilli
are light grey to purple-brown, have a sugary texture,
range in size from 2 mm to 8 cm (3 in.), and have an
average size of 7mm to 1 cm (2.5 in.). Approximately
10% of pumices are light gray and less vesicular and
may contain homblende. Accidental lithic fragments
range from 4-6 cm (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 areaisa
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 1-2 m (36 ft). In
the eastern part of the study area, the contact between
units Qbtlv 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 Qbt1lv-u to Qbt2. To the west, the
part of unit Qbtlv-u above the welding break is
welded together with Qbt2 to form a compound
cooling unit mapped as Qbt2(+1vw) (Plate 1 and
Figure 6). Our combined unit Qbt2(+1vw) is equiva-
lent to unit Qbt2 mapped by Broxton et al. (1995a) at
TA-21 and unit Qbt2 mapped by Gardner et al.
(1999) to the west of the study area.

Obt2; 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 Qbtlv-u fi.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 cm (6 in.) in diameter. This pumice swarm is
generally <1 m (3 ft) 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. (1998a) to the south and east of the
study area].

Unit Qbt2 contains approximately 10%—15%
vapor-phase-altered pumice lapilli, which range in
size from <5 mm to 8 cm (3 in.) in diameter. The unit
contains some white to light grey and less vesicular
pumice lapilli, which may contain hornbiende.
Phenocrysts make up 15%-25% of the unit, with
sub-equal amounts of quartz and sanidine up to S mm
in diameter near the top of the unit, and some
chatoyant sanidine. The unit contains <1%—2%
accidental lithic fragments that are up to 3 cm (1 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 jover 0.5-1 m (1.5-3 ft)) from moderately to

. partially welded unit Qbt2 to nonwelded unit Qbt3.

Qbt3: Unit Qbt3 ranges in thickness from 0-30 m
(0-100 ft). The contact between underlying moder-
ately welded Qbt2 and the nonwelded bfase of Qbt3 is

a fairly sharp change in welding, from moderately '
welded to nonwelded, that occurs over less 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 more pumice
lapilli, more crystals, generally larger crystals, and up
to 5% accidental lithic fragments. The unit contains
~5%-20% vapor-phase-altered, grey pumice lapilli
that are mostly ~1 cm, but as large as 15 cm (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 subequal
amounts, and are 1-6 mm in diameter. Accidental
lithic fragments constitute 3%—5% of the unit, and
are up to 15 cm (6 in.) in diameter, but are mostly

<5 cm (<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 overlying unit
Qbt4 (e.g., Gardner et al., 1999) is not present in the
study area, either because of erosion or nondeposition,
and the original top of Qbt3 is eroded in places.




A4 (Mder Awvinf Deposits (Qoal)

Ofeder aliovial deposits Hloal) witha the study
arep comsist of daciterich atluvim that was deposied
on top of the Bandeher Tull pry 1o and during the
meeption of mamwr incision of present-day drainages
{Benvau, 993 These older alluvial deprsiis oo
in Sandia Canven, atong an crosional bench atong
the edye of DI Mesa formed betsween moderately
welded wmt Qb2 and ponwelded pnit Qb3 and in &
strvall tributany to PP Canven and (Plate 11 Qoalin
thy ribistary 1o DY canyon was deposiled agmnst g
stream-potished wall of wnit Obt3 and eomaing
consotdated. stratified sands and gravels, Ulasts e
ws farge as o 15 ) e dlameter and schude sircane-
rounded pravels derived from Tschicoma Formation
dagites exposed in the Sterea de Jos Valles 1207 of
the clasis) and welded Tshirepe Member units
{-80% of the clasts; Rencan, 19933

A5 Recens Alluviad amd Terrace Depoxits
(i

br ttis repont, recent alhievied deposits and
wrrace deposits are generally net broken out s
separate nnits and are shown on Platwe | as Calbin
Lt Cral comsists of relatively voung alluviom along
stroam chonnels and includes presently active
channels and adisernt Poedplams, low ersces, and
assotinted colluvium, Qal alse mciudes achive
channet bottoms with fitgle or o lluvium whaere
exposed bedrock units were too small w break out s
separate map unis, Boreholes in Sandia and
Maorandad canvons muhicate the camvon botlom
atbpviam 1 as thick as 24 m {79 /] kuba, i prep.t
Eipit Q1 consists of stresm terraces along the maodarn
drainages and above the present canvon floors. Unn
Oral+0n ncludes coarse sand and pravel that repre-
sent bed-load sediment deposits. medivm sand 1 silt
deposits that represent overbank sediment deposits,
and some colluvivm derived from adjacent slopes

