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Abstract 

GEOLOGY OF THE 'VESTERN PART OF LOS ALAMOS NATIONAL 

LABORATORY (TA-3 TO TA-16), RIO GRANDE RIFT, NEW MEXICO 

by 

Claudia J. Lewis, Alexis Lavine, Steven L. Reneau, Jamie N. Gardner, 

Ryan Channell, and C. William Criswell 

ABSTRACT 

We present data that elucidate the stratigraphy, geomorphology, and structure in the western 

part of Los Alamos National Laboratory between Technical Areas 3 and 16 (TA-3 and TA-16). 

Data include those gathered by geologic mapping of surficial, post-Bandelier Tuff strata, 

conventional and high-precision geologic mapping and geochemical analysis of cooling units 

within the Bandelier Tuff, logging of boreholes and a gas pipeline trench, and structural 

analysis using profiles, cross sections, structure contour maps, and stereographic projections. 

This work contributes to an improved understanding of the paleoseismic and geomorphic his

tory of the area, which will aid in future seismic hazard evaluations and other investigations. 

The study area lies at the base of the main, 120-m (400-ft) high escarpment formed by the 

Pajarito fault, an active fault of the Rio Grande rift that bounds Los Alamos National 

Laboratory on the west. Subsidiary fracturing, faulting, and folding associated with the 

Pajarito fault zone extends at least 1,500 m (5,000 ft) to the east of the main Pajarito fault 

escarpment. Stratigraphic units in the study area include upper units of the Tshirege Member 

of the early Pleistocene Bandelier Tuff, early Pleistocene alluvial fan deposits that predate 

incision of canyons on this part of the Pajarito Plateau, and younger Pleistocene and 

Holocene alluvium and colluvium that postdate drainage incision. 

We discriminate four sets of structures in the area between TA-3 and TA-16: a) north-strik

ing faults and folds that mark the main zone of deformation, including a graben in the central 

part of the study area; b) north-northwest-striking fractures and rare faults that bound the 

eastern side of the principal zone of deformation and may be the surface expression of deep

seated faulting; c) rare northeast-striking structures near the northern limit of the area associ

ated with the southern end of the Rendija Canyon fault; and d) several small east-west-strik

ing faults. We consider all structures to be Quaternary in that they postdate the Tshirege 

Member ( 1.22 million years old) of the Bandelier Tuff. Older mesa-top alluvial deposits 

(Qoal), which may have a large age range but are probably in part about 1.13 million years 

old, are clearly faulted or deformed by many structures. At two localities, younger alluvial 

units (Qfo and Qfi) appear to be truncated by faults, but field relations are obscure, and we 

cannot confirm the presence of fault contacts. The youngest known faulting in the study area 

occurred in Holocene time on a down-to-the-west fault, recently trenched at the site of a new 

LANL Emergency Operations Center (Reneau et al. 2002). 
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I. INTRODUCTION 

Los Alamos National Laboratory (LANL) lies 

within the Espanola basin of the Rio Grande rift, a 

tectonically active zone of east-west crustal exten

sion (Fig. I; e.g., Kelley 1979; Manley 1979; 

Golombek et al. 1983; Chapin and Cather 1994; 

Kelson and Olig 1995). The Rio Grande rift is a 

major tectonic feature of the North American conti

nent and exhibits a long histo-
ry of faulting, volcanism, and 

seismicity (e.g., Riecker 1979; 

0 

t 
N 

~ 

Albuquerque 
Basin 

r ' . 

' 

I. Introduction 

tial through detailed studies to identify faults and 

gain understanding of the area's structural geology 

(Olig et al. 1996; Gardner et al. 1998a, 1999, 2001; 

Krier et al. 1998a, 1998b; Reneau et al. 2002). 

Previous studies focused on the stratigraphy, geo

morphology, and structure in and around TA-55, 

TA-3, and TA-16 (Fig. 2) in relation to siting of 

new facilities or evaluation of existing facilities, 

particularly those that handle hazardous or radioac-

50km 

Sangre de Cristo 
Mountains 

Baldridge et al. 1984; Keller 
1986). Abundant data indicate 

that the rift continues to be 
tectonically and magmatically 
active (e.g., Sanford et al. 

1991; Baldridge et al. 1995; 
Wolff and Gardner 1995; 

Machette et al. 1998; Steck et 
al. 1998). In the vicinity of 

Los Alamos, the western mar
gin of the rift is locally defined 
by the Pajarito fault system, 

which comprises the potential
ly seismogenic Pajarito, 

Rendija Canyon, and Guaje 

Mountain faults (Fig. 2). 

Paleoseismic studies indicate 

that each of these faults has 

generated multiple prehistoric 

earthquakes of approximate 

magnitude 7 (Gardner et al. 

1990; Wong et al. 1995; 

Kelson et al. 1996; McCalpin 

1998, 1999). The frequency 

and future likelihood of these 

large earthquakes are topics 

being addressed by the 

Laboratory's Seismic Hazards 

Program. 

r-· :·: ·· ... ::: 1 . · .. · ... : . : . .. 

The LANL Seismic Hazards 

Program is focused in part on 

evaluating specific areas for 

seismic surface rupture poten-

Rift-fill 
Sediments 

Quaternary and 
Tertiary Volcanic 

Rocks 

Precambrian 
Granitic Rocks 

Figure 1. Map of the Rio Grande Rift in Northern New Mexico. 

Major fault systems are shown schematically (ball on downthrown 

side). VC is the Valles-Toledo caldera complex, the source of the 

Bandelier Tuff (modified from Gardner and Goff 1984). 
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Figure 2. The Pajarito Fault System. The map shows the study area and the faults and folds of the 
Pajarito fault system (bold black lines) in the vicinity of Los Alamos National Laboratory. LANL is shaded 
light gray. Fine, dark-gray lines are roads; broad, medium-gray lines are technical area boundaries. Blue 
lines are stream channels. Abbreviations: DDG, Diamond Drive graben; GMF, Guaje Mountain fault; PF, 
Pajarito fault; RCF, Rendija Canyon fault. Stars indicate sites of paleoseismic trench investigations in the 
Pajarito fault zone (McCalpin 1998; Reneau et al. 2002). The structure in the northwest portion of LANL 
is from Gardner et al. (1999) and that in the southwest portion of LANL is from Gardner et al. (2001 ). 
Coordinates are northing and easting in State Plane Coordinate System, New Mexico Central Zone, 1983 
North American Datum. 
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tive materials and have a need for maintaining con

tainment integrity. Difficulties in correlation of 

geologic units among these areas and interpretation 

of structure in the western area of the Laboratory 

have arisen due to the absence of continuous, con

sistent, and detailed geologic mapping in the area 

east of the Pajarito fault escarpment between TA-3 

and TA-16. This area contains active facilities that 

handle hazardous and radioactive materials, mater

ial disposal areas (MDAs), and sites of ongoing 

LANL Environmental Restoration (ER) Project 

activities. This area also contains outcrops that are 

key to understanding the Quaternary geologic evo

lution of this part of the Pajarito Plateau. 

The study area for this report (Fig. 2) covers about 

8 km2 (3 mi2
) contained within a large number of 

technical areas: TA-6, -8, -9, -14, -16 (also known 

as S-Site), -22, -40, -67, and -69. The main 

emphasis of this study is the geology of the area 

that lies between TA-3 and TA-16, including the 

northern part ofTA-16 (Plate 1). The study area is 

delimited on the north by Twomile Canyon, on the 

west by West Jemez Road (NM 501), on the south

east by an arbitrary, northeast-striking boundary 

east of MDA P, and on the southwest by a north

west-striking boundary south of buildings TA-16-

260 and TA-16-340 on the south side of Cafion de 

Valle (Plate I). Bedrock and surficial geologic 

mapping cover the entire study area. In addition, 

we have integrated bedrock data from a number of 

boreholes that lie south of Cafion de Valle in the 

vicinity of MDA P and building TA-16-260. In 

this report, we present data on the stratigraphy, 

geomorphology, and structure of the western part 

of the Laboratory. 

II. PREVIOUS WORK 

The most obvious part of the Pajarito fault zone in 

the vicinity of the study area is the > 120-m 

(400-ft) high escarpment west of the Laboratory. 

Significant advances in understanding the nature 

and style of deformation in the Pajarito fault zone 

were provided by McCalpin (1997) with his recog-

5 
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nition that much of the prominent portion of the 

Pajarito fault west of the Laboratory is expressed at 

the surface as a large, north-trending, faulted mon

ocline. Along strike, the surface expression of the 

Pajarito fault varies from a simple normal fault to 

broad zones of small faults to faulted monoclines 

and largely unfaulted monoclines (e.g., McCalpin 

1997, 1998; Gardner et al. 1999). These varied 

styles of deformation are all considered expres

sions of deep-seated normal faulting. The work of 

McCalpin (1997), building on unpublished map

ping by S. Reneau and J. Gardner, also showed that 

much of the main escarpment was extensively 

modified by mass wasting. Landslides in this area 

are cut by pronounced aerial photographic linea

ments and other linear features that cannot be iden

tified as faults with certainty. 

Geochemical correlations of Bandelier Tuff units 

(see Fig. 3 for generalized stratigraphy of 

Bandelier Tuff) across the main escarpment of the 

Pajarito fault zone near Water Canyon (south of the 

map area, Fig. 2) indicate that stratigraphic separa

tion on the tuff exceeds 120m (400ft) down to the 

east (Gardner et al. 2001). Where the fault zone 

crosses upper Pajarito Canyon (west of the map 

area, Fig. 2), stratigraphic separation on the 

Tshirege Member of the Bandelier Tuff is about 

79 m (260 ft) down to the east across the main 

escarpment [Gardner et al. 2001; shown as 

~155m(~ 510ft) by Olig et al. (1996)]. 

TA-3 to TA-55. Gardner et al. (1999) evaluated the 

structure of the western part of the Los Alamos 

town site and the northwestern part of LANL 

between and including TA-3 and TA-55. North of 

LANL and within the Los Alamos town site, this 

area includes two major potentially active normal 

faults, the generally north-striking Pajarito and 

Rendija Canyon faults, which bound the Diamond 

Drive graben (Fig. 2). Near the south side of the 

Los Alamos town site, the Rendija Canyon fault 

splays to the southwest into a broad zone of defor

mation (Gardner et al. 1999). The fault zone 

widens from about 610 m (2,000 ft) where it cross

es Los Alamos Canyon and passes through the Los 
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Figure 3. Generalized Bandelier Tuff Stratigraphy. The figure shows the stratigraphy of the Bandelier 
Tuff and associated deposits (modified from Broxton and Reneau 1995). 

Alamos County landfill to about 1,500 m (5,000 ft) 
in Twomile Canyon. The fault zone appears to die 
out just south of Twomile Canyon. In TA-3, the 
Rendija Canyon fault is a zone of distributed defor
mation consisting largely of northeast-striking nor
mal faults with < 3 m (10 ft) of dip slip, mono
clines, and faulted monoclines with < 15 m (50 ft) 
of vertical deformation on Bandelier Tuff. This 
zone of distributed deformation, including gentle 
northward tilts of structural blocks, forms part of 
the approximate southern boundary of the 
Diamond Drive graben (Fig. 2). At Twomile 

6 

Canyon, net down-to-the-west displacement is 
about 10 m (30ft) on Bandelier Tuff. 

Near the southern edge of Los Alamos Canyon, 
McCalpin ( 1998) found evidence for five to seven 
displacement events in a trench across one of sev
eral visible fault scarps of the Pajarito fault zone 
(trench 97-2, Fig. 2). None of these events could 
be dated precisely. All events postdate deposition 
of alluvium estimated to be several hundred thou
sand years old (thousand years old = ka). All 
events predate formation of a soil horizon that is at 
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least 40 ka. Downward tapering wedges of collu

vium fill what may be Holocene fissures associated 

with-faulting. This down-to-the-east fault can be 

traced some 1,000 m (3,000 ft) to the south, nearly 

to the edge of the present study area. 

TA-16. In the vicinity of TA-16, deformation asso

ciated with the Pajarito fault extends at least 

1,500 m (5,000 ft) to the east of the Pajarito fault 

escarpment (Gardner et al. 2001). Numerous 

north- and northeast-striking faults and monoclines 

with small amounts of dip slip, as well as monocli

nal folding of originally east-dipping stratigraphy 

to horizontal or westward dips, represent a zone of 

distributed faulting and folding that is likely defor

mation of the hanging wall of the Pajarito fault. 

East of West Jemez Road and about 150 to 500 m 

(500-1,500 ft) east of the base of the main Pajarito 

fault escarpment, several down-to-the-west faults 

form the eastern side of a graben. A relatively 

broad zone of deformation is associated with the 

eastern margin of this graben. Net down-to-the

west deformation across these faults, together with 

contributions from monoclinal folding, is likely 

greater than 30m (100ft) on Bandelier Tuff. The 

eastern margin of the graben can be traced north

wards some 1,000 m (3,000 ft) by an abrupt disap

pearance of exposed bedrock at the surface, a sub

stantial thickness of post-Bandelier sediments, and 

a topographic anomaly. Gardner et al. (2001) also 

identified a prominent north-northeast-trending fis

sured lineament that extends for about 760 m 

(2,500 ft) through TA-16. The northern part of the 

fissured lineament may have about 2 m (7ft) of net 

down-to-the-west separation on Bandelier Tuff. 

The fissured lineament is parallel to the local trend 

of the Pajarito fault escarpment and may locally 

mark an eastern margin of the zone of young defor

mation associated with the Pajarito fault. 

Stratigraphy and structure logged in boreholes at the 

Weapons Engineering Tritium Facility (WETF) at 

TA-16 indicated the presence of at least two normal 

faults and two fissures, all of which intersect bore

holes and strike north-northeast (Gardner et al. 

2001). Stratigraphic and structural relations in one 
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borehole (WETF-2C) indicated that a fissure-open

ing rupture or ruptures occurred sometime prior to 

8,000 radiocarbon years before present [8 14C ka, 

or ca. 8.7-9.2 calibrated 14C ka (cal ka)]. 

Subsequently, fissure-fill sediments were faulted in 

a paleoseismic event or events either sometime 

before deposition of the dated part of the sequence 

[prior to ca. 8 14C ka (ca. 8.7-9.2 cal ka)], after 

deposition of the entire sequence [since ca. 6 14C ka 

(ca. 7.1-7.4 cal ka)], or during deposition of the 

dated sequence [ca. 6-8 14C ka (ca. 7.1-9.2 cal ka)]. 

In recent years, a great deal of geoscientific work 

has been done in the vicinity of MDA P and the 

building TA-16-260 outfall area (Plate 1) in sup

port of LANL ER Project efforts (e.g., Broxton et 

al. 1996, 2002; Warren et al. 1997; LANL ER 

Project 1998). LANL ER Project (1998) reported 

results from 16 boreholes drilled near Canon de 

Valle. The cores from the boreholes provided new 

data important to characterizing units in the upper 

part of the Tshirege Member of the Bandelier Tuff. 

Specifically, Warren et al. (1997) subdivided Unit 4 

(see below) into a number of petrologic subunits, 

but others have not been successful in applying 

these subunits consistently in the field (e.g., 

Gardner et al. 2001). By correlating borehole logs, 

LANL ER Project ( 1998) constructed a three

dimensional subsurface model of the stratigraphy 

for the building TA-16-260 outfall area. 

Subsequently, Broxton et al. (2002) drilled the 

592-m ( 1 ,942-ft) deep characterization well R-25 

(Plate 1) on the mesa top south of Canon de Valle. 

The R-25 well log provides subsurface data on ele

vations of contacts within the Tshirege Member as 

well as underlying rock units. 