A Colluvinem (e}

Uinit Q¢ meludes deposits on sieep slopes e
sevord primasihe gravity-driven ransport and deposhis
on gentle slopes that record deposition by surface
sunefl e includes deposits tha have & wide range
inonrigin, texture, and ape that were ot praviical 1
subdivide w this investygation. In addipon, on may
presa tops, L inclsdes Ane-gratned deposits that are
prohably desuinated by eoling sediment. although this
eolian sediment may be locally reworked by swrface
runolt and'er mined with other mpterial by
Sioturbanon Qo inchedes deposits tha? range n age

frowmt <5010 H0 ke (pre-E1 Cagele pumice ) 1o presend
{Rems, 19951 Snsall thin patwches of colluvial vaver
that dis net ohsoure underbving stratigraphic relstions
swpre generaty not reapped and are g luded on

Plate | in ather map wints. Where it was possible To
determuine the undt direetly smderiving D s shown
vy Pare 1 as O3 for example, 1o indicate tha
thin coliuviem overlios gnn b

AT Arsificial Fill

Artiticial 111 and areas of anthropogenic
chisturbagees are widespread i the mapr areg, On
Plate 1, this antt incally includes higleby distarbed
wreas. sucl oy roagds, parking lots, and areas around
buildings. Mam areas that include pateley or thin 14l
were mapped as the undetlying stratigraphic unit

B, Mineralogy and Geochemistry of Tebirege
Member Unity

B.2 Mineralogy

Exammation of thin seenons and XRU snalyses
of whole-rock samples colfected from messured
stratigraphic sections {Flate 1 Appendis A) show
that the Tshirepe Member units Qb through Qb
consist prisnpriiy of guartz = feldspar 2 cristobalite 3
midyasite = ghass {Appendin B, Faare 73
Hormblende. biotite, magnelite maghemite, hematite,
caleire, hulite. and scapolite ocour in minay amounis,

Chinss 1 prosent moumt bl g and the fower
portions of U3bthvc and oeours @ pumice lagilh and
shass shards i the asty matri. Glass makes ap
S0 T of unit Obtlg, bt the abundance of plass
drops off dramaticalls up section within 1.2 meters
£3.7 111 of the Qb ObtDy-c contaet. No glass 1s
presem e meisured sertions {Plate 15 above uni
b iv-r (Fignre 7y Feldspar ovcurs as phenocrests (o
the matrix wmd pumces and micralites i pore spaces
anst along the edges of pumice and glass shards, wnd
makes up 20608 of units bt g 1 O3 Febdspar
aburdance moresses sharply from approshnately
0 i O g o 00 i overlying units (Figore 7).
Samples from uniys Qb g te O contatn 10%-300%
quariz, which occurs a5 phenoorysts in the pumice
aned mariy, Although there are some sanations.,
reneralby the abundenee of guarte moreases up
sectbon Trom wmit Qb lg o Ohtiy theo remmwns frly
constant Uroaeh anits Obt by, QM2 and Ol
Cristobaling constiutes (% 13% of umis Ot lg to
O bs preatest i abundance near the wp of Obtiv-g,
and decrenses upwards inunit Obtiven (Figure 7y
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Figure 7. Variation diagrams showing mineralogy of tuffs in stratigraphic sections AHF-S-1, AHF-5-2, 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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Uristohatite decreases b near §% above the weliding
break in Ot beeu and oung Q2 then increases 1o
S 100 ip Obe3 Costebalite eceurs as axoslitic and
spheruitic growihs that have replaced the origing!
shuss shards i the marix, Tridviiie constitutes
80307 of units Obtl g through Qb3 Trdevmiw
abomlance vanes inversely with gristobaite