Budding and Purtymun ( 1976) show a normal 

fault, which they termed "the Water Canyon fault," 

skirting the eastern side of TA-16; they state that 

the fault exhibits about 9 m (30ft) of down-to-the

east separation on an unspecified datum in the 

north wall of Water Canyon. Additionally, 

Reynolds [no date; reported and discussed in 

Dransfield and Gardner (1985)] ran a seismic 

reflection line along the portion of State Road 4 at 
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the southern boundary ofTA-16 and reported about 
15 m (50ft) of down-to-the-east separation on the 
base of the Bandelier Tuff in this area. However, 
mapping of Gardner et al. (2001) does not indicate 
the existence of such a fault in Water Canyon. 
Brown et al. (1988) reported results from a series 
of shallow drill holes around MDA P, in the north
eastern comer of TA -16, and interpreted that "the 
Water Canyon fault" displaces the Bandelier Tuff 3 
to 5 m (10-15 ft) down to the east about 150m 
(500 ft) east of MDA P. The existence of this fault 
has not been confirmed. 

Area between TA-3 and TA-16. A number of small
scale geologic maps encompass the study area 
(e.g., Griggs 1964; Smith et al. 1970; Gardner and 
House 1987). Previous geologic mapping in or 
near the study area of sufficient detail for identifi
cation of geologic structures with respect to specif
ic facilities was done by Rogers (1995) and Reneau 
et al. (1995). Rogers (1995) identified some of the 
structures that we document, but for many struc
tures, we differ from Rogers (1995) in their place
ment and interpretation of their style of deforma
tion (see "Origin of fracturing at Material Disposal 
Area P" below, page 36). In addition, Rogers 
(1995) did not recognize some of the structural fea
tures that we have identified by combining bedrock 
and geomorphic mapping, examination of core 
from boreholes, and detailed structural analysis. 

Reneau et al. (1995) identified a fault zone in early 
Pleistocene alluvium and Bandelier Tuff at 
Pajarito Mesa, east of our study area. They docu
mented 1.2-m (4-ft) down-to-the-west offset in a 
20-m (66-ft) wide zone. In addition, they recog
nized 7-9-m (23-30-ft) down-to-the-west dip sep
aration across a 100-200-m (330-660-ft) wide 
zone at a contact within the Tshirege Member. 
They also found a number of additional faults far
ther west on Pajarito Mesa and Twomile Mesa [up 
to 4 m (13 ft) separation], at the extreme eastern 
end of our study area (Plate 1). The majority of 
these faults display a down-to-the-west sense of 
displacement. The most recent faulting in this area 
occurred prior to 50 to 60 ka. The largest offset 
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faults are east of our study area. 

Trenching at the proposed site of a new LANL 
Emergency Operations Center in the northwest 
comer of the study area (Plate 1) characterized the 
stratigraphy and structure of the east side of a 
graben at the base of the Pajarito fault escarpment 
(Reneau et al. 2002). The main zone of faulting in 
the trench, with evidence for both normal and 
strike-slip displacement, displayed down-to-the
west stratigraphic separation and forms the eastern 
edge of an approximately 160-m (525-ft) wide 
graben at the base of the east-facing Pajarito fault 
escarpment. Net vertical separation of 2.0 to 2.5 m 
(7-8 ft) on post-Bandelier Tuff strata was estimat
ed across the main fault zone in the trench although 
samples from boreholes indicate a structural depth 
for the graben of at least 8 m (24ft). The addition
al vertical deformation may be accommodated by 
offset on relatively old faults that were not exposed 
in the trench, by westward tectonic tilting, or by a 
combination of both. The trench exposures provid
ed evidence for a minimum of six surface-ruptur
ing events in the last 1.22 million years, demon
strating the recurring nature of surface faulting at 
the site. The most recent event occurred sometime 
within the last 10,500 years. 

III. METHODS 

A. Geologic Mapping 

We mapped bedrock and surficial geologic units in 
the field at a scale of 1: 1200, using topographic 
maps with 2-ft contours derived from the LANL 
1991 digital elevation model (DEM). We then 
generated base maps from databases of the LANL 
Geographic Information Systems Laboratory and 
the LANL Seismic Hazards Program. 

The geologic map (Plate 1) was created using 
ArcView (© ESRI) and ArcMap (© ESRI). Field 
geologic maps were digitized using ArcMap. Lines 
representing geologic features and contacts were 
converted to points for which northing and easting 
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coordinates were calculated. Elevations of these 

points were then obtained from the 1991 DEM. 

Some geologic contacts were surveyed using a total 

station at MDA Pin Canon de Valle and a 1999 gas 

pipeline trench north of Canon de Valle at TA-9 

[Plate 1; techniques described by Lavine et al. 

(1997, 1998) and Gardner et al. (1998a, 1999, 

2001)]. Coordinates of points from digitized geo

logic maps were then integrated and examined with 

the surveyed data. We perlormed detailed comput

er-aided and field analyses of anomalies in point 

elevations on certain geologic surlaces. Field data 

were analyzed in profiles, geologic cross sections, 

three-dimensional surlace diagrams, and maps con

structed with a variety of software packages. The 

different software packages are capable of generat

ing images of the same data at different scales and 

from varied perspectives, enabling exaggeration 

and identification of subtle elevation anomalies. 

The basic soil-stratigraphic framework used in the 

surlicial mapping is partially derived from previ

ous investigations that included soil pits and 

trenches on the western Pajarito Plateau, including 

sites both inside and outside the map area (e.g., 

Kolbe et al. 1994, 1995; Reneau et al. 1995, 1996a, 

1996b, 2002; Wong et al. 1995; Longmire et al. 

1996; McDonald et al. 1996; Reneau and 

McDonald 1996; McCalpin 1998, 1999; Phillips et 

al. 1998; Gardner et al. 2001). Large parts of the 

map area have been disturbed by human activities, 

partially obscuring original geologic relations. In 

addition, there are extensive soil-covered areas of 

low relief without natural or artificial exposures. 

Unit designations in these areas were in part 

inferred based on the lithology of any clasts in the 

soil combined with evidence from adjacent areas. 

An improved map in these areas would require 

subsurface exploration using soil pits, trenches, 

and/or drilling. 

B. Geochemistry 

We collected samples of Bandelier Tuff for whole

rock x-ray fluorescence (XRF) analysis to further 

support unit identification and stratigraphic corre-
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Ill. Methods 

lations (see, for example, Krier et al. 1998b; 

Gardner et al. 1999, 2001). We sampled one mea

sured section on the north side of Canon de Valle 

(Plate 1), taking a total of ten samples from an out

crop depth of 5 to I 0 em (2-4 in) to avoid obvious 

weathering rinds. We also collected samples of 

core from boreholes at MDA P (Fig. 4), on the 

south side of Canon de Valle, which were drilled 

by the LANL ER Project in September 2001. The 

two deepest boreholes were sampled. Eight sam

ples were collected from borehole 273 and 10 from 

borehole 257. Sample locations are tabulated in 

Appendix A, Table A-I. 

Major and trace elements were analyzed in 28 bulk 

samples using an automated Rigaku wavelength

dispersive XRF spectrometer. Results are com

piled in Appendix A. 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 atmos

phere for 12 hours. One-gram splits were fused at 

1100°C with 9 grams of lithium tetraborate flux to 

obtain fusion disks. Additional one-gram splits 

were heated at 1 ooooc to obtain the loss-on-igni

tion (LOI) measurements. Elemental concentra

tions were calculated by comparing x-ray intensi

ties for the samples to those for 21 standards of 

known composition, after correcting for absorp

tion. The XRF method employed calculates the 

concentrations of ten major oxides (Si02 , Ti02, 

Al20 3, Fe20 3, MnO, MgO, CaO, Na20, K20, and 

P20 5), ten trace elements (V, Cr, Ni, Zn, Rb, Sr, Y, 

Zr, Nb, and Ba), and LOI (Appendix A, Table A-2). 

Elemental concentrations of V, Cr, and Ni in the 

Bandelier Tuff are generally below detection limits 

and therefore are not reported in Appendix A. 

C. Examination of Cores from Boreholes 

Borehole data from previous and parallel studies in 

the vicinity have been integrated with our results 

(LANL ER Project 1998; Criswell et al., in prepa-
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ration). Locations and stratigraphic data have been 

taken from LANL ER Project documents. After re

examination of core from boreholes at the building 

TA-16-260 outfall area, we have modified the 

stratigraphy of LANL ER Project ( 1998) based on 

petrographic and geochemical comparisons with 

our field units (see "Discussion," page 33). 

D. Structural Analysis 

Across the study area, and much of the Pajarito 

Plateau, exposure of bedrock is excellent on 

south-facing cliffs in densely welded tuffs. By 

contrast, bedrock exposure is poor on north-fac

ing, colluvium-covered, and vegetated slopes and 

on mesa tops extensively modified by Laboratory 

operations. Mapping of surficial deposits in rela

tion to topography aids greatly in identification of 

possible faults. To further improve recognition of 

faults and related structures, we complement 

bedrock and geomorphic mapping with geometric 

analysis of profiles, cross sections, and structure 

contour maps. 

Data obtained by conventional geologic mapping 

were prepared for structural analysis by conversion 

of lines on the geologic map to points, followed by 

calculation of x-y-z coordinates for these points 

using the 1991 DEM. Inaccuracies in the DEM 

and the process of digitizing results in small uncer

tainties in point elevations. Profiles were created 

by projecting points along a given mesa rim into 

the orientation of profile lines shown on Plate 1. 

Ground-surface elevations were added to these 

profiles by projecting topography from the crown, 

or high part, of the mesa. This technique may 

result in inaccuracies in the profiles but allows us 

to project into the profiles the contact between 

Bandelier Tuff and post-Bandelier strata where it 

exists. It also allows us to show the maximum pre

served thickness of post-Bandelier Tuff strata, 

highlighting thickness variations and, therefore, 

possible structure. Three-dimensional surface 

models of selected geologic surfaces were interpo

lated using kriging (a linear regression technique 

for minimizing variance of unsampled values 

11 

III. Methods 

between points; Deutsch and Journel 1998) and 

were then contoured to examine anomalies and 

trends in surfaces. 

Rigorous geometric analysis of faults and fractures 

was possible only at MDA P (Plate 1; Fig. 4) 

where the LANL ER Project removed 40,000 

cubic meters (52,000 cubic yards) of contaminated 

fill, Bandelier Tuff, and post-Bandelier strata from 

the south side of Canon de Valle. Restoration of 

the site provided exceptional exposures of the 

bedrock stratigraphy and the faults and fractures 

that cut it. The excellent exposure at MDA P 

afforded an opportunity to measure a large number 

of fractures in three different geologic units in a 

three-dimensional bedrock exposure (see 

Appendix B for details on methods; data compiled 

in Table B-1). With the fracture data, we per

formed a statistical analysis of preferred direc

tions, fracture density, and apertures of fractures. 

The results can be compared to fracture analyses 

done in other parts of the Laboratory (e.g., Kolbe 

et al. 1994, 1995; Reneau et al. 1995; Wohletz 

1995; Vaniman and Chipera 1995). 

E. Trench Logging 

A shallow [~ 1.2-m (4-ft) deep] trench, excavated 

in 1999 for a gas pipeline on the mesa top just 

north of Canon de Valle in the southern part of 

TA-9 (cover photos; Plate 1; Fig. 2), exposed 

Unit 4 of the Tshirege Member of the Bandelier 

Tuff and post-Bandelier tuff stratigraphic units. 

The surface of the trench, the contact between allu

vium/colluvium and the upper surface of the 

Bandelier Tuff, several post-Bandelier Tuff strati

graphic units, and fractures and possible small 

faults were surveyed using a total station (data 

compiled in Appendix C). 

F. Notes on Units of Measure and Terminology 

We use a mixture of English and metric units in 

this report. For maps and other georeferenced fig

ures, we employ English units because the three

dimensional reference framework for this area (the 



Geology of the Western Part of Los Alamos National Laboratory 

State Plane Coordinate System, New Mexico 
Central Zone, 1983 North American Datum) is in 
feet, as are most of the LANL engineering data
bases. In all other cases, we use the metric system 
following general scientific practice. For length 
measurements at the centimeter scale or greater, 
we provide English units in parentheses adjacent 
to the metric length. 

We use several specialized geologic terms that we 
define here (Bates and Jackson 1980) for optimal 
understanding of the structural interpretations. 

• slip-the relative displacement of formerly 
adjacent points on opposite sides of a fault, 
measured in the fault surface. Synonym: total 
displacement. 

• throw- the vertical component of the net slip. 

• separation-the distance between any two 
parts of an index plane (e.g., bed, dike) dis
rupted by a fault. 

• stratigraphic separation-the thickness of 
strata that originally separated two beds 
brought into contact at a fault. 

• vertical separation-in a fault, the distance 
measured vertically between two parts of a 
displaced marker (e.g., bed). 

Where the orientation of a fault plane through stra
ta and the slip vector can be measured, the term slip 
may be used. However, in an area such as this of 
dominantly normal faulting, finding piercing points 
(e.g., two points along a faulted stream channel or a 
dike displaced by a fault) is a rare occurrence. In 
some cases, we apply the term apparent slip where 
we assume, for example, dip slip. Where we can 
see that strata are faulted but cannot measure the 
orientation of the fault, we use throw or separation, 
either stratigraphic or vertical. We use displace
ment in the general case or where we wish to con
vey the effects of faulting but the specifics on the 
magnitude or direction of slip are unknown. 
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We also use the following terms: 

• fracture-a general term for any break in a 
rock, whether or not it causes displacement, 
due to mechanical failure by stress; the term 
fractures includes fissures, joints, and faults. 

• fissure-a fracture along which there is dis
tinct horizontal opening. 

• joint-a surface of fracture or parting in a 
rock, without displacement. Note that this 
term is often applied to fractures in ash-flow 
tuffs produced by thermal contraction during 
cooling, thus the term cooling joints. 

• fault-a fracture or fractures along which 
there has been displacement of the sides rela
tive to one another parallel to the fracture. 

• fold-a curve or bend of a planar structure, 
such as rock strata, bedding planes, or folia
tion. A fold is usually a product of deforma
tion, although its definition is descriptive and 
not genetic and may include primary struc
tures. 

• monocline-a local steepening in otherwise 
uniformly dipping strata. 

IV. GEOLOGY 

A. Stratigraphy 

The oldest exposed and most widespread unit in 
the study area is the Pleistocene Bandelier Tuff, 
which forms the local, near-surface bedrock. 
Overlying the Bandelier Tuff is a variety of mostly 
volcaniclastic surficial units, including the 50 to 
60 ka El Cajete tephra deposits. 

1. Bedrock units of the Bandelier Tuff 
The Bandelier Tuff consists of two members that 
were erupted as a series of ash flows during enor
mous, caldera-forming volcanic events at about 
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1.61 Ma and 1.22 Ma [age from lzett and 

Obradovich ( 1994)]. Figure 3 shows a general

ized stratigraphy of the Bandelier Tuff and associ

ated deposits. The younger member of the 

Bandelier Tuff, the Tshirege Member, is exposed 

in the study area, whereas the older member, the 

Otowi, has been encountered in one relatively 

deep hydrologic monitoring well in the study area 

(well R-25, south side of Canon de Valle; Plate 1). 

Beneath the Otowi Member in well R-25 are 

sands and coarse gravels of the Puye Formation 

(Broxton et al. 2002), which ranges in age from 

about 7 Ma to about 1.6 Ma (Bailey et al. 1969; 

Gardner et al. 1986). 

a. Tshirege Member of the Bandelier Tujf(Qbt) 

The stratigraphy for the Tshirege Member that we 

employ is largely based on that first presented by 

Broxton and Reneau (1995) and later modified by 

Gardner et al. (1999, 2001). The stratigraphy of 

Broxton and Reneau (1995) is based on cooling 

units in the central and eastern parts of the 

Laboratory and was modified from earlier work of 

Vaniman and Wohletz (1990). Mapping westwards 

from central portions of the Laboratory (e.g., 

Gardner et al. 1999, 2001) has identified a number 

of other mappable Tshirege units not included in 

the stratigraphy of Broxton and Reneau (1995). 

Furthermore, with increasing proximity to the 

caldera source of the ignimbrites, the cooling-unit 

stratigraphy is increasingly difficult to apply as 

cooling breaks become less distinct. Where possi

ble, we employ the Broxton and Reneau ( 1995) 

stratigraphy with modifications and additions 

based on petrographic variations in the sequence 

(Fig. 3). Subdivisions of the Tshirege Member 

have been used in our bedrock mapping and in 

analysis of boreholes at MDA P (Plate 1; Figs. 4 

and 5). In limited areas on Plate 1, Qbt represents 

undivided Tshirege Member of the Bandelier Tuff. 

These areas are mainly on mesa tops or on steep 

slopes where exposure was too poor to distinguish 

units. Tshirege Member stratigraphic units 

exposed in the study area are Unit 3, Unit 3T, and 

Unit 4, which includes two principal subunits. 

Stratigraphic thickness was determined from 

IV. Geology 

MDA P boreholes, a measured section north of 

MDA P in Canon de Valle, and map patterns 

(Figs. 4 and 5; Plate 1). Below are descriptions of 

Tshirege Member units exposed in the study area. 
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Unit 3: 21 to 34 m (70-11 0 ft) thick. The basal 

part of Unit 3 and its contact with the underly

ing Unit 2 is exposed just beyond the northeast

em-most part of the study area. Unit 3 in that 

location is about 50 m ( 150 ft) thick. In the 

MDA P boreholes [where Unit 3 is at least 34m 

(110ft) thick], a lower, nonwelded portion of 

Unit 3 exists. Drilling beyond this zone resulted 

in no recovery of core, likely due to the non

welded and crystal-rich aspect of the tuff in this 

part of the section. The top of Unit 3 is marked 

locally by a crystal-rich surge deposit. In a few 

locations, we have mapped surges within 

Unit 3. The surge deposits are commonly crys

tal-rich (up to 90%), ash-poor, and composed of 

sand-sized grains of crystals and both cognate 

and accidental lithic fragments. In outcrop, and 

even in core, these deposits can exhibit sedi

mentary structures that include planar beds and 

low-angle crossbeds. The top of Unit 3 is local

ly characterized by gas escape pipes that reach 

diameters of more than 10 em. Unit 3 is 

pumice-rich (about 30%) compared to the 

underlying Unit 2 and contains relatively abun

dant (locally up to 5%) accidental lithic frag

ments, most of which are around 5 em in diame

ter. In contrast to other units, Unit 3 is more 

porphyritic, with at least 30% phenocrysts. 

Quartz and sanidine occur in subequal amounts, 

but fairly distinctive of the phenocryst popula

tion of Unit 3 is the relatively coarse crystal 

size, with most phenocrysts 4 to 6 mm across. 

Phenocrysts are most commonly euhedra of sin

gle crystals or single-crystal fragments. 

Unit 3T: 0 to 20 m (0-65 ft) thick. Unit 3T 

(Gardner et al. 1999) pinches out between Units 

3 and 4 in the eastern part of the study area and 

thickens progressively to the west. The pinch

out of Unit 3T occurs along a fairly straight 

north-south line (except for rare lenses farther 
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Figure 5. Bandelier Tuff 
Stratigraphy in the Study 
Area. This schematic of 
stratigraphic sections shows 
units of the Bandelier Tuff 
and sampling locations in a 
measured section and bore
holes at MDA P. Measured 
section and boreholes are 
projected into an east-west 
line and are aligned vertically 
by elevation where the bore
hole penetrated the ground 
surface. Depth scales are in 
feet. Units labeled 3, 3T, 41, 
4u(npw}, and 4u(w) are within 
the Tshirege Member (see 
text for discussion). Abbre
viations: BH, borehole; S, 
geochemistry sample; T, 
thickness of stratigraphic sec
tion; TO, total depth of bore
hole; NR, no recovery. There 
is no horizontal scale. 
Borehole locations are indi
cated on Fig. 4 and the mea
sured section on Plate 1 . 
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east) that runs from the Van de Graff 

Accelerator near the intersection of Diamond 

Drive and Pajarito Road in TA-3 to the eastern 

edge of MDA P (Cross-section A-A', Plate 2, 

and map pattern on Plate 1). In several places 

near the eastern pinch-out, Unit 3T crops out in 

thin lenses before pinching out entirely (Cross

section A-A'). In the vicinity of MDA P, Unit 

3T is around 2 to 7 m (7-20 ft) thick in six 

boreholes and in our measured section on the 

north slope of Canon de Valle (Fig. 5). Unit 3T 

is commonly moderately to densely welded to 

its top and bottom contacts. Locally, crystal

rich pyroclastic surges occur within Unit 3T as 

well as at the contact with overlying Unit 4; 

however, none of these surges is as continuous, 

as widespread, or as traceable as those associat

ed with the unit in the TA-3 area to the north 

(Gardner et al. 1999). Unit 3T is moderately 

porphyritic with about 20 to 25% phenocrysts, 

but the phenocryst population includes both 

large (4-6 mm) and small (2-3 mm) crystals. 

The contact between Unit 3T and the underly

ing Unit 3 is generally sharp where the top of 

Unit 3 is partially or moderately welded or 

where the contact is marked by surge deposits 

(i.e., Pajarito Canyon). However, in outcrop 

near MDA P, Unit 3 is moderately to densely 

welded, making identification of the Unit 3/3T 

contact quite difficult without careful examina

tion of the phenocryst, accidental lithic, and 

pumice content and/or geochemical analysis. 

Unit 4: - 0 to 34m (- 0-110 ft) thick. We 

include a number of distinctive packages of 

cooling units in Unit 4. In the south-central 

part of the study area, in the vicinity of Canon 

de Valle, Unit 4 includes two principal sub

units. The lower subunit, termed Unit 41 

(1 = lower) in this report, consists of poorly to 

moderately welded, crystal-poor ignimbrites, 

correlative to Unit 4 mapped by Gardner et al. 

(1998a, 1999) at TA-3 and TA-55. The upper 

subunit, termed Unit 4u (u = upper) in this 

report, consists of nonwelded to partially weld

ed ignimbrites [Unit 4u(npw)] with conspicuous 
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agglomerates of quartz and feldspar crystals 

(referred to herein as "clots") and densely weld

ed ignimbrites [Unit 4u(w)] with conspicuous 

crystal clots. Unit 4u locally has a nonwelded 

top preserved. Units 4u(npw) and 4u(w) are 

correlative to clot-rich Unit 4 mapped by 

Gardner et al. (2001) at TA-16. Some of these 

subunits have been divided out locally in the 

bedrock mapping, but some could not be 

mapped consistently throughout the study area 

because they are nonwelded slope formers and 

tend to be covered with colluvium and vegeta

tion. Where nonwelded Units 41 and 4u(npw) 

are co-extensive, for example, it is difficult to 

map the contact between them. In such areas 

on Plate 1, we have left these units undivided 

and map them as Unit 4. 

Unit 41, the basal part of Unit 4, is relatively 

pumice poor (less than 5% pumice) and crystal 

poor (10-15% phenocrysts of mostly quartz and 

feldspar 2-3 mm across) with rare accidental 

lithic fragments. Petrographically, this ig

nimbrite strongly resembles Unit 4 as mapped 

by Gardner et al. (1999) in the TA-3 area. In 

addition, mapping from this study connected 

this part of Unit 4 with that mapped by Gardner 

et al. (2001). The basal ignimbrite in this series 

is the most widespread part of Unit 4 in the 

study area, although poor exposure prevented 

us from differentiating it from the overlying 

ignimbrite where both occur together. The 

thickness of Unit 41 varies from around 5 to 

22 m ( 15-72 ft), generally thickening to the east 

but with notably thick sections in the building 

TA-16-260 area (Cross-sections A-A' and B-B', 

Plate 2; also see below). Crystal-rich and ashy 

surge deposits typically, but not everywhere, 

mark the contact between Unit 41 and the over

lying clot-rich Unit 4u. 

The central part of Unit 4 [Unit 4u(npw)] in the 

study area comprises nonweided to partially 

welded ignimbrites [0 to 20 m (0-65 ft) thick] 

with conspicuous crystal clots. Maximum 

thickness occurs on the north side of Canon de 
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Valle near MDA P. The crystal clots are rela
tively large, up to 2 em, and consist of inter
grown feldspar and quartz with minor amphi
bole and pyroxene. Thin sections reveal that 
these clots are commonly cored with plagio
clase (Gardner et al. 2001). 

Unit 4u(npw) is overlain by the most distinctive 
part of Unit 4. Unit 4u(w) consists of moder
ately to very densely welded ignimbrites that 
contain large vitrophyric fiamme commonly 15 
to 20 cin in length as well as abundant crystal 
clots as found in the underlying nonwelded to 
partially welded Unit 4u(npw). Unit 4u(w) can 
be up to 14 m (45 ft) thick and forms the 
"caprock" on mesas in the south-central part of 
the study area. This three-part sequence [Units 
41, 4u(npw), and 4u(w)] strongly resembles the 
sequence exposed at the east end of Camp
ground Mesa, above the sharp curves on State 
Road 4 (Gardner et al. 2001). A thin surge 
sequence [less than 60 em (2 ft) thick] typically, 
but not everywhere, separates the principal clot
rich parts of Unit 4 [Units 4u(npw) and 4u(w)]. 
Within the study area, Unit 4u pinches out to 
the north and the east (Cross-section B-B', 
Plate 2, and map pattern on Plate I). The most 
northerly exposures are located on the south 
side of Pajarito Canyon. Near the pinch-out, 
the upper part is only partially welded. 

In the south-central part of the map area, one 
additional pyroclastic flow marks the welding 
break at the base of Unit 4u(w). In western 
Canon de Valle and the canyon north of building 
TA-16-340 (Plate 1), the surge sequence 
between Units 4u(npw) and 4u(w) includes a 
thin ignimbrite that thickens to the west. 
Welding in this ignimbrite also increases to the 
west, towards the source, such that the cooling 
break in Unit 4u lies above this thin ignimbrite 
to the east and below this ignimbrite to the west. 

In a few localities, an upper nonwelded part of 
Unit 4 is preserved on mesa tops on top of Unit 
4u(w). This subunit crops out, for example, in 
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the vicinity of well R-25 (Plate 1). We did not 
map this part of Unit 4 as a distinct unit. 

2. Surficial geologic units 
Surficial geologic units in the study area that post
date the Bandelier Tuff include a variety of alluvial 
fan deposits (Qoal, Qf), the El Cajete pumice 
(Qec), fluvial (Qt, Qal) and colluvial (Qc) deposits, 
as well as materials disturbed or added by anthro
pogenic works (e.g., fill). Qt and Qal represent 
alluvial deposits along the modem stream channels. 

a. Older mesa-top alluvial deposits (Qoal) 
Unit Qoal consists of dacite-rich alluvium com
monly found on drainage divides between the pre
sent-day watersheds, topographically higher than 
the top of the Bandelier Tuff. Qoal also includes 
some gravel deposits within shallow tributary 
canyons that presently head on the Pajarito Plateau. 
Qoal varies greatly in thickness and has an estimat
ed maximum thickness of greater than 6 m (20 ft) 
north and south of Canon de Valle (Gardner et al. 
2001) and similar thicknesses north and south of 
Pajarito Canyon (this study). At the other extreme, 
Qoal locally consists of discontinuous lag deposits 
of dacite gravels. Old, post-Bandelier Tuff pumice 
beds, partially reworked, are present within the 
mesa-top alluvial deposits at several sites on the 
Pajarito Plateau, including the study area. The 
high-percentage of pumice in these layers, along 
with their thickness and wide geographic distribu
tion, indicates that they were probably deposited 
relatively soon after eruption of the pumice. 
Geochemical fingerprinting of the pumice indicates 
that the primary source is the Cerro del Medio 
dome complex in the Valles caldera (e.g., 
Appendix D of Reneau et al. 2002). Cerro del 
Medio lavas have yielded 40 Ar/39 Ar ages of 1.21 to 
1.10 Ma [Spell and Harrison 1993; Izett and 
Obradovich 1994; Spell and Harrison (1993) argue 
that the most "reliable age" is 1.13 Ma], indicating 
an early Pleistocene age for the mesa-top alluvium 
associated with these pumice beds. Elsewhere, 
these gravels may be younger, but they are no 
younger than the ca. 50 to 60 ka El Cajete pumice 
(see Qfi below). The base of Qoal has a gradient 

I 
I 
I 
I 
I 
I 
~ 

I 
I 
I 
I 
I 
I 

J 
• 
I 



I 

I 
I 
I 
I 
I 
I 
ll 
I 
I 
I 
I 
I 
I 

I 

that is gentler than the modem stream channels in 

Canon de Valle and Water Canyon (Gardner et al. 

2001) and in Pajarito Canyon (this study), appar

ently roughly parallel to the original upper surface 

of the Tshirege Member of the Bandelier Tuff. 

Along Canon de Valle near MDA P, a unit Qoa12 is 

distinguished that is topographically lower than 

other nearby gravels to the west and represents a 

younger inset deposit. Similarly, Qoal along 

Pajarito Canyon in the western part of the study 

area is subdivided into three adjacent units of dif

ferent elevations (oldest to youngest: Qoall, 

Qoal2, Qoal3). 

b. Older alluvia/fan deposits (Qjo) 

Unit Qfo consists of relatively old dacite-rich allu

vial deposits that are typically inset below the top 

of the Tshirege Member of the Bandelier Tuff 

along major canyons in the western Pajarito 

Plateau; thus, these deposits postdate initial 

canyon incision. Stratigraphic relations indicate 

that these deposits are younger than nearby 

deposits of Qoal and older than intermediate-age 

fan deposits (Qfi); however, the age range of Qfo 

is unknown, and these deposits may overlap in age 

with Qoal and Qfi. In the study area, Qfo occurs 

as several distinct fan segments near Canon de 

Valle, inset about 6 m (20 ft) below the top of 

Qoal, with an apparent gradient roughly parallel to 

Qoal (Gardner et al. 2001). Qfo has an estimated 

maximum thickness in the study area of greater 

than 3m (10ft). 

c. Intermediate-age alluvia/fan deposits (Qfi) 

Unit Qfi consists of intermediate-age alluvial fan 

deposits that predate the ca. 50 to 60 ka El Cajete 

pumice (Qec). Qfi includes abundant dacite gravel 

along the main drainages that head in the Sierra de 

los Valles west of the study area but largely con

tains Bandelier Tuff clasts along smaller drainages. 

Qfi is locally buried beneath younger alluvial fans 

(Qfy) or colluvium (Qc) [e.g., trench EOC-2, 

Reneau et al. (2002), and soil pit WJR-4, Reneau 

and McDonald ( 1996), pp. 94-96], as well as Qec. 

Qfi probably includes deposits with a wide range 

in age. Where exposed in a 1999 gas pipeline 
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trench in TA-9 north of Canon de Valle (Plate 1; 

Fig. 6), the youngest Qfi deposits are apparently 

only slightly older than the El Cajete pumice 

because there was only weak soil development in 

the Qfi alluvium that directly underlay Qec. The 

maximum age of Qfi is uncertain. The distinction 

between Qfi and Qfo is based on local topographic 

relations and is only consistently reliable within a 

given drainage. Near Canon de Valle, Qfi includes 

multiple distinct fan lobes, some of which appear 

to have gradients roughly parallel to Qfy (see 

below) and others that appear to have gradients 

roughly parallel to Qfo, supporting the inference 

that Qfi may span a considerable period of time 

(Gardner et al. 2001). 

d. El Cajete pumice (Qec) 

Unit Qec consists of the El Cajete pumice, derived 

from the youngest major eruptions from the Valles 

caldera and dated at ca. 50 to 60 ka [age from 

Toyoda et al. (1995) and Reneau et al. (1996b)]. In 

the formal stratigraphy of the Jemez volcanic field, 

this unit is the El Cajete Member of the Valles 

Rhyolite (Bailey et al. 1969; Gardner et al. 1986). 

Commonly, Qec consists of primary fallout 

deposits of dominantly pumice lapilli that directly 

overlie the pre-eruption soil, but some locations on 

the main escarpment of the Pajarito fault provide 

evidence for local reworking. Trench exposures in 

nearby areas (Kolbe et al. 1994; Reneau et al. 