(Figure 73 and wah the exception of 3 peak @ U
base of anit Obiver in section AHF-S-1, shows g
sharp morease an the top of ol O veg, inoreses
upeard within wedt Ob en and Q2. and thes
decrenses in unit b3, The upper part of unit

Ot bveu, penerally above the welding braak 1n uni
Ot ven, contains the fghest shundance of tridymite
in the Tshivege Member Iron oxides sre more
abundant w Obthv-o thus in overbeing unlt Oht by
ard pocur a5 altered mafic phenoerysts, observable m
thin sevtion, as webl s magnetie/maghemite mic-

B L

a) fe ] . Frevt

oz omog -
ki " O »
. B .
E Cittwy o T G i
: s el § R -
b Tt Tvsn ]
k- i Ew
o S ier B s st Sweg [}
FLE R - ﬁ .
z L . — Otel g
Vit 1 e | |
Litig Ll ™

ervstuls an shards (oo Schlinger et al. 1988, Stimac
etal, 1996, and porbaps heowiite coment i the
maatris. Horoblende ecours pomartly mount Obtiy 23
micraphenoorysts G matrns, and i pumice,

B.2 Geochemistry of Tshirege Member Units

Results of XRY analvses of bulk rock samples
fram unis Qb through Obis are wbulated in
Appendin C. Variation o 310 and TI0, with height
in e strasmraniie sections is shewn i Figures 8a
arut Bh Se0 contend inanits Ubt] throueh Ohi3
ranges from 730078 %, and is peneraliy lower in
anits (M lg and Obthvec than i units Obtiven, b2,
art O3 {Figure 8a). Figare B shows 2 peasral
wwrease @ T goang up section from unit OBty 1o
Q3. Although there are vartations in the S0 and
TH0, content between units, these varigtions alone are
ot destanet enentgh (o ose for differentiating units in
s part of the Tshirege Member section (Figars 81
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C. Structural Geology
C.1 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., 2001, 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-53-3f) at LANSCE (Plate 1, F1) 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 N16E, 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
F1 is an approximately 1-mm-wide zone of crushed
phenocrysts and crystallized glass shards with
reduced porosity (Figure 9c) compared to the Qbt3
protolith. 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 10); individual, undisturbed
crystal faces can be seen on the slip surface. Fault F1
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
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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
(Platel, F2). These fractures and faults deform
roughly the same part of unit Qbt3 as fault FI.
Approximately 150 fractures were counted within this
zone. Orientation and width were measured for 71 of
these; those with maximum widths <2 ¢cm (<1 in.)
were not measured because they are likely to be
cooling joints that are typical in the Tshirege Member
(Vaniman and Wohletz, 1990; Kolbe et al., 1994,
1995; Wohletz, 1995, 1996; Rogers et al., 1996).
Maximum widths of measured fractures range from
2-60 cm (1 in.-2 ft); 70% have widths <10 cm
(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 11a). 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 11b). 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 aligned lithic
fragments defining the foliation. By analogy with
fault F1, foliation could be associated with deforma-
tion band faulting; however, overprinting by clays,
calcite, and roots make it difficult to detérmine 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 Vaniman, 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 cmi (2 ft) wide
that exhibits considerable brecciation of the host tuff

(Figure 1l1c).
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Figure 10. (a) Back-scattered electron image of the slip surface of fault Fl, 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).

% A i
Figure 11a. Photograph of 15-20-cm (68 in.)-wide fracture or fracture-based fault in nonwelded, vapor-phase-altered unit
Obt3 north of the lagoons in fault zone F2, filled with fine-grained ash, pumice, lithics, 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
NI12E + 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 1, 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
Qbtlv-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 ~0.6 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 1).

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.