1995) have shown that deposits of undisturbed 

pumice can be quite discontinuous and that the 

pumice is often highly disrupted by burrowing ani

mals and other forms of bioturbation. The pumice 

beds are also typically overlain by colluvial, allu

vial, or eolian deposits (Kolbe et al. 1994; Reneau 

et al. 1995, 1996a, 1996b; Wong et al,. 1995; 

Reneau and McDonald 1996; Gardner et al. 2001). 

In the map area, the existence of Qec below the 

surface soil can often be inferred from the presence 

of abundant pumice in mounds adjacent to animal 

burrows. We generally made no attempt on Plate 1 

to separate Qec from overlying colluvium and 

eolian deposits. Instead, a composite "Qc/Qec" 

map unit is employed that indicates that Qec is at 

least locally present in the shallow subsurface. 
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Importantly, previous trench studies (Kolbe et al. 

1994; Reneau et al. 1995) have shown that even 

where no undisturbed pumice remains, the top of 

the pre-EI Cajete soil can generally still be recog

nized in such areas and used as a key stratigraphic 

horizon in paleoseismic studies. Maximum 

observed thickness of primary fallout EJ Cajete 

pumice at LANL is about 2.0 m (6.5 ft) along a 

northern tributary to Water Canyon and about 

2.1 m (7 ft) on Frijoles Mesa about 4.8 km (3 mi) 

southeast of the study area (Reneau and McDonald 

1996, pp. 73-75; Gardner et al. 2001). 

e. Younger alluvial jan deposits ( QJy) 

Unit Qfy consists of relatively young alluvial fan 

deposits that postdate the El Cajete pumice. In 

some areas where there is no age control, the dis

tinction between Qfy and Qfi is arbitrary and will 

probably require revision. Qfy includes stream ter

races along some drainages, as the distinction 

between fan and terrace remnants is also often 

arbitrary. The thickness of Qfy is unknown in most 

areas. Radiocarbon dates on detrital charcoal from 

the upper part of a 6-m (20-ft) thick section north 

of Water Canyon are ca. 9.3 to 9.6 14C ka (ca. 

10.3-10.9 cal ka) and probably closely constrain 

the end of fan deposition at that site (Gardner et al. 

2001). Soils exposed in a pit in Qfy along Cafion 

de Valle (soil WJR-6, Reneau and McDonald 1996, 

pp. 93-95) suggest a similar age for that fan unit. 

A Qfy stream terrace along Water Canyon that was 

trenched by Wong et al. (1995) may be of similar 

age (see also Reneau and McDonald 1996, p. 82). 

Qfy deposits are as young as 4.7 to 9.4 14C ka 

(5.5-10.7 cal ka) at trench EOC-2 in the western 

part of the study area (Reneau et al. 2002). In con

trast, at a soil pit on the south fork of Pajarito 

Canyon, the youngest Qfy depositional event is 

estimated at ca. 20 to 40 ka where Qfy overlies 

pre-EI Cajete (Qfi) fan deposits (soil WJR-4, 

Reneau and McDonald 1996, pp. 94-96). Qfy 

occurs on the modem channel divide between the 

Canon de Valle and Pajarito Canyon watersheds at 

TA-9 (Fig. 6), indicating that the Canon de Valle 

fan overtopped the drainage divide sometime with

in the past 50 to 60 ka. Along Canon de Valle, Qfy 
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has a gradient that is slightly steeper than the mod

ern stream channel, being about 6 m (20ft) higher 

than the channel at the base of the Pajarito fault 

escarpment but converging with the channel about 

915 m (3,000 ft) to the east (Gardner et al. 2001). 

f. Stream terraces (Qt) 

Unit Qt consists of stream terraces along the mod

ern drainages. Texturally, this unit includes coarse 

sand and gravel that represent bed-load sediment 

deposits, medium sand to silt that represents over

bank sediment deposits, and some colluvium 

derived from adjacent slopes. Based on work in 

other canyons on the Pajarito Plateau (e.g., 

McDonald et al. 1996; Reneau and McDonald 

1996; Reneau et al. 1996a; Reneau 2000), Qt has a 

probable age range from late Pleistocene to late 

Holocene. In many areas, Qt was not broken out 

separately from Qal. The thickness of Qt has not 

been determined in the map area but could range 

from < 1 m to> 10 m (- 3-33 ft). 

g. Young alluvium along stream channels (Qal) 

Unit Qal consists of relatively young alluvium 

along stream channels and includes presently active 

channels and adjacent floodplains, low terraces, 

and associated colluvium. Qal also includes active 

channels with little or no alluvium in some areas. 

Radiocarbon dates indicate a middle Holocene age 

for a buried Qal terrace in one area in Cafion de 

Valle near MDA P (Gardner et al. 2001). 
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h. Colluvium (Qc) 

Unit Qc includes deposits with a wide range in tex

ture, origin, and age that were not practical to sub

divide in this investigation. The term "colluvium" 

is used in this report to include both deposits on 

steep slopes that record primarily gravity-driven 

transport and deposits on gentle slopes that record 

deposition by surface runoff. As used in this con

text, the distinction between colluvium and alluvi

um is somewhat arbitrary and is made solely for 

convenience in mapping. In addition, Qc includes 

fine-grained deposits that are probably dominated 

by eolian sediment, although this eolian sediment 

may be locally reworked by surface runoff and/or 
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mixed with other material by bioturbation. Qc also 
locally includes dark organic-rich deposits, as 
exposed in the 1999 gas pipeline trench at TA-9 
(Fig. 6). Qc includes deposits that range in age 
from> 50 to 60 ka (pre-Qec) to present. Evidence 

·for the eolian origin of some early Holocene and 
late Holocene deposits on Pajarito Mesa, east of 
the map area, is presented in Reneau et al. (1995, 
1996a), and eolian deposits of similar age may be 
widespread in the study area. On Plate 1, Qc is in 
many places included in other map units and not 
broken out separately. Where possible, the unit 
directly underlying Qc is noted in the map designa
tion to aid in interpreting the distribution of differ
ent units; for example, "Qc/Qbt" indicates that thin 
colluvium overlies tuff. 

i. Artificial fill 
Artificial fill and anthropogenic disturbances are 
widespread in the map area. On Plate 1, this unit 
locally includes highly disturbed areas such as 
roads, parking lots, and borrow pits. Many areas 
that include patchy or thin fill were mapped instead 
as the underlying stratigraphic unit. 

B. Geochemisty of Bedrock Units 

Geochemical compositions of samples obtained in 
this study are similar to compositions of Tshirege 
Member samples from previous studies on the 
Pajarito Plateau (Table 1; Appendix A). Silica 
(Si02), titania (Ti02), zirconium (Zr), strontium 
(Sr), rubidium (Rb), and barium (Ba) concentra
tions are each strongly zoned with respect to 
stratigraphy and have been shown to effectively 
differentiate among units within the Tshirege 
Member of the Bandelier Tuff (Broxton et al. 1996; 
Warren et al. 1997; Gardner et al. 1998a, 1999, 
2001; Krier et al. 1998a, 1998b; Stimac et al. 
1998). As demonstrated in previous work, 
Tshirege Member samples show systematic varia
tions from higher silica to slightly lower silica and 
from lower titania to higher titania toward the top 
of the section. Titania is the single most useful 
major-element oxide used for unit identification 
throughout most of the Tshirege Member sequence. 

The variation in Si02 and Ti02 in the measured 
section and cores from MDA P show geochemical 
trends similar to those observed in areas to the 
north, west, and south of the present study area 
(Gardner et al. 1999, 2001; Fig. 7; Table 1). 
Table 1 shows trends towards lower Si02 and high
er Ti02 upsection in the upper units of the Tshirege 
Member. The geochemical results in all cases con
firmed field petrographic calls. 

The geochemical data reveal an unusual compo
nent of Unit 4 in MDA P boreholes 257 and 273 
(Figs. 4 and 7), identified previously in Water 
Canyon on the adjacent Pajarito fault escarpment, 
and in the bedded-ash and surge sequence at the 
base of Unit 4 in most of the WETF boreholes 
(Gardner et al. 2001). The lowermost three sam
ples of Unit 4 in MDA P borehole 257 and the sin
gle sample of Unit 4 in borehole 273 have distinc
tively high Ti02 (> 0.35 wt %), high Ba concentra
tions (490-600 ppm), and moderately high Si02 
(70-72 wt %). Basal portions of Unit 4 within the 
study area therefore exhibit the high Ba and high 
Ti02 but not the low Si02 whole-rock chemistry of 
basal portions of Unit 4 observed in nearby areas 
(Gardner et al. 2001). Some of the samples from 
MDA P boreholes could have artificially high Ba 
concentrations due to contamination from waste 
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Table 1. Mean Values of Some Major Oxides 
in Tshirege Member Units* 

Number of Weight% 
----------~----------Unit analyses Sl02 Ti02 

Gardner et al. (2001): 

4 71 71.96 ± 2.44 
3T 41 74.49±1.15 
3 15 76.55 ± 1.27 

This study: 

4 10 

3T 5 

3 4 

72.01 ± 1.44 

75.27 ± 0.44 

75.58 ± 0.91 

•Mean of analyses with 2o standard deviation. 

0.28 ± 0.08 

0.20± 0.04 

0.14 ± 0.01 

0.28 ± 0.06 

0.15 ± 0.01 

0.14 ± 0.01 
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left over from high-explosives machining and 
stockpiled at MDA P (William Criswell, personal 
communication). 

C. Structural Geology 

1. Subsidiary faults of the Pajarito fault zone 
The northwestern comer of the study area encom
passes part of a 160-m (525-ft) wide graben at the 
base of the Pajarito fault escarpment (G 1, Plate 1 ). 
Part of this graben and its eastern bounding fault 
(Fl, Plate 1') were trenched prior to construction of 
the new LANL Emergency Operations Center 
(Reneau et al. 2002; see "Previous Work," page 8). 
Trench exposures provided evidence for Holocene 
faulting on fault Fl. 

Along its southern continuation, fault Fl has ~ 6 m 
(20ft) of throw on Bandelier Tuff contacts and the 
base of Qoal (Plate 1). The footwall of this fault is 
the east-dipping, steep limb of a monocline with as 
much as 23 m (75 ft) down-to-the-east displace
ment; the axis of this monocline appears to parallel 
Anchor Ranch Road (M1, Plate 1). Folding appar
ently occurred after deposition of Qoal, based on 
parallelism between the base of Qoal and the Unit 
3T/4 contact and the higher-than-usual dip of the 
base of Qoal (~ 4° compared to~ 2° elsewhere). A 
profile of stratigraphic contacts along the north 
side of Pajarito Canyon shows both the fault and 
the monocline (Fig. 8a), whereas a structure con
tour map on the top surface of Unit 3T shows the 
monocline (Fig. 9a). 

2. North-striking structures in the eastern part 
of the Pajarito fault zone 

TA-9 Graben. The largest structure in the study 
area is a north-trending graben (here named the 
TA-9 graben, G2, Plate 1) whose western bounding 
fault is located about 1,200 m (4,000 ft) east of the 
Pajarito escarpment. The graben is about 610 m 
(2,000 ft) wide at its southern mapped end between 
building TA-16-260 and MDA P, narrowing to 
about 305 m ( 1,000 ft) wide at its northernmost 
mapped extremity in Pajarito Canyon west of 
building TA-22-52. The total length of this struc-
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ture appears to be about 1,200 m (4,000 ft), but the 
mapped trace is discontinuous and must therefore 
be inferred along part of its length. Structural dis
placements along graben bounding faults can be 
measured readily at the well-exposed welding 
break in Unit 4u. The fairly continuous surge 
deposits at that contact provide an outstanding 
structural marker. The TA-9 trench also provided 
excellent exposure of this graben (see below). 

At Canon de Valle, the eastern boundary of the 
graben is a pair of north-northwesterly-striking 
faults with a total of~ 3 m (10-11 ft) down-to-the
west apparent dip slip at the welding break 
between Unit 4u(npw) and Unit 4u(w) (F2, Plate 1; 
Cross-section A-A', Plate 2; Fig. 8b). These two 
faults intersect near the north rim of Canon de 
Valle and run northwards across the mesa top, 
forming a prominent break in slope in Qoal; they 
appear to link with the eastern boundary of a 
graben identified in the TA-9 trench (see below). 
Beyond the trace of the TA-9 trench, the eastern 
bounding fault can be traced another 150 m 
(500 ft) to the north. Aligned faults farther north, 
though not mapped as continuous through the area, 
may connect fault F2 to a zone of faulting on the 
north side of Pajarito Canyon that has about 3 m 
(10ft) of down-to-the-west vertical separation on 
the Unit 3T/4 contact (F3, Plate 1). 

The western bounding fault of the TA-9 graben 
(G2) has 1.5 m (5 ft) of down-to-the-east vertical 
separation on the welding break between Unit 
4u(npw) and Unit 4u(w) (F4, Plate 1). Like the 
eastern fault, the western fault can be traced north
wards across the mesa top, where it forms a promi
nent topographic step in Qoal, and through the 
trace of the TA-9 trench, where it appears to. form 
the western bounding fault of the graben identified 
in the trench. The northward continuation of fault 
F4 beyond the TA-9 trench can only be inferred 
due to abundant fi]] and anthropogenic works. The 
fault may connect with a mapped fault northwest 
of building TA-9-48, which has 0.5 m (1.5 ft) of 
down-to-the-east throw on the Unit 3T/4 contact 
and apparently cuts Qfo (F5, Plate 1). Throw on 
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the western bounding fault may diminish to the 

north, or deformation may become more diffuse. 

About 90 to 120 m (300-400 ft) east of fault F5, 

the narrow east-west-trending mesa capped by Unit 

4u(w) forms a syncline along the axis of the graben 

(Plate 1 ). Whether the graben continues to the 

south of Canon de Valle is unknown due to exten

sive cover by anthropogenic works in the vicinity 

of building TA-16-260 and poor exposure on the 

north slope of Canon de Valle near well R-25. 

Topographic profiles of contacts between cooling 

units show the structure of the TA-9 graben 

(Fig. 8b). Three, closely spaced, high-angle nor

mal faults on the east side account for a total of 

~ 6 m (20 ft) of down-to-the-west stratigraphic 

separation. Synclinal folding adjacent to the east

em bounding fault accounts for about 3 m (10ft) 

more of down-to-the-west separation. The western 

bounding fault (F4) appears as a high-angle normal 

fault with about 1.5 m (5 ft) of down-to-the-east 

separation. Directly west of the graben, bedding 

dips indicate an anticlinal fold contrasting with the 

gentle easterly dips in the graben and farther east. 

This folding is apparent in profiles of the topo

graphic surface of the mesa and within the TA-9 

trench (see below). A nearly parallel fault (F6, 

Plate 1) < 150m (500ft) to the east of fault F4 has 

1.2 m (4 ft) of down-to-the-west apparent dip slip 

and forms a small graben-within-a-graben struc

ture. Folding associated with graben G2 can be 

readily appreciated from structure contour maps on 

the top surface of Unit 3T (Fig. 9a). Dips flatten 

west and east of the graben. The faults that make 

up the eastern boundary of the graben coincide 

with a zone of high conductivity in the canyon bot

tom identified in electrical resistivity surveys per

formed by the LANL ER Project (in preparation). 

There are also three springs in Canon de Valle 

associated with the graben (Plate 1), suggesting 

that these faults influence the hydrology of this 

part of Cafion de Valle. 

A strong inflection in the upper surface of Qoal and 

the underlying Bandelier Tuff on both sides of 

Canon de Valle about 305 m (1 ,000 ft) east of 

IV. Geology 

building TA-16-260 (Gardner et al. 2001) is consis

tent with the presence of the graben. Gradients in 

the mesa top abruptly become gentler to the east at 

the axis of the graben. Low gradients continue at 

least as far as MDA P and a roadcut on R-site road 

where a prominent surge within Unit 4 has a very 

gentle dip to the west. A prominent bench in the 

structure contour maps on the top surfaces of both 

Unit 3T and Unit 3 (Figs. 9a and 9b) coincides 

with the inflections noted by Gardner et al. (2001). 