.2 Zones of Changes in Dip of Stratigraphic
Markers

it Obrie through Qbis seihe approximately
N1 and dip between .37 gnd 3.4 1o the somheast,
The weergge dip on all anits across the study ares 5
about LI 1w the southeast, Three-dimensional
surfaces defined by the tops of unis Qv g 1 02
show consistent but subtle patterns of changes o dip
on the arder of 1927 (Figures 15a- 3dy Three
subparatiel panes of changes w dip (steepening o the
pisth were recognized oo e top of units bt g,
O v, b ben, angd b (Figures 138154
Pased on the 3.0 surface models, these zopes remd
approsunately NI10-[3E parallel w0 the generad strike
of bedding o this ares. The westermmost gome 15 an
morease i eastward dip of approsimately 8.5 on the
ops of Obtl e and Ol vz, bur ne changes i dip are
apparent on the sop of Qb2 however, anomalivs
e top of the Qb2 surface exist m the northermmest
part af the study ares (Figure 133 The central zone
i an mcrease i castward dip of - 2% on the top of
Ol <1 o the top of Obthyvsg, 2% 05 the top of
D vent (3his hange oocurs imxhrr sonsthy than on the
tops of Ot g, Obt beec, and O and may navt be g
part of the same feature), and 0.8° o the iop of Qb
{this chanae ocours further eass on the lop of (b2
than on the taps of Ol Obrivsc, and Qb ]veu)
The eastermmoss zome 18 an nerease in sastward dip
of - 17 ous the gops of Ot L and Obtlveg, (.6% on the
top of Obtlv-u, and .27 on the wp of QM2 (how-
ever, data are sparse for the tap of Qb2 in ths area,
and @ greawer changs in Sip s apparent s the ot
eastern part of the aread. Faedl FI coincides with the
central xone of change wm dip, and fauh zones 2 oand
F3 coingide spprovimumely with the easwern zong of
change m dip. Although these dip changes are small
1 mgnitade. they ocour i approximately the same
location i sl umits, and the magniudes generalhy
appear 1o deeredse up sechion,

Y., Discussion

A, Mtratigraphy of Tshirege Member and Post-
Bandetier Tufl Linits

Pshiirege Member stratigraphic units described
i s report o the ares of TAs 5, 83 1173 fmf 3
mechude unies Ohtlg, Obbver, Qbadvu, l‘ihm slvwel,
2, angd b, Demailed mapping of these units,
based on varpions inowelding and ervstullization,
across the study arca provided nsight inte how these
units vary kterally and how they correlate 1o siratiy-
mphy described by previvus workers, Petrographic
and geochenucal dara further support cormelation of

arits 1o those previously deseribed and reveal
distinetive characteristics that are useful for
cifferentrating units,

A4 Cemparispn of Tshirege Member nits to
Previons Strdics

Tshivege Mentber units mapped snet deseribed
wy thits study generally correlute with those deseribed
i previeus geologit mapping. borghole, and strate
grapiue studies (Figure 4). Some diflerences i
plasermsn of contacts between Plate 1 and previeas
raps are dug 1o the scale of mapping wnd the accurac
of the topaeraphic base maps wsed for mapping. and
some are due w ifferences in stratigeaphic pomen-
clature and ortteria wsed 1o subdivide units, Variabions
i mineraiogy {e.g., ghass, midvmite, cristobalite. and
feldspar contenty and W devirification and vapor
phase alteration fextures, based on XRD analvses and
charscteristics of the units i thin seCHon, are
consistent with those of Broxton et al (199541

Lini Qbt g & recopnized and broken our in
most weorkers ws o distinet glassy unit at the ase of
the Tshirege Member, Crowe et al (1978 mciuded
both il bty and Obtlv in amit Ol with no
subdivision. Unit Qbtig s directly comelative 1o uni
A of Ropers (1995,

The vapor-phave altered unit Qbily has been
divided na nambwer of wavs over the vears, Owr une
bt Dy-e (ooodonnade™y correlates with unit Obtth of
Habz 2 al (196370 wnit (O i of GolT (1985, and
the colonnade uniy {0 veg) of Broxton and Reneau
(1995 amd Broston ef al. (1995, 1993by Linis OB
of Rogers (19931 includes our unis Qb v and
b Tvew. Owr petrographic obsarvations of devirifi-
catwon and vapor-phase alteration minerals wid
tesiures b by are consistent with thuse of
previongs Hvessigmon