Fractures (possible faults?) in the TA-9 trench. 

Figure 10 is an east-west profile of surveyed points 

in the TA-9 gas pipeline trench i11ustrating topogra

phy along the trench and major zones of fracturing. 

Stratigraphic contacts in post-Bandelier units were 

traceable in much of the western part of the trench, 

and no faults were recognized there (Fig. 6). 

However, recognition of faults and fractures in 

post-Bandelier clay-rich soils was not always pos

sible because of the locally massive character of 

the soils, and faults in these units may have been 

missed in some cases. The upper surface of the 

Bandelier Tuff in the TA-9 trench had numerous 

steps at the contact between tuff and overlying 

alluvium/co11uvium (cover photo; Fig. 6). This 

stepped contact may be partially or entirely deposi

tional and not associated with faulting; plucking of 

Qbt blocks prior to or during deposition of alluvi

um/colluvium may create the appearance of fault 

displacement where there is none. 
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Two prominent zones of fracturing were mapped in 

the trench. Zone A (Fig. 10; cover photo) is char

acterized by numerous steps in the tuff surface, 

sediment- and clay-fi11ed fractures, and possible 

domino-style faulting, similar in form to faults 

described by McCalpin (1998) in tensional struc

tures on the main scarp of the Pajarito fault. Steps 

on the top surface of the tuff at fractures range 

from 0.1 to > 1.2 m (0.3 ft to > 4 ft) high. Clay

and sediment-filled fractures are up to 1 m (3 ft) 

wide. Most fractures in the western portion of 

zone A strike about Nl5E; however, strikes vary 

from N80E to N20W. The eastern end of zone A is 

dominated by fractures with northerly strikes. The 
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upper surface of the tuff drops about 

3 m (10ft) down to the east over a 

150-m (500-ft) wide zone. We cor

relate the eastern end of zone A with 

the western bounding fault (F4, 

Plate 1) of the TA-9 graben. In 

Canon de Valle, fault F4 strikes 

N30E and has 1.5 m (5 ft) down-to

the-east dip separation on the weld

ing break between Units 4u(npw) 

and 4u(w). 

Zone B (Fig. 1 0) is also character

ized by numerous steps in the tuff 

surface and possible domino-style 

faulting. Steps on the top surface of 

the tuff at fractures are < 60 em (2 ft) 

high. The surface of the Bandelier 

Tuff drops> 3m (10ft) down to the 

west on the western side of this 

zone, and black, organic-rich soils 

are present west of the fracture zone. 

We correlate the west end of zone B 

with the eastern bounding fault (F2, 

Plate 1) of the TA-9 graben. In 

Canon de Valle, this fault strikes 

north-south to N5E and has a cumu

lative dip separation of 3 m (10 ft) 

down to the west. The number of 

fractures falls off on the eastern side 

of zone B. The 460-m (1 ,500-ft) 

width of the TA-9 graben and topog

raphy on the tuff surface across the 

bounding fracture zones (Fig. 1 0) are 

markedly similar to the same fea

tures in the profile of the north side 

of Canon de Valle (Fig. 8b). 

Examination of post-Bandelier Tuff 

units in the westernmost 300 m 

(1 ,000 ft) of the trench revealed no 

evidence of faulting (Fig. 6). 

However, because the trench walls 

were not continuously cleaned or 

logged, small faults may have been 

missed. 
continued on page 28 
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The easternmost surveyed part of the trench lay at 
the top of a large colluvium-covered scarp that 
drops 18 m (60ft) to the east (Fig. 1 0). The trench 
in this location exposed the contact between Units 
4u(npw) and 4u(w). This scarp is not associated 
with a fault. Rather it represents the eastern limit 
of a welded flow lobe of Unit 4u. Outcrops of this 
part of Unit 4 are sparse to absent east of here. 

Small faults north and west of the TA-9 graben. 
Eight normal faults, all with apparent dip-slip dis
placements of < 5 m ( 16 ft), were identified north 
and west of the TA-9 graben. Their association, if 
any, with the TA-9 graben is unclear. Several of 
these faults are somewhat aligned along a north
northeast trend. Two of them, located east and 
northeast of building TA-8-21, have 3m (10ft) and 
> 1.5 m (5 ft) down-to-the-east separation on con
tacts in Bandelier Tuff (F7 and F8, Plate 1). Fault 

7580 ...... 
' 7560 -. -. .._. 1-- Zone A-I • 

~- F4 

F7 is associated with flattening of the mesa top and 
may offset the post-Bandelier Tuff unit Qfi 
(deposited prior to 50-60 ka). Assuming this is the 
case, this feature is the youngest fault offset identi
fied in the study area except for Holocene faulting 
in trench EOC-2 (Reneau et al. 2002). The other 
fault (F8), with 1.5 m (5 ft) down-to-the-east sepa
ration, is exposed only in Bandelier Tuff, giving a 
maximum age for the faulting. 

Two small faults along this north-northeast trend 
were mapped in Pajarito Canyon (F9, Plate 1). 
One of these has 3 to 5 m (10-15 ft) apparent 
down-to-the-east separation on Qoal, and the other 
1.5 to 3.0 m (5-10ft) of apparent down-to-the
west separation on Qoal. Together, they form a 
small graben about 60 m (200 ft) wide. These 
faults are apparent in a profile of stratigraphic con
tacts along the north side of Pajarito Canyon 
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(Fig. Sa; Plate 1). The faults are associated with a 

north-trending tributary canyon that enters Pajarito 

Canyon at an anomalously high angle, suggestive 

of structural control. The faults and the tributary 

canyon trend north-northeast towards the trace of a 

down-to-the-east fault with > 1.5 m (5 ft) of slip 

on post-Bandelier Tuff strata beyond the northern 

limit of the study area, about 460 m ( 1,500 ft) 

north of Pajarito Canyon (Fl 0, Plate 1). This 

fault, where trenched on the south side of Los 

Alamos Canyon, experienced mid- to late

Pleistocene faulting and possibly Holocene fissur

ing, but time constraints are equivocal (McCalpin 

1998). The continuity among these short faults, 

none of them with mapped traces longer than 

about 60 m (200 ft), is difficult to prove. Several 

springs in the bottom of Pajarito Canyon and its 

tributaries may be fault-controlled (i.e., springs 

located between faults F3 and F7 and faults F3 and 

F9, Plate 1). These springs may be associated 

with the G2 graben, as suggested above for springs 

in Canon de Valle. 

Four more small faults, between F9 and F3, offset 

Bandelier Tuff contacts and the base of Qoal far

ther east in Pajarito Canyon (Fig. 8a; Plate 1). 

None of these faults has more than 1.8 m (6 ft) of 

separation on Bandelier Tuff nor can they be traced 

more than about 60 m (200 ft) along strike; All of 

these faults are associated with north-trending trib

utary canyons that enter Pajarito Canyon at anom

alously high angles. 

3. Fractures and minor faults at Material 

Disposal Area P 
To help understand a zone of open and filled frac

tures of large aperture [up to 100 em (3.3 ft) wide] 

at MDA P, we measured and analyzed 454 frac

tures to determine possible tectonic influences on 

fracturing there. We mapped 9 small-displacement 

faults at MDA P using total station surveying 

(Fig. 4; Appendix C, Table C-2), including a fault 

zone with fissures and a small graben that crops 

out on both sides of Canon de Valle. None of these 

faults appears to have lateral continuity across 

MDA P. No single large fault transects the site 

IV. Geology 

(Plate 1). Therefore, fracture analysis was used to 

recognize patterns in orientation, density, and aper

ture of fractures that might indicate their mode of 

formation. 

We measured fractures in three units of the 

Tshirege Member, the welded Units 3 and 3T and 

the nonwelded Unit 41 (Fig. 4). Detailed methods 

are described in Appendix B. Data are compiled in 

Appendix B, Table B-1. A point density plot (con

toured stereonet) of poles to all fracture planes 

shows a weakly developed clustering of data 

(Fig. 11a). The fracture set as a whole has a statis

tically significant north-northwest preferred orien

tation (mean direction of N15W ± 26°, Fig. 12a). 

Fracture dips vary from subhorizontal to steep. 

Despite considerable scatter in strike and dip, these 

data pass uniformity tests at the 95% confidence 

level (see Appendix B), indicating that the data are 

derived from a population of fractures with pre

ferred orientation. 

We measured 212 fractures in nonwelded Unit 41. 

A point density plot shows a moderately developed 

girdle with cluster (Fig. 11 b). These fractures have 

a statistically significant north-northwest preferred 

orientation (mean direction of N 14W ± 16°, 

Fig. 12b). Dips of the Unit 41 fractures are gener

ally steep. The small uncertainty on the mean 

direction, compared to the fracture set as a whole, 

indicates less scatter in strike in the nonwelded 

Unit 41. 

In the densely welded Unit 3T, we measured 129 

fractures. A point density plot shows a weakly 

developed cluster with girdle (Fig. llc). These 

fractures have a statistically significant east-north

east preferred orientation (mean direction of N69E 

± 32°, Fig. 12c). Dips of the Unit 3T fractures are 

generally subhorizontal. 
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In densely welded Unit 3, we measured 113 frac

tures. A point density plot shows a weakly devel

oped cluster (Fig. lld). These fractures have a sta

tistically significant north-northwest preferred ori

entation (mean direction of N25W ± 32°, Fig. 12d). 



Geology of the Western Part of Los Alamos National Laboratory 

' r ..... ' 
\ \ ' . ,, \ ,, . 

1',,,' 
• I 

+22o 

+20o 

+18o 

+16cr 

'+14cr 
+12o 

1 +10cr 

+80 

+60 

+40 

. 1 +2o 

tJE 

Figure 11. Point Density Plots of Poles to Fracture Planes Measured at MDA P. The plots show 
a) all data collected, b) data from Unit 4, c) data from Unit 3T, and d) data from Unit 3. Lower hemi
sphere equal area stereonets are contoured using the Gaussian counting method of Robin and Jowett 
(1986). Contour intervals are equal to E + 2o, E + 4o, etc., where E is the number of points expected to 
be found in the counting circle if points were extracted randomly from a uniform population and a is the 
standard deviation. The three orthogonal principal directions are shown with 95% confidence cones for 
each data set; these show average clustering of each data set (see Appendix B, Table B-2). Only for all 
data combined and Unit 4 alone do these principal directions have small cones of confidence. Data from 
Unit 4 show a moderately strong preferred orientation. See Appendix 8 for further details on the method. 
Abbreviation: N, number of measurements. 
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Figure 12. Rose Diagrams of Strikes of 

Fracture Data from MDA P. The inner circles 

represent 10% of the data analyzed, and the outer 

circles 15%. 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. 

Dips of the Unit 3 fractures are a mixture of steep 

and subhorizontal. 

Approximately 37% of the measured fractures are 

covered at both ends and about 13% at one end, 

which introduces some uncertainty in interpreta

tions of trace length and style of termination. 

Nevertheless, 56% of all measured fractures termi

nate at other fractures. Trace length of the mea

sured fractures in all three units is generally short 

(Appendix B, Table B-1). Mean trace length of 

fractures with both ends exposed along our eight 

traverses is < 3 m (10ft). Maximum trace length is 

25 m (81 ft). The overall map pattern of fractures 

in all units including Unit 41 is polygonal. 

Fracture density (the number of fractures along 

any one traverse divided by the length of traverse) 

in nonwelded Unit 41 [~ 20 fractures per 30 m 

(100ft)] is significantly lower than in the other 

units (compare traverses 1 and 2 with traverses 6, 

7, and 8; Table 2). Fracture density within 

Units 3 and 3T [up to about 40 fractures per 30m 

(100ft)] is higher than in Unit 41. There is a 

modest increase in fracture density from east to 

west across MDA P, shown by traverses 3, 4, and 

5; traverse 3, the most easterly, has the lowest 

value, whereas traverse 5, the most westerly, has 

the highest value. The highest densities were 

encountered in a zone of abundant fractures in the 

western third of MDA P. In this zone, exempli

fied by traverse 8, we measured 40 fractures per 

30 m (100ft). 

Apertures (Fig. 13) follow a pattern similar to frac

ture densities; there are more large aperture frac

tures in the welded Units 3 and 3T than in the non-

a) 

180 

b) 

180 

c) 

180 

d) 
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All, N= 454 
R= N15W 

Unit 4, N= 212 
R= N14W 

Unit 3T, N= 129 
R= N69E 
± 31.6° 

Unit 3, N = 113 
R=N25W 
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welded Unit 41 (Figs. 13 and 14). Apertures in 
Unit 41 are generally I to 2 mm but locally reach 
values of about 50 mm. Apertures in Units 3 and 
3T are as high as 100 mm. Fracture apertures are 
bimodal in all units; frequency distribution plots 
show a large peak at 0 to 5 mm and a smaller one, 
in all units, at 10 to 15 mm (Fig. 13). The mean 
aperture for the entire fracture set is 7 ± 10 mm; 
the large standard deviation is due to a small num
ber of fractures with apertures up to 100 mm 
(Appendix B, Table B-1). 

No consistent, statistically defensible east-to-west 
spatial variation in aperture is apparent from the 
fracture set as a whole. Frequency distribution 
plots of aperture versus easting or northing for all 
fractures reveal no notable trends due to the dis
continuous nature of the sampling along traverses 
as opposed to uniform coverage of the rock mass. 
Examination of the outcrop, however, indicates a 
trend towards higher fracture apertures in western 
parts of MDA P compared to eastern parts; where 
traverses 5, 6, and 8 intersect, there is a concentra
tion of fractures of large aperture filled with hori
zontally stratified sediment. This concentration 
corresponds to an area of MDA P where there is a 
mappable, ~ 12-m (40-ft) long, north-northwest
striking fault with a small component of strike slip 
and a north-trending graben with a small compo
nent of dip slip that can be traced about 120 m 

(400ft). This spatial association of a fault, a 
graben, elevated fracture density, and fractures of 
large aperture appears to mark a north-northwester
ly axis of a zone of diffuse deformation. 

A bout 50 of the measured fractures (I 0% of all 
measured fractures) at MDA Pare filled with brec
ciated tuff and/or cataclasite (foliated fault material 
produced by mechanical crushing of host rock and 
rotation of component grains). Approximately 
twenty-five of the fractures with cataclasite and/or 
breccia are in Unit 41; in some cases cataclasite and 
breccia are both present. The foliated faults, all but 
two of which are in Unit 41, have a preferred orien
tation of Nl4W ± 31°. 

4. Faults and folds in the easternmost part of 
the study area 

Only a few faults of small offset were identified 
east of the TA-9 graben. One northeast-striking 
fault in a tributary of Twomile Canyon has 2.4 m 
(8 ft) down-to-the-west apparent dip slip on the 
Unit 3/4 contact, which has prominent surge 
deposits in the contact (Fll, Plate 1). We could 
identify no structures associated with a nearby aer
ial photo linear noted by Gardner et al. (1999; 
Plate 1). 

Several small faults displace prominent surge 
deposits in the Unit 3/4 contact 60 em (2 ft) or less 

at Twomile Mesa (F12, Plate 1). 

Table 2. Fracture Density Along MDA P Traverses 
However, Reneau et al. (1995) surveyed 
this contact and identified more faults 
than we were able to map using tradi-

Traverse Qbt Orientation of Fracture Density tiona) field mapping techniques. 
Number Unit Traverse (fractures/30 m) 

Within the study area east of MDA P, the 
1 41 N78E 21 dip on the upper surface of Unit 3 
2 41 N77E 19 increases eastward from < 1 o to about 2°. 