The recoenition of 8 mappable wekling break
within unit Cbt I v-u, and mclusion of de apper
welded parr of Qb Dvay inooei Q2 bow i the
western pary of the ares i helpfol in charifymg
inconststencies 8 to how the U100 contact has
been previousty mapped or deseribed. 9 the easiern
part of LANL, the Obt 0010 comtact has gonerally
been placed as a Thw and cooling unit contact
(Rensaw er al, 1998a) that 1s comumuonly maarked by
prrclastic surges, punicy swarms, and an upward
prerease b wekding (Figure 31 0n the ceneal 1o
western portins of EANL the Obtlv-{3h0) contar
has generally been plaved it a gradatonad ypwants
ingresse mowelding ez, Brosion gtal, 19934,
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Figure 13a. Contoured upper surface of unit Qbtlg. Points are derived from the mapped unit Qbt1g—Qbtlv contact (see text for methods).
Faults 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-f grid spacing;
the contour interval is 10 fi. 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 1.
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Figure 13c. 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 Qbtlv-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 Qbtlv-u have been included either in unit Qbtlv
(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 Qbt]v-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
Qbt1v/2, which is equivalent to our unit Qbt2(+1vw).

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., 1998b; 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 1. 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 of nonwelded 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
coliuvium 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
headward 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 of this canyon has
been incised 3—6 m (10-20 ft) below Qoal 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 of DP mesa is not
certain, but is inferred to be early Pleistqcene 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.,
2001; 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 faults could be
traced across mesa tops or canyons (Plate 1); 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 13a—13d). Purtymun (1968) suggested 4.3 m
(14 1) of vertical displacement across this fault based
on two boreholes that were located approximately
1 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 fauit F1;
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 F1 (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).




Fanlts and fraciures wozone P2 at the moadon
anrth of the Jagoons i nomvelded st Qb3 are
more abundanm than fractures sisewhere e Ul
{mchuding adjacent exposwres 3, have overall greater
widths, and in some coses display catschasng wx-
tures. Many of the fractures i zeses P2 and FImn
be covimg 1oius thar wers reactivated by feetoniu
activity (e, Lewis gt ab., 2002 Cooling joints i
e Bandelior Tl are penerally vertical, ovenly
spaced crachs of shor bateral extent and singous
strike that commenty jerminate at other joints,
formmg regikar poly gonal columng with diameters
<3 me 10 fee., Rogers et al., 19961 The orienia-
o of cooling joints depends on the otientation of
principal stresses within the 10T durisg cooling:
orientaton of jonts can be mfluenced by a combma-
tots of reglonal tectonic stresses and local stresses
puposed by underlving opograplis during the
processes af compaction and welding. Fractures i
one P2 have g mean strike direction of N12E, byt
comprise three promagent sets of strikes (N, NAOE,
and NAWL These strikes sre similar 10 those
documented in previous fracnee steghies w the
Bandelier Tuff thay show, in some loealines, 3 orude
beenodal distribution thas delines a conjugale system
of northwesterle und northeasterly oriented fracture
sets e, Paryman of al, 1995, Walilerz, 1995,
199, in preparation). Fracture densities m zone F2
{56 fractures’ 3 m ) are ahove hackground fractre
density wnd equivalent © maximom fracture densities
documented in nonvedded vt 015 & orher siies
around LANL fe.g. Rolbe etak, 1994, 1995
Purtsmspn et al., PR95Y Locally hizh fracture densities
are in sonwe cases associatedd with knonwn faules
{Mamdmman and Chipera, 1995 and bave been used 1o
infer underlying faudts (Vaniman and Wohletz, 1990
Wiohibprz, 1003 19961 AL TA-G7, howsever, relagively
fow wvadues of feactare density have been measursd
near faubts, and higher than average values have been
mepsured where ne faslts woere wdentified (Kolbe o1 5l
190a: Reneau o1 al, 1993 Widths of fractures and
faules in zome F2 are abso shove backeround com-
pared to other sreas arotnd LARNLD (e.a, Vaniman
and Wohdetz, 1990; Kolbe ot al, 1993 Renepu et ab,,
FHOS Vaniman and Clipera, 199357 and compared 1
adcent exposures o the west on Mesin de Los
Alamos