3 41, 3T N14W 17 From available data, it is not clear 

4 41, 3T, 3 N20W 19 whether this change in dip, apparent on 

5 41, 3T, 3 N12W 27 the Unit 3 structure contour map 

6 3T,3 N76E 31 (Fig. 9b) and the Cafion de Valle profile 

7 3 N78E 30 
(Fig. 8b), results from deposition on an 

8 3 N80E 40 
uneven surface or post-depositional tee-
tonic folding. 
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V. DISCUSSION 

A. Tshirege Member Stratigraphic Units 

A number of other workers have also subdivided 

the Tshirege Member of the Bandelier Tuff in or 

near our study area into map units or into petrolog

ic units based on detailed petrographic, micro

probe, and geochemical studies of samples from 

measured sections and boreholes (Reneau et al. 

1995; Rogers 1995; Broxton et al. 1996, 2002; 

Warren et al. 1997; LANL ER Project 1998; 

Gardner et al. 1999, 2001). Most of our Tshirege 

Member units correlate well with the map units of 

Rogers (1995) in the study area: her Unit D corre

sponds to our Unit 3, although there are some dif

ferences in actual placement of contacts. Rogers' 

Unit E combines our Units 3T and 4. Within our 

study area, Rogers' Unit F corresponds with the 

upper part of our Unit 4 [clot-rich welded caprock 

Unit 4u(w)]. However, she carries Unit F well to 

the north of where our mapping shows it pinches 

out; we found none of this unit north of Pajarito 

a) 

b) 

Canyon. c) 

Some descriptions of Unit 3T and Unit 4 are not 

entirely consistent with our usage (Warren et al. 

1997; LANL ER Project 1998; see discussion in 

Gardner et al. 2001). We emphasize, however, that 

our usage of these units is petrographically and 

chemically consistent over the areas mapped in this 

study and by Gardner et al. (1999, 2001). 

As discussed in Gardner et al. (2001), we define 

Unit 3T based on its welding characteristics and its 

phenocryst population. Where Units 3 and 3T are 

both densely welded, characteristics of the phe

nocryst and lithic populations combined with 

major- and trace-element geochemistry provide 

useful criteria for pinpointing the contact. A study 

done prior to restoration of MDA P identified a 

Figure 13. Fracture Aperture Distributions. The 

histograms show the frequency distributions of 

apertures taken from measured fractures at MDA P. 
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N Traverse 5 

Unit 3 Unit 3T 
100 ! 

s 
Unit4 

! 

the Tshirege Member. The 
basal nonwelded ignimbrites 
of Unit 41 in the study area 
are the same as Unit 4 of 

80 ..................... ; ..... ··········· ····-~·-· .......... ······-~- ........... ········-

Gardner et al. (1999) in the 
TA-3 area. The physical and 
geochemical characteristics 

' ' ' 
' ' ' 
' ' ' ' ' ' 
' ' ' ' 
' ' 

of these units, as well as their ' ' 
' ' . ' 
' ' 
' ' 

60 !-·····················:···· ·················~····· ··············~····················- continuity with Unit 4 of 
Gardner et al. (1999) in the 
northern part of the study • 

40 f-·················· ···············:····················-
area (Plate 1), make them 
unequivocally the same unit. 

• The poorly to densely welded 

• • 
20 t-····················~···· ·················~····· ·····•········:····················-

ignimbrites with conspicuous 
crystal clots [our Units 
4u(npw) and 4u(w) and the 
Unit 4 with conspicuous crys
tal clots of Gardner et al. 
(2001)] clearly overlie the 
phenocryst-poor Unit 4 char
acteristic of TA-3 (our Unit 
41). The clot-rich Units 
4u(npw) and 4u(w) can be 

0 
0 

• • 
• • • 
.•. ~ .. •i 
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• ~· 
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Distance (ft) 
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Figure 14. Apertures along Traverse 5. The plot shows the variation 
in aperture among units of the Bandelier Tuff at MDA P. Data from tra-

verse 5 are shown. 

thick section of Unit 3 with no Unit 3T broken out 
(Broxton et al. 1996). Unit 3T had not been 
defined, however, at the time that the preliminary 
MDA P study was done. In well R-25, due west of 
MDA P, a 21-m (70-ft) thick section of Unit 3T was 
identified (Broxton et al. 2002). However, based on 
re-examination of core and cuttings from the 
R-25 well, we place the contact between Units 3 
and 3T shallower in well R-25 [a depth of 36.6 ± 
0.6 m (120 ±2ft)], making Unit 3 thicker[~ 33.8 m 
(Ill ft)] and Unit 3T thinner [~ 11 m (35 ft)] than 
previously determined. The revised thickness of 
Unit 3T is more consistent with mapped thicknesses 
and thickness trends in Cafion de Valle. 

Mapping of the area between TA-3 (Gardner et al. 
1999) and TA-16 (Gardner et al. 2001) allows a 
more definitive interpretation than was possible in 
either of these previous reports of the stratigraphic 
relations among the various units near the top of 
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traced, in nearly continuous 
exposure, from Water Canyon 

to Canon de Valle, where they overlie Unit 41. 

The uppermost part of the Unit 4 sequence in this 
study area, our Unit 4u(w), is the same as Unit 5 of 
Warren et al. (1997) and, at least in part, Unit F of 
Rogers ( 1995). Unit 5 was defined informally by 
Warren et al. (1997) as the caprock above a promi
nent surge near the top of Unit 4 of Broxton and 
Reneau (1995). The non- to partially welded, clot
rich Unit 4u(npw) and the densely welded Unit 
4u(w) are indistinguishable based on available 
major- and trace-element geochemistry (Fig. 7). In 
addition, both units bear conspicuous crystal clots. 
On some of the mesa tops, a nonwelded, clot-rich 
unit overlies the caprock (e.g., the mesa where 
well R-25 was drilled). We interpret this sequence 
as a cooling unit, with a nonwelded base, densely 
welded central portion, and a nonwelded top. We 
therefore map these three zones as one unit, 
Unit 4u (Plate 1). 
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After viewing the cores from boreholes at the 

building TA-16-260 outfall area (LANL ER Project 

1998), we revise the stratigraphy somewhat in 

accordance with our field mapping results. Cores 

from four boreholes were examined: 2665, 2667, 

2668, and 2669 (Plate 1; Table 3). Generally, we 

moved the upper contact of Unit 3T upwards 

because we have not been able to reliably distin

guish densely welded Unit 4T of Warren et al. 

(1997) from densely welded Unit 3T (see discus

sion in Gardner et al. 2001). We place the top of 

Unit 3T at the top of densely welded tuff in this 

part of the core, corresponding to the top of 

Unit 4T of LANL ER Project (1998). Generally, 

we place the Unit 3/3T contact at the same depth as 

LANL ER Project (1998) or< 3m (10ft) shallow

er. The thickness of Unit 3T in the boreholes 

therefore ranges from II to I6 m (37 to 54 ft) 

(37 ft, BH 2665; 54ft, BH 2667; 52 ft, BH 2668; 

46 ft, BH 2669). We were able to distinguish 

Units 41 and 4u in all boreholes; this division was 

not made by LANL ER Project (1998). The thick

ness of Unit 41 varies from around 5 to 22m (14 to 

70 ft) (70 ft, BH 2665; 43 ft, 

V. Discussion 

borehole 2668 and partially to moderately welded. 

Despite complexities of the upper Tshirege 

Member stratigraphy, we have been able to apply 

an internally consistent tuff stratigraphy over the 

map area. Most mapped contacts have been 

walked in their entirety and, together with more 

local stratigraphic markers, have provided a strong 

basis for interpretations of geologic structures, 

their spatial relations, and the style of deformation. 

B. Surficial Geologic Units 

Units Qoal and Qf both represent post-Bandelier 

alluvial fan deposits, but a distinction can be 

made, as we do here, based on lithologic and 

stratigraphic evidence as to whether the deposits 

predate or postdate initial Pleistocene incision of 

drainages on this part of the Pajarito Plateau. 

Unit Qoal, deposited by streams that emanated 

from the Sierra de los Valles (west of the study 

area), constitute remnants of once-extensive allu

vial fans that predate development of the present 

BH 2667; I4 ft, BH 2668; I6 ft, 
BH 2669). In addition, we recog

nized Unit 4u(w). in all four bore

holes. However, Unit 4u(npw) is 

present in only two boreholes 

(2668 and 2669), where it is 

Table 3. Elevation of Tshirege Member Contacts In 

Boreholes at Building TA-16-260 Outfall Area, 

Canon de Valle* (modified from LANL ER 1998) 

< 4.3 m (14 ft) thick (0 ft, 

BH 2665; 0 ft, BH 2667; 4 ft, 
BH 2668; 14 ft, BH 2669). 

Unit 4u(w) is up to 14 m (44 ft) 

thick in the building TA-16-260 

boreholes (1 ft, BH 2665; 15 ft, 

BH 2667; 44ft, BH 2668; 26ft, 

BH 2669). In boreholes 2665 and 

2667, Unit 4u(w) directly overlies 

the nonwelded Unit 41 with no 

intervening Unit 4u(npw). An 

additional pyroclastic flow unit 

and surge are also present in the 

building TA-16-260 outfall area, as 

seen in nearby Cafion de Valle. 

This unit is,.., 5.6 m (18ft) thick in 

Ground surface 

Contact 
(lower/upper unit) 

4u(w)/4u(nw)t 

4u(npw)/4u(w) 

41/4u(w) 

41/4u(npw) 

3T/41 

3/3T 

••-" signifies not present. 

BH 2665 BH 2667 BH 2668 BH 2669 

Elevation (ft) 

7580 7532 7556 7575 

7559 

7508 7533 

7577 7515 

7504 7519 

7507 7472 7490 7503 

7470 7418 7438 7457 

Tshirege Member unit designations are as shown in Fig. 5. The locations of 

boreholes are on Plate 1. 

tThe nonwelded top of unit 4u is preserved in one borehole. 
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main canyons (e.g., Reneau 1995; Reneau et al. 
1995; Reneau and McDonald 1996; Gardner et al. 
2001). Gravel deposits in shallow tributary 
canyons that we mapped as Qoal are associated 
with early stages of canyon development but were 
originally fed by distributary channels on fans that 
drained the Sierra de los Valles [Reneau (1995) 
discusses similar deposits in the Los Alamos 
Canyon watershed]. We interpret gravel lag 
deposits mapped as Qoal as remnants of largely 
eroded older alluvial deposits [Reneau et al. 
(1995) and Longmire et al. (1996) discuss analo
gous lag gravels on Pajarito Mesa and on Twomile 
Mesa, respectively]. These gravels may vary 
widely in age depending on the local history of 
canyon development. 

Whereas Qoal may be dominated by dacite clasts 
in a watershed that is completely underlain by 
Bandelier Tuff, Qf includes clasts that are repre
sentative of the modem watersheds. In addition, 
Qf is topographically related to the modern 
drainage system and typically inset below the mesa 
tops. Qf deposits, therefore, postdate Quaternary 
canyon incision. The occurrence of El Cajete 
pumice in some fan deposits establishes them as 
post-EI Cajete and therefore relatively young. The 
steep gradient of these Qfy deposits compared to 
the modem stream channel is consistent with Qfy 
recording a period of aggradation associated with 
an increase in sediment yield from the upper water
shed, causing a steepening of the stream channel 
that was followed by incision. Gentler gradients 
developed after a subsequent decrease in sediment 
supply and incision. 

C. Structural Geology 

1. Origin of fracturing at Material Disposal 
AreaP 

Quantitative measures of fracture orientation, 
fracture density, and aperture from our detailed 
structural analysis at MDA P differ in some signif
icant respects from previous fracture studies on 
the Pajarito Plateau (Table 4). Results among 
fracture studies are not directly comparable in all 

cases due to variation in data collected and meth
ods of data analysis. 

Most fractures in the Bandelier Tuff likely originat
ed by cooling contraction (Wohletz, in prepara
tion), and this origin is probably the case at MDA P 
as well. The Bandelier Tuff was deposited as a 
series of hot ash flows that compacted as they 
cooled, producing tension fractures (Ross and 
Smith 1961) commonly termed cooling joints. 
Cooling joints in the Bandelier Tuff are generally 
vertical, evenly spaced cracks of short lateral 
extent[< 3m (10ft)] and sinuous strike that com
monly terminate at other joints, forming irregular 
polygonal columns with diameters < 3 m (10ft) 
(e.g., Rogers et al. 1996). These characteristics 
also hold at MDA P. The orientation of cooling 
joints depends on the orientation of principal 
stresses in the tuff, a combination of regional tec
tonic stresses and local stresses imposed by under
lying topography and the processes of compaction 
and welding. In addition, pre-existing faults in the 
substrate may have played a role in formation of 
cooling joints, imparting stresses in the tuff that 
were relieved as the tuff cooled and fractured. 
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Previous studies in the Bandelier Tuff (Table 4) 
have shown that fracture strikes are widely dis
persed but show, in some localities, a crude 
bimodal distribution that defines a conjugate sys
tem of northwesterly and northeasterly oriented 
fracture sets, resulting in many four-sided 
columns (e.g., Purtyman et al. 1995; Wohletz 
1995, 1996, in preparation). The obtuse angle 
between these conjugate sets (- 90-120°) may be 
bisected by the direction of the regional exten
sional stress (e.g., Aldrich et al. 1986; Walters 
1996). At a few localities, fractures show a strong 
preferred orientation with little evidence for a 
conjugate set (Kolbe et al. 1994, 1995; Vaniman 
and Chipera 1995). The north-northwest pre
ferred orientation for fractures at MDA P (mean 
for all data: N15W ± 26°) is atypical compared to 
average strikes at other localities on the Pajarito 
Plateau but not necessarily distinct within uncer
tainties (e.g., Kolbe et al. 1994, 1995; Vaniman 
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Table 4. Comparison of Results from Selected Pa)arlto Plateau Fracture Studies 

Number Preferred Fracture Density Mean 

of Distance Qbt Orientation (fractures/30 m} Aperture 

Authors Area Fractures (m [ft]) Unit Strike Dip Background Maximum (mm) 

Vaniman and TA-55 (Pajarito Rd) 
1,625 

2,225 N16E 

Wohletz (1990) & EJemez Ad [7,300) 
Units 2, 3 & N4E 

76& 75 20 50 10 

Kolbe et al. (1994)*/ TA-67 390*/ 1,340 Units 3, 4 N4E 
9.4-13.9*/ 13.9*/ 

Reneau et al. (1995) (Pajarito Mesa) 1,417 [4,400] 
85 26.4-34.5 34.5 

20.5 

Kolbe et al. (1995}* 
TA-63 194* 

685 Unit3 NNE 
(Mesita del Suey) [2,247) 

90 ,.., 8-22* 30* 15 

Vaniman and TA-67 591t 
2,667 Unit3 

N17E ± 15 4t 7.5t 

Chipera (1995) (Pajarito Mesa) [8,750] to isotropic 
10 

Wohletz (1995) TA-21 1,662 
2,229 Unit 2 

N43E & N33W 7Q-73S 20 70 8-12.5 

w 
[7,312) (all: N12E} 

-..1 

Purtyman et al.(1995) 
Near 343 

165 Unit3 
N40E, N25W, 7Q-90 ,..,18 10 

TA-3 [540] N65W 

Wohletz (1996) 
TA-2& 1,496 

1,833 Unit 2 
N35W & N47E 75-82N 20 50 7 

TA-41 [6,013] (all: N8E ± 48} 

Reneau and TA-54 438 
,.., 192 Unit 2 

E-W& 76-77 23-30 3-5 

Vaniman (1998) [,.., 630] N20E 

lewis et al. (this study) MDAP 454 
576 Units 3, N15W±26 20 40 7 

[1,891] 3T,4 

*Kolbe et al. ( 1994, 1995) measured "through-going fractures," or fractures that were logged on both walls of trenches, which biases against fractures strongly oblique to trench walls. 

The data for Kolbe et al. (1994) are presented above those for Reneau et al. (1995). 

tvaniman and Chipera (1995) measured "mesa-penetrating fractures," or fractures that penetrate both welded and nonwelded parts of Unit 3. 
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and Chipera 1995). Note that uncertainties on 
preferred orientations were not determined in 
most studies. 