The existence of both fracture-based and
deformation hand faols, a5 seen in St FL oangd
somes F2oand F3, s net unusuad 1o nemwelded, vapor
phase abtersd s Hke unid Ob3 (Wilson et al,
20021 Prelindnary results sugpest that vapor-phase
aberation of 2 nonwelded ntmbrie nereases 2rom-

to-grasn contacts withan the mff matrix, increasing oy
strength and atlow ing it o deform by Frachores as
well gz deformation bands { Wikson ¢ al, 20021
individua! deformation bands can be formed Trom ax
Httle s 1 v o contimeters of displacement, and are
well developed in faults in nonwelded taff with <4 m
{3 1 of dsplacement (Wilsag el gl 2001, 2007,

i prep. bV ae-grained moateral fling many of the
fractures i zone F2may be orashed waff resulting
from smalt-displacement faulting, a5 has been
deeyrmented at MDAG (Rerwan and Vasiman,
PR, Some of the falts in zone F2 may be defor-
myation pand fauls formed by gram size reducdon, oy
determined tor fauh P however, heave sverprading
by raat growth and associsted deposition of clay and
caleite makes v diffieult to recognize faule tabyses in
zome F2. The vaboite i these faulis Bhely results fram
hielowseal and chesmionl processes 1o which plant
roots i the fauls and fractures are eonverted 1o
caleite, as praposed by Newman o1 al {1997 and
Reneau and Vaniman {19981 for fracture §11 0 uni
2. Without deratied structural and geochemical
analyvsis of the material filling fauls and fraciores, §t
15 not olear i the origis of Tractre-Timg muterial in
rom ¥2 1 due to infilling from the surface o
cmachasis. Structures hke these are the sabyect of
otgoang study (g, Wilsor et al, 2001 2002 n
prep. Clay i mamy of the fractores s lkelv 1o be
smectite-rich, as determmed for sther deformation
band fTaults in nonweliled parts of it OB {Wilson
et al, 20023 and for fractare il in welded party of
it O3 {Vansman and Chipera, 1995 Vaniman
etal., 20021 Clay may have been transporied in
cotleidal foem froas the surface by warer mfiltranmg
sthomy rects (o2 Davenport ot sl 1993 Vaniman
ared Cldpera, 19955 however this bas not been
comfiemad. Wening snd drvmg of swelling clays like
srectite Nkely pspened cracks that acteil as pathways

for warsr,

Zones F2 and F1 comeide approximately with
the eastern zone of change i dip on Gw top of usits
bt g, Qb Dver, anad 00 bv-u, The change m dip on
the top of uni Obt? 1 less apparent, suggesting tha
the change i dip may be due to deposition over
patleosnpography, et data are sparse. Based on the
orientation of fraciures and fauhs measured In zongs
F2oand F3and the ortentation of zone F3, it would
not appenr thae these zones are connected; however,
hoth zones fte along the same Change indip of
Eshurege Member contacts (Figore {3a-dy We
refterate that the orteniation of iactures wilnn zone
F3 i vartabde and may reliec) the onentanion of
cooling joints. In addition. the orientation of fractures




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 F1 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, 2001; 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 37 m
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 al.,
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 suggest higher
unsaturated permeabilities in the fractures than the
host rock (Wilson et al., 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 100 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 et al.,
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 would 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-displacement 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.




Dretadted studies elsendiere on the Pajario Phitcsg
hiree Found stmifar smialb-displocement tauits of the
seale Tound i ths smady fe.g., Renean et al, 1993,
FOR8a). The density of faults Tound in the siady ares
1s relatively tow, with onby Tour struciures with
measurable dispiacement on stratizraphic contacis,
indicaring that this & a fagly stable pant of the
Pajarito Platese with relatively Jow potential for
sebsniie surface rupture, Probabilistic analyses of
surfgce maptare potentiad by Ol et al, (1998, 2001
at TA-3 for the Rendijn Cunvon Bl zone and
TA-16 {or the Pajarito faull sugeest that even i the
pase of Feine L D0wear events, selsmic surface
ruptufe s oiby o messurable havard on the main
praces of the Pajarito and Readifa Carvor faals. In
both cuses. the main splays of the faults have
cumiative vertical displacements of 15 (230 1)
im Tshirege Member units, Therefore, the smadl
displacenrent faults found i this study have
exiremely bnv potential for selemic surfaee rupture.
We der 3t ighly unlikely that these faults sould be
resctivated as major surface repluring fagls during
Future carthguakes,

Y1 Conchusions

Changes in covstatbization and welding chame.
terisfics of units Obrig trough Qb of the Tshireee
Member of the Bandelier Tufl in the nortdi-cemral 1o
sorthenstern partion of LAND provided excellen
stratigraphic markers for examining the structuse of
the arex and determining the polential for seismic
surface rupture. Ishireze Member units stnke
apprecimately N15E, and on average dip abow 1L,
with maxinnen dips of 34°E. Lateral vanstions in
webding it units Qbrlv and Qb ted us o modify
stratigraphic nomenclaure of pans of these unys,
which heips clarify inconsistencies in previoys
mapping of the wmt O Iv-ObLD comtact, Our
vestipations reveated several small-dhsplacemam
fiales with fundled latersd exient. No indviduat Bl
Bagd = 1.5 m (05 1) of vertical (primarily downeto-the
westy chisplacement of mapped contacts; however,
several Taules and frectures crop oul b areas where
ne strmigraphic markers were exposed to defermime
the wmeount of displacement. The preseoce of faulting
i shese areas was bised on identification of
sataclastic textures including deformation bands,

which are tepieal of Tl in nomwelded ufls and
urithifted sediments, The zone of fractures and
fauits exposed 10 the north of the TAS3 fagoons
addpionatly has fracture denoties and widihs sbove
background levels for this area wnd other arews of the
Pajariie Platean. Saane faohs and fracture zones
coingide wath changes in dip (on the arder of 1527
of mupped Tshirege Member contacts. Changes i
i could refleet distributed faulting, but mere Jikily
reflesr deposition of units on ivegalay topography,
which i suppivted by smaller changes in dip higher
i the stratigraphic sectivarn. Faolting n the area
vogurred some tme vnce 1.3 Ma, based on dsplace-
mtent on the Tshivege Member of the Bandeler Toft
Wapped falts and fracture zones Le sast of the
Pajarito fault systens and are not clearty connecied
with the Sawyer Canvon faoh or ather mapped or
wferred structures. Rather, these small-displacerem
fmhs likely represent subsidiary distributed fmlung
assoeiated wih carthquakes on the Pajarito ol
sestem. The distribution and skze of faulis found in
this sty sugpest that the ares is a relatively stable
part of the Pajgrito Plateau with extremely low
patenial for seismic surface 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 2 ft
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).

37







163?200 163?400

O e
WO T T

Northing {feet)

-1=~1769000

Easting (feet)

Figure A-3. Geologic map showing the location of samples from stratigraphic section AHF-M-1. The cntour interval and grid

are as in Figure A-1. Map units and symbols are as on Plate 1.
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Appendix B. Mineralogy of Samples from Whole-Rock X-Ray Diffraction Analyses
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76.29
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75.17
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TiO,
0.07
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0.08
0.07
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0.07
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0.09
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11.62
11.60
11.54
11.67
11.73
11.23
11.44
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11.68
11.74
11.63
11.70
11.60
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11.55
11.66
11.91
11.74
11.52
11.81
12.13
11.60
11.53
11.52
11.79
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11.66
11.69
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11.85
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11.89
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1.49
1.44
1.47
1.46
1.45
1.35
1.44
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1.44
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1.44
1.43
131
1.43
1.42
1.45
1.47
1.49
1.54
1.49
1.44
1.42
1.48
1.56
1.50
1.46
1.80
1.56
1.52
1.37
1.47
1.61
1.61

MnO
0.08
0.07
0.07
0.08
0.07
0.06
0.07
0.06
0.07
0.06
0.06
0.06
0.06
0.06
0.05
0.06
0.05
0.07
0.07
0.08
0.09
0.07
0.07
0.07
0.07
0.06
0.06
0.08
0.08
0.07
0.06
0.08
0.08
0.07

MgO
0.06
0.06
0.00
0.06
0.22
0.16
0.00
0.00
0.07
0.06
0.07
0.06
0.00
0.00
0.06
0.08
0.08
0.00
0.07
0.00
0.08
0.06
0.00
0.07
0.00
0.00
0.00
0.15
0.00
0.16
0.13
0.00
0.00
0.08