The polygonal pattern of joints in Unit 41 suggests 
that even this nonwelded tuff may have been 
affected by thermal fracturing. The girdle apparent 
in the point density plot and the short trace lengths 
of fractures in Unit 41 suggest that some joints 
propagated from the underlying densely welded 
Unit 3T into the nonwelded Unit 41 either during 
cooling of the welded tuff or by tectonic re-activa
tion of cooling joints. The small uncertainty on the 
north-northwest preferred orientation of the Unit 41 
fracture data and association of the fractures with a 
north-northwest-striking small-offset fault suggest 
that this direction may represent tectonic rather 
than thermal fracturing. 

Subhorizontal fractures within densely welded 
Units 3 and 3T appear to be associated with com
paction foliation. Unit 3T in many localities con
sists of a lower part distinguished by platy weath
ering and an upper part distinguished by a round
edged platform that forms directly beneath Unit 4 
(e.g., Gardner et al. 1999). This differential 
weathering may correspond to slight differences in 
chemistry of flow units (e.g., Warren et al. 1997; 
Krier et al. 1998a, I998b; Stimac et al. 1998; 
Gardner et al. 2001). On the Pajarito fault escarp
ment, Unit 3T has a well-developed platy charac
ter throughout (e.g., McCalpin 1997; Seismic 
Hazards Team, unpublished mapping). The platy 
character may result from downslope creep of the 
viscous tuff as it cooled and compacted. The 
overall eastward tapering wedge shape of Unit 3T, 
with the thickest and platiest sections occurring on 
the Pajarito escarpment, are consistent with this 
interpretation. 

The greater abundance of fractures in Units 3 and 
3T (about 50% more than in Unit 41) suggests that 
many of these are cooling joints or weathering fea
tures. This outcome is consistent with previous 
work showing that many fractures in welded tuffs 
do not penetrate underlying or overlying nonweld-
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ed tuffs, imparting greater fracture densities in 
welded versus nonwelded tuffs (e.g., Reneau et al. 
1995; Vaniman and Chipera 1995). The polygonal 
pattern of fractures in outcrops of Units 3 and 3T, 
the abundance of fracture terminations by intersec
tion or truncation, and vapor alteration of fracture 
walls support this interpretation. 

The average fracture spacing on the Pajarito 
Plateau is ~ 1.5 m, resulting in a linear' density of 
~ 20 fractures/30 m, but fracture densities as high 
as ~ 70 fractures/30 m have been measured 
(Wohletz, in preparation). Local maxima are in 
some cases associated with known faults (Vaniman 
and Chipera 1995). In other cases, maxima have 
been used to infer underlying faults (Vaniman and 
Wohletz 1990; Wohletz 1995, 1996). At TA-67, 
however, relatively low values of fracture density 
have been measured near faults, and higher than 
average values where no faults were identified 
(Kolbe et al. 1994). Fracture densities at MDA P 
are similar to other areas (generally ~ 20 frac
tures/30 m with a local maximum of 40 frac
tures/30 m). The highest fracture density at 
MDA P was within a densely welded part of Unit 3. 

Mean fracture apertures across the Pajarito Plateau 
typically range from 7 to I 0 mm (Table 4). The 
highest measured mean apertures are from studies 
in which only steeply dipping (> 45°) "through
going fractures" (fractures identified in both walls 
of trenches) were measured (Kolbe et al. 1994, 
1995). Other investigators have suggested that 
cooling joints may attain larger apertures if they 
undergo further opening during tectonism (Walters 
and Aldrich 1997). Apertures up to 100 mm in 
Units 3 and 3T at MDA P may indicate post-cool
ing extension in this area and further opening of 
pre-existing fractures. However, the data from 
MDA P and other areas are inconclusive in this 
regard (e.g., Kolbe et al. 1994; Vaniman and 
Chipera 1995). Nevertheless, Wohletz (1996) 
assumed that apertures of fractures at TA-2 and 
TA-41 developed by vertical displacement along 
initially closed cooling joints; he calculated a 
cumulative 3-m down-to-the-west displacement 
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accommodated by fractures across an inferred 

Guaje Mountain fault zone. A fractured, welded 

tuff can conceal several meters of fault displace

ment over a wide area by accommodating small 

amounts of strain in a multitude of fractures 

(Wohletz, in preparation). 

We know of no infallible method for distinguishing 

tectonic fractures from cooling fractures, aside 

from measurable stratigraphic offset or identifica

tion of cataclastic foliation in fracture filling. 

Cataclasite forms in nonwelded tuffs by grain size 

reduction, particulate flow, and pore collapse dur

ing faulting (Wilson et al. 2001). Fracture filling 

varies considerably across the Pajarito Plateau. In 

Unit 2 at TA-21, fracture filling is sparse to absent 

(Wohletz 1995). Fractures at Pajarito Mesa in 

Unit 3 are commonly filled with clay, minor gyp

sum and halite, and tuff breccia (Vaniman and 

Chipera 1995). Kolbe et al. (1995) recognized 

slickensides in a few fractures (generally horizon

tal) in Unit 3 at TA-63 but concluded that they may 

be due to gravitational slip toward drainages that 

bound the site. In the TA-67 trenches, Kolbe et al. 

(1994) found no evidence of gouge, shear fabric, 

slickensides, or other evidence of faulting along 

fracture walls in Units 3 and 4. By contrast, we 

observed numerous examples of slickensides and 

cataclastic foliation in fractures in nonwelded 

Unit 41 at MDA P (Appendix B, Table B-1 ). 

Our mapping, however, showed no major faults to 

the north or south of MDA P, more or less on strike 

with the preferred orientation of the fractures and 

small displacement faults. Nevertheless, there is 

evidence for faulting at MDA P, including five sur

veyed small-displacement faults (Appendix C, 

Table C-2) and foliated cataclasite observed in 

some faults in Unit 41. We lack stratigraphic mark

ers for estimating displacement on these faults, but 

displacement is likely to be small because fault 

traces are on average about 5 m ( 16 ft) long. 

Locally high fracture densities at MDA P (40 frac

tures/30 m) suggest an association with a fault that 

is not well expressed within Tshirege Member 

units, as interpreted by Wohletz (1996, in prepara-

V. Discussion 

tion) near the southern end of mapped traces of the 

Guaje Mountain and Rendija Canyon faults. Along 

our traverses 1, 2, and 6, we calculate cumulative 

extension in an east-west direction of 0.4 m, 0.3 m, 

and 1.1 m, respectively (Appendix B, Table B-1). 

Thus, a small amount of horizontal extension, over 

possible deep-seated normal faults, may be accom

modated by the fractures at MDA P. 

Even so, differential compaction of a tuff may 

result in small faults, keystone-like grabens, and 

rotated blocks that resemble folds (Wohletz, in 

preparation). Some fracture studies on the Pajarito 

Plateau show a population of north-northwesterly 

or east-west striking fractures that parallel the 

modern canyons (e.g., Purtyman et al. 1995; 

Rogers et al. 1996; Reneau and Vaniman 1998), 

which may, in some cases, parallel paleocanyons in 

the substrate. LANL ER Project (1998) identified 

thickness variations, lateral facies changes, and 

within-unit elevation differences along Canon de 

Valle consistent with differential compaction along 

the west-to-east course of the canyon. For fractur

ing observed at MDA P (N15W preferred orienta

tion) to be associated with differential compaction, 

paleotopography would have had a north-north

westerly trend, strongly oblique to Cafion de Valle 

and Pajarito Canyon. 

The change in dip in Unit 3 identified east of 

MDA P (Figs. 8b and 9b) coincides roughly with . 

the eastward pinch-out of Units 3T and 4u (Plate 1; 

Cross-section A-A', Plate 2), suggesting down-to

the-west faulting prior to deposition of Unit 3, 

which may have influenced the topography on the 

Unit 3 surface, the distribution of Units 3T and 4, 

and perhaps the distributed deformation represent

ed by fracturing at MDA P and faulting along the 

TA-9 graben. 
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Significantly, the bounding faults of the TA-9 

graben (G2) displace Qoal (probably in part 

1.13 Ma), indicating tectonic displacements after 

cooling of the tuff. We conclude that fractures at 

MDA P result from a combination of thermal 

contraction and tectonics. Faulting and associat-
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ed fracturing at MDA P likely represent distrib
uted deformation associated with the Pajarito 
fault and may be associated with deep-seated, 
down-to-the-west normal faulting antithetic to the 
dominantly down-to-the east displacement on the 
Pajarito fault. Differential compaction over pre
Bandelier Tuff topography does not appear to 
play a major role. 

2. Structural setting of the study area 
We have identified four sets of structures in the 
area between TA-3 and TA-16 and east of the 
Pajarito fault zone: a) north-striking faults (F2, F3, 
F4, F5) defining a graben (G2) in the central part 
of the study area; b) north-northwest-striking frac
tures and rare faults (at MDA P) that bound the 
eastern side of the principal zone of deformation 
within the study area and may be the surface 
expression of a subsurface fault or faults; c) rare 
northeast-striking structures near the northern limit 
of the area associated with the southern end of the 
Rendija Canyon fault (F11 and nearby photo lin
ear); and d) several small east-west-striking faults 
(northwest of building TA-16-260; southwest of 
MDAP). 

The structures in the western half of the study area 
at Canon de Valle and Pajarito Canyon accommo
date most of the structural deformation that we 
document east of the main escarpment. We esti
mate net down-to-the-west throw on Bandelier 
Tuff to be more than 6 m (20 ft) in the western 
half of the map area at Canon de Valle. This esti
mate must be used with caution, however, due to 
extensive post-Bandelier deposits in the western 
quarter of this swath; these deposits may conceal 
faults or folds of significant displacement. 
Furthermore, this estimate could be low if the 
change in dip observed east of MDA P on the top 
of Unit 3 represents monoclinal folding rather than 
draping of pre-Unit 3 topography. Farther north, 
along Pajarito Canyon, the zone of greatest defor
mation east of the main escarpment also occupies 
the western half of the study area. East of the 
Anchor Ranch Road monocline M 1, we estimate 
3 m (1 0 ft) of net down-to-the-east throw on 
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Bandelier Tuff and - 5 m (16 ft) down-to-the-east 
throw on the base of Qoal. Monocline M 1 and 
faults west of Anchor Ranch Road account for 
additional displacement, perhaps as much as 15 m 
( 45 ft) of net down-to-the-east throw on Qbt and 
the base of Qoal; this amount would be less if the 
monocline M1 is partly due to the eastward-taper
ing wedge shape of Unit 3T. However, the higher
than-usual dip of the base of Qoal on the flank of 
the monocline suggests significant tectonic fold
ing. Down-to-the-east deformation in the north
western part of the study area is likely associated 
with evolution of the Pajarito fault zone as a fault
ed monocline. 

Within the Pajarito fault zone, monoclinal folds 
associated with normal faulting are common (e.g., 
McCalpin 1997; Gardner et al. 1999, 2001). 
Analog modeling and field studies show that exten
sional fault-propagation folds form above steeply 
dipping normal faults (e.g., Hardy and McClay 
1999; Withjack and Callaway 2000; Willsey et al. 
2002). Especially where a distinct mechanical 
contrast exists between basement and cover, dis
crete normal faulting at depth may be linked to dis
tributed deformation, including folding, at higher 
levels. Slow displacement rates and thin, strong 
strata overlying active normal faults favor develop
ment of broad monoclines (Withjack and Callaway 
2000). Continued displacement can cause propa
gation of the fault into the cover, resulting in a 
faulted monocline (M1, for example). 

Structures near MDA P, including discontinuous 
small-displacement faults and fractures, are not 
clearly associated with any major fault at the sur
face but may be the surficial expression of deeper
seated normal faulting. Hanging-wall synclines 
and footwall anticlines adjacent to fault planes, as 
observed in Canon de Valle in graben 02, are com
mon in extensional zones and generally indicate 
breaching of a monocline rather than drag folding 
(Hardy and McClay 1999). 

In general, the structural setting of the study area 
appears similar in many respects to the setting of 
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TA-3 to the north (Gardner et al. 1999) and TA-16 

to the south (Gardner et al. 2001). At all three 

locations, a relatively narrow but discontinuous 

graben lies at the base of and parallel to the main 

escarpment of the Pajarito fault. Structure to the 

east of the narrow graben in both TA-3 and TA-16 

is dominated by north-northeast and northeast

striking normal faults and monoclines, all of which 

show significant net down-to-the-west displace

ments on Bandelier Tuff. At TA-3, the north-north

east and northeast-striking structures are caused by 

convergence of the Rendija Canyon and Pajarito 

fault zones, forming the southern end of the 

3,650-m (12,000-ft) wide Diamond Drive graben 

(Gardner et al. 1999) and giving rise to distributed 

faulting between Los Alamos Canyon and Twomile 

Canyon. At TA-16, north-northeast-striking open 

fissure networks are associated with the tensional 

upper hinge zones of monoclines (Gardner et al. 

2001) or with open framework fissure-fill breccias 

developed at fault surfaces (Wong et al. 1995; 

McCa1pin 1997, 1998; Gardner et al. 1998b, 2001). 

In the vicinity of TA-16, deformation associated 

with the Pajarito fault extends at least 1,500 m 

(5,000 ft) to the east of the Pajarito fault escarp

ment (Gardner et al. 2001). The dominantly down

to-the-west deformation in that area may be due to 

accomodation of the eastern, hanging-wall block of 

the Pajarito fault to either lateral changes in strike 

or vertical changes in dip of the Pajarito fault. 

Faulting and fracturing between TA-3 and TA-16 is 

dominated by north-northeast to north-northwest

striking faults and associated folds with small 

amounts of down-to-the-east and down-to-the-west 

displacement. Similar to the TA-16 area, deforma

tion in the present study area extends at least 

1,500 m (5,000 ft) to the east of the Pajarito fault 

escarpment. This deformation appears to be asso

ciated with the Pajarito fault and may be caused 

also by vertical changes in its dip resulting in deep

seated, down-to-the-west normal faulting antithetic 

to the Pajarito fault. 

3. Comparison of structure to previous studies 

Rogers (1995) recognized many of the larger struc

tures that we have mapped, but we differ in place-

V. Discussion 

ment and interpretation of the style of deformation. 

Rogers (1995) recognized the western bounding 

fault (f4, Plate 1) of the graben near building 

TA-16-260 (G2, Plate 1) but inferred the opposite 

sense of displacement on the fault. She recognized 

part of the eastern bounding fault where it crosses 

Pajarito Canyon (F3, Plate 1) with the same sense 

of displacement we observed. However, Rogers 

( 1995) depicts the connections among these faults 

quite differently than we do. She further infers a 

syncline, which we have confirmed with field data, 

more or Jess along the axis of the TA-9 graben. 

She recognized a north-trending, west-dipping 

monocline crossing Canon de Valle west of 

MDA P, but we interpret the horizontal or gentle 

west dips in the tuffs here to result from down-to

the-west faulting at the east side of graben G2. 
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Rogers (1995) indicates a north-striking, down-to

the-east fault in the northwestern part of the study 

area, paralleling Anchor Ranch Road and then cut

ting directly east of building TA-8-23 (Plate 1). 

We agree that placing a down-to-the-east normal 

fault at the surface there is tempting, but the geolo

gy does not require it. The Unit 3T/4 contact is 

folded and climbing steeply westwards there and 

gives the illusion of down-to-the-east fault offset. 

Confirmation of folding here comes from the 

steeper-than-usual dip of the base of Qoal 

(Fig. 8a). 

Rogers (1995) also shows a west-striking fault in 

the mesa north of Canon de Valle. We mapped a 

short segment of a west-striking fault about 610 m 

(2,000 ft) northwest of building TA-16-260, but we 

were not able to trace this fault nearly as far west 

or east as Rogers depicts it. Numerous west-strik

ing faults appear on the Rogers ( 1995) map in our 

study area for which we have found no evidence. 