Appendix C. Whole-Rock Geochemistry

CaOo
0.43
0.32
0.36
0.20
0.89
1.7
0.17
0.35
0.38
0.29
0.29
0.27
0.27
0.32
0.31
0.26
0.29
0.29
0.52
0.39
0.32
0.18
0.23
0.26
0.23
0.20
0.26
0.35
0.49
1.14
1.56
0.15
0.27
0.24

Na,O
428
4.04
3.60
4.10
4.14
4.02
4.17
4.08
4.25
413
4.09
4.13
4.07
4.15
3.96
3.94
4.04
4,00
3.86
3.99
391
4.11
4.17
4.15
425
3.99
4.18
3.97
3.52
3.55
3.79
4,16
4.29
4.15

K0
4.23
4.23
4.95
434
440
424
430
4.8
443
436
434
4.36
434
442
436
432
439
4.23
420
442
4.40
435
432
4.28
445
442
447
4.26
5.04
4.66
428
4.39
4.46
437

205
0.00
0.01
0.00
0.01
0.16
0.01
0.00
0.00
0.00
0.00
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.07
0.02
0.00
0.00
0.02
0.01
0.00
0.00
0.02
0.07
0.01
0.01
0.00
0.01

LO}
239
1.62
1.54
0.
1.08
1.61
0.30
0.19
0.17
0.16
0.32
0.24
0.25
0.17
0.31
0.28
0.37
1.89
1.81
1.08
1.05
0.46
0.31
0.30
0.24
0.34
0.15
0.27
1.64
1.84
2.00
0.44
0.40
0.60

Total Maj
97.51
98.28
98.35
99.18
98.82
98.29
99.61
99.72
99.76
99.75
99.60
99.68
99.67
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
99.34

Zn
117.5
121.6
105.0
119.4
94.8
97.9
113.1
96.7
789
81.5
73.0
77.2
66.2
52.6
509
72.7
499

112.8

104.4
86.9
90.7
109.4
168.7
92.3
91.0
74.8
73.1
111.9
114.9
102.5
804
1.7
1125
98.9

Rb
2315
206.5
217.0
199.3
205.4
195.6
204.6
184.8
171.6
154.5
147.0
138.7
139.4
144.8
140.4
105.4
107.1
2211
200.2
215.3
145.7
198.1
193.5
170.8
163.8
144.7
140.7
120.7
2433
190.6
155.9
207.6

2194

168.2

Sr
149
15.2
20.0
212
28.7
22.2
13.2
19.2
22.1
20.2
19.4
19.1
19.5
15.6
16.0
21.8
22.8
16.0
229
21.7
19.6
14.1
10.6
15.2
19.2
14.4
19.8
28.3
23.2
38.1
35.7
15.6
14.1
17.1

Y
84.1
834
88.6
83.5
73.5
79.7
727
62.1
60.1
55.3
47.2
44.0
52.4
38.0
39.8
379
359
86.5
83.6
79.8
98.4
72.5
92.5
80.2
90.3
574
45.1
40.5
95.3
71.8
63.6
63.0
93.2
54.9

Zr
2245
200.2
207.7
214.0
215.5
190.8
198.9
197.7
214.1
218.0
213.7
208.3
198.8
202.2
200.7
212.7
229.1
2149
2015
218.0
229.0
199.9

1986

207.7
2174
217.1
213.8
194.0
241.6
206.9
198.6
210.8
2343
226.8

Nb
116.4
95.4
99.9
96.5
93.0
95.3
92.7
744
68.8
722
59.9
72.5
69.8
62.4
65.3
58.7
532
113.2
100.9
108.4
106.6
95.8
87.1
92.7
83.1
64.5
72.1
61.8
111.2
83.8
80.4
105.8
115.3
72.6

Ba
56.4
BD
52.7
115.9
BD
58.2
BD
65.6
BD
78.2
BD
70.0
95.3
65.8
69.9
171.5
107.9
BD
73.5
94.8
65.8
BD
52.9
61.4
65.5
BD
180.0
94.9
73.7
104.4
62.4
90.7
BD
48.4

Total Trace
0.11
0.09
0.10
0.1
0.09
0.09
0.09
0.09
0.08
0.09
0.07
0.08
0.08
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

N
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