However, west-southwest of MDA P we identified 

short segments of west-striking faults that were not 

mapped by Rogers. West-striking faults are clearly 

present on the Pajarito Plateau, but they are much 

Jess numerous than north-striking faults and play a 

less important, or less obvious role, in the structur

al evolution of the area. 
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Budding and Purtymun (1976) show the "Water 
Canyon fault" skirting the east side of MDA P. 
The trace of the fault on their map appears to run 
from the topographic step at the east end of 
Campground Mesa (Gardner et al. 2001) and along 
an aerial photographic linear that Gardner and 
House ( 1987) show on their maps. Our mapping 
revealed no major fault displacements in the 
Bandelier Tuff contacts between MDA P and the 
limit of our mapping more than 450 m (1 ,500 ft) 
east of MDA P. A major structure on the maps of 
Rogers (1995) is her "Water Canyon Arch." 
Gardner et al. (2001) chose not to show this fea
ture in TA-16 because Bandelier Tuff contacts 
appear to form an arch where an east-southeast
striking fault zone displaces tuff contacts down to 
the north. Near MDA P, the position of the "Water 
Canyon Arch" may, in fact, mark a prominent 
topographic step located at the eastern pinch-out of 
Unit 4u. The step also corresponds to the pinch
out of Unit 3T. We agree with Gardner et al. 
(2001) that the topographic step and linear are ero
sional features formed near the edge of a flow lobe 
in Unit 4 and not a fault as interpreted by previous 
workers (Budding and Purtyman 1976). We fur
ther propose that lateral stratigraphic changes in 
the Tshirege Member that give rise to the step and 
linear may be controlled by deep-seated structure, 
perhaps down-to-the-west faulting in the underly
ing Otowi Member. Sufficient time elapsed 
between deposition of the Otowi Member at 
1.61 Ma and the Tshirege Member at 1.22 Ma for 
deformation to have occurred. The distribution of 
Units 3T and 4u, especially their eastward pinch
outs, may be fault controlled. We recommend that 
the terms "Water Canyon fault" and "Water 
Canyon Arch" be abandoned 'since they have not 
been observed either in Water Canyon or in the 
present study area. 

Evidence for a broad north-south-trending graben 
in the subsurface beneath the study area is sparse 
but intriguing. Geologic mapping constrains the 
southerly termination of the Diamond Drive 
graben, bounded by the Pajarito fault and the 
Rendija Canyon fault, to lie more or less at TA-3 
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and the Los Alamos County landfill. However, 
gravity data (Biehler et al. 1991), fracture data 
(Wohletz 1996, in preparation), and fault and frac
ture data (Kolbe et al. 1994~ Reneau et al. 1995) 
suggest possible southwards, subsurface continua
tions of the down-to-the-west Rendija Canyon 
and Guaje Mountain faults in the subsurface, 
although they are not expressed as major faults in 
Bandelier Tuff (e.g., Gardner et al. 1999). 
Thickness variations in the Cerro Toledo interval 
in the general vicinity of the study area are sug
gestive of faulting after deposition of the Otowi 
Member. The Cerro Toledo interval is - 27.5 m 
(75ft) thick in well SHB-3 at TA-16 (Gardner et · 
al. 1993), - 36.5 m (120 ft) thick in well R-25 at 
TA-16 (R-25, LANL ER Project 1998), - 42 m 
(137ft) thick at TA-55 (Fig. 2; Gardner et al. 
1993), and only - 15.3 m (50ft) thick in well 
R-37-2 [located about 900 m (3,000 ft) southeast 
of the southeastern corner of the present study 
area] (LANL ER Project, unpublished data). The 
greater thickness of the Cerro Toledo interval at 
well R-25 and TA-55 may indicate down-to-the
west faulting beneath the present study area, 
which may have influenced the distribution and 
thickness of Tshirege Member units. 

Previous investigators have interpreted a subsur
face graben beneath the Pajarito Plateau, but in 
most cases, its inferred location lies to the east of 
the study area. Budding (1978) identified a promi
nent gravity low about 3 km (1.9 mi) east of the 
city of Los Alamos and interpreted a north-north
east-trending graben in the subsurface that ranges 
from about 5 km (3.1 mi) wide north of the study 
area to about 7 km (4.4 mi) wide at Water Canyon. 
He interpreted the graben as partly syn-deposition
al and partly post-depositional with the Santa Fe 
Group, which he modeled as up to 2 km (1.3 mi) 
thick in the graben. Estimated stratigraphic separa
tion on the bounding normal faults totals more than 
2 km in the north, diminishing somewhat to the 
south. In the vicinity of the study area, the western 
bounding fault of the graben would be located 
some 3 km (1.9 mi) east of the Pajarito fault with 
the eastern bounding fault about 8 km (5 mi) east 
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of the fault. Electromagnetic sounding surveys 

also defined a northeast-trending trough beneath 

the Pajarito Plateau (Williston, McNeil, and 

Associates 1979). Cordell (1979), as well, inter

preted from regional gravity data a northeast-trend

ing graben in about the same position, which he 

suggested is the southern continuation of the 

Velarde graben. Modeling of gravity profiles by 

Williams ( 1979) identified no graben structure, 

consistent with seismic reflection lines across the 

same area. She interpreted the gravity gradient as 

resulting from a density contrast between the 

Tschicoma Formation and the Bandelier Tuff and 

Puye Formation rather than the result of a large 

fault offset. 

Subsequent work by Biehler et al. (1991) demon

strated a pronounced Bouguer gravity anomaly 

directly east of the Pajarito fault. The deepest part 

of the anomaly lies due .south of the mapped traces 

of the Rendija Canyon and Guaje Mountain faults 

and about 5 to 6 km (3-4 rni) east of the Pajarito 

fault. Thickness variations in Puye Formation 

beneath the LANL site are consistent with a pre

Bandelier Tuff graben (Vaniman et al., in prepara

tion). The eastern edge of the graben is not well 

delineated but likely lies well east of the study 

area. These relations, combined with our results 

implying structural control of depositional patterns 

in the Tshirege Member, suggest that further inves

tigation of a possible graben in the subsurface is 

warranted. 

4. Ages of faulting and related deformation 

Bounds on the timing of the structural deforma

tion in the study area are not particularly robust. 

All structures are Quaternary in age in that they 

postdate the Tshirege Member (1.22 Ma) of the 

Bandelier Tuff. For many faults (F2, F3, F4, F6, 

F8, and F9), the only other unit that is clearly 

faulted or deformed is Qoal, which is probably in 

part ,.., 1.13 million years old. The western 

bounding fault of the TA-9 graben (F4) apparent-

. ly cuts Qfo. A small fault (F7) that is part of a 

series of aligned north-northeast-striking faults 

apparently cuts Qfi. This fault is aligned with 
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fault FlO, which experienced mid- to late

Pleistocene rupture and possible Holocene fissur

ing (McCalpin 1998). The youngest-known fault

ing in the study area occurred on fault Fl, recent

ly trenched at the site of a new LANL Emergency 

Operations Center. The most recent paleoseismic 

event on F1 occurred in Holocene time (Reneau 

et al. 2002). 

The Rendija Canyon fault appears to die out near 

the northern limit of the study area (Gardner et al. 

1999). Paleoseismic trenching of the Rendija 

Canyon fault about 5 km (3.1 mi) northeast of the 

study area showed that the most recent earthquake 

occurred at about 9 or 23 ka (Wong et al. 1995; 

Kelson et al. 1996). No studies to date have defini

tively identified a southward continuation of the 

Rendija Canyon fault south of Twomile Canyon. 

To the east of the study area, in trenches at Pajarito 

Mesa, no offset of the buried soil beneath the El 

Cajete pumice was observed, indicating no faulting 

for the last 50 to 60 thousand years (Reneau et al. 

1995). Therefore, young surface rupture docu

mented on the Rendija Canyon fault terminated 

north of Pajarito Mesa. Alternatively, displace

ment was transferred to other faults either east or 

west of Pajarito Mesa. 
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To the south of the study area, evidence on the tim

ing of deformation is provided by four structures at 

TA-16 that are subsidiary to the Pajarito fault 

(Gardner et al. 2001). A fissured lineament, .. fis 1" 

of Gardner et al. (2001), which projects toward the 

fault F4 of this study, deforms not only the 

Tshirege Member of the Bandelier Tuff but possi

bly also Qoal, which is probably in part about 1.13 

million years old. Fault F2 of Gardner et al. 

(2001) is a down-to-the-west fault that parallels 

Anchor Ranch Road and projects towards the pre

sent study area. This fault appears to truncate 

deposits of the 50- to 60-thousand-year-old El 

Cajete pumice (Qec), but field relations are 

equivocal. Fault F9 of Gardner et al. (2001), 

which parallels West Jemez Road, appears to trun

cate an alluvial fan unit, Qfi, but again, field rela

tions are equivocal. Radiocarbon dates from a 
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borehole at TA-16 Jed Gardner et al. (2001) to 
interpret a seismic event on a fissure (their "fis 2") 
sometime prior to 8.7 to 9.2 cal ka and at least one 
additional, younger paleoseismic event whose age 
is not well constrained. 

The occurrence of Holocene paleoseismic events 
on fault F1 (Plate 1 ), fis 2 of Gardner et al. (2001 ), 
and possibly the northward continuation of FlO 
(Plate 2) suggests that there may well be more 
structures in the study area that have experienced 
Holocene events, although we either lack the strati
graphic record or the exposure to demonstrate it. 
Prevalent fill and disturbed surficial geologic units 
would require trenching to determine the presence 
or absence of faults in the western part of the study 
area, particularly in TA-8, TA-69, and the western 
half ofTA-9. 

D. Recommendations 

Based on the results of this study, we recommend 
that the south slope of Pajarito Canyon directly 
east of building TA-8-21 at fault F7 (Plate 1) be 
considered as a possible trench site. The identifi
cation of faults that may cut post-Bandelier fan 
units in this area suggests a more or less continu
ous fault system, at least in the subsurface, that 
may connect to the north with fault FlO, which has 
undergone 1.5 m (5 ft) down-to-the-east separation 
on Qbt with possible Holocene rupture (McCalpin 
1998). The best potential site for trenching, how
ever, is the site of a gas pipeline installed some 
years ago. 

We also recommend drilling in the area ofTA-8 to 
locate the bases of Units 3T and 3 to resolve the 
issue of whether steep dips at the Unit 4/3T con
tact are due to westwards thickening of Unit 3T or 
to structural deformation. Similarities or differ
ences in trends of the Unit 3/3T contact would 
bear on this question. In addition, locating the 
Unit 3/3T contact would give us better control on 
the dip separation across the Pajarito fault. In this 
area as well, drilling could determine the thick
ness of fan units, identifying the depth of the 
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graben at the base of the Pajarito fault. We rec
ommend this action because it is key to under
standing the structural setting of the western part 
of LANL, which would directly aid future seismic 
hazard evaluations. 

The study area clearly lies within the Pajarito fault 
system, albeit a part of the system that is dominat
ed by subsidiary or distributed ruptures on the 
major faults. As such, this is an area of generally 
higher potential for seismic surface rupture, rela
tive to locations farther removed from the Pajarito 
fault zone. Probabilistic analyses of surface rup
ture potential at TA-16 by Olig et al. (2001), how
ever, indicate that, even in consideration of 1-in-
10,000-year events, seismic surface rupture only 
becomes a significant hazard on the principal or 
main trace of the Pajarito fault. 
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Appendix A. Whole Rock Geochemistry 

, APPENDIX A. WHOLE ROCK GEOCHEMISTRY ,, 

' 
Table A-1. Locations of Bandelier Tuff Samples 

Coordinatest 

I Sample Stratigraphic Northing Easting Elevation 

Number* Unit (ft) (ft) (ft) 

I CDV-1 Obt3 1764589 1615570 7336 

CDV-2 Qbt3 1764702 1615684 7355 

I 
CDV-3 Qbt3 1764706 1615665 7377 

CDV-4 Obt3T 1764705 1615643 7381 

CDV-5 Obt3T 1764728 1615618 7397 

I CDV-6 Obt41 1764747 1615603 7402 

CDV-7 Qbt41 1764770 1615574 7417 

CDV-8 Obt4u 1764838 1615505 7465 

I CDV-9 Qbt4u 1764853 1615497 7477 

CDV-10 Obt4u 1764849 1615468 7494 

I 
MDAP-257-0.2 Qbt4? 1764163 1615576 7464 

MDAP-257-9.8 Qbt41 1764163 1615576 7454 

MDAP-257 -25.8 Qbt41 1764163 1615576 7438 

I( MDAP-257-40.2 Qbt41 1764163 1615576 7424 

MDAP-257 -54.9 Obt41 1764163 1615576 7409 

MDAP-257-55.3 Obt3T 1764163 1615576 7409 

I MDAP-257 -66.4 Obt3T 1764163 1615576 7398 

MDAP-257-70.1 Obt3T 1764163 1615576 7394 

I 
MDAP-257 -134.4 Obt3 1764163 1615576 7330 

MDAP-257-139.5 Qbt3 1764163 1615576 7325 

MDAP-257 -144.0 Obt3 1764163 1615576 7320 

I 
MDAP-273-42.0 Obt4 1764283 1616023 7411 

MDAP-273-42.4 Obt3T 1764283 1616023 7410 

MDAP-273-49.8 Obt3T 1764283 1616023 7403 

I MDAP-273-49.9 Qbt3T 1764283 1616023 7403 

MDAP-273-82.1 Obt3T 1764283 1616023 7371 

I 
MDAP-273-84.2 Obt3T 1764283 1616023 7369 

MDAP-273-96. 7 Obt3 1764283 1616023 7356 

MDAP-273-117.0 Obt3 1764283 1616023 7336 

I • Abbreviations as follows: CDV, Canon de Valle; MDAP, Material Disposal Area P. 

tNorthing and easting coordinates for CDV were digitized from topographic maps. The elevation for CDV-10 was drawn from the 

OEM, and the remaining sample elevations were calculated from the measured section. The coordinates for MDA P boreholes 

1,. 
were surveyed by the LANL ER Project, and sample elevations were measured from cores. Northing and easting coordinates are 

in the State Plane Coordinate System, New Mexico Central Zone, 1983 North American Datum. 
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Table A-2. Major and Trace Element Geochemistry of Bandelier Tuff (notes on page 55) 

Major Elements (wt %)t Trace Elements (ppm) Sample 

Number* SI02 Tl02 Al20 3 Fe20 3T MnO MgO CaO Na20 K20 P20 5 LOI Total Zn Rb Sr Y Zr Nb Ba 

COV-1 

COV-2 

COV-3 

COV-4 

cov~5 

COV-6 

COV-7 

COV-8 

COV-9 

COV-10 

75.99 0.128 12.17 1.57 0.052 80 0.27 4.10 4.52 0.022 0.44 98.82 53.6 101.5 35.6 34.7 243.1 45.7 135.2 

75.15 0.150 12.70 1.73 0.061 0.07 0.28 3.92 4.60 80 0.73 98.66 52.1 97.5 45.7 31.3 254.8 47.1 231.3 

74.56 0.151 12.94 1.72 0.056 0.07 0.26 3.99 4.66 0.027 0.64 98.43 72.3 104.7 40.3 45.1 273.6 53.2 255.5 

74.62 0.147 12.78 1.95 0.049 80 0.23 4.15 4.63 0.032 0.59 98.59 56.2 104.5 38.2 48.0 295.9 47.8 168.4 

75.45 0.159 12.64 1.87 0.063 0.07 0.28 4.29 4.65 0.019 0.38 99.50 56.4 102.5 39.2 33.9 308.7 49.9 187.7 

MOAP-257-0.2 

MOAP-257-9.8 

74.49 0.196 

70.73 0.286 

73.64 0.244 

72.96 0.242 

72.78 0.235 

70.62 0.252 

72.04 0.288 

MOAP-257-25.8 71.05 0.345 

MOAP-257-40.2 · 70.05 0.370 

MOAP-257-54.9 71.77 0.354 

MOAP-257-55.3 75.38 0.150 

MOAP-257-66.4 75.11 0.153 

MOAP-257-70.1 75.81 0.147 

MOAP-257-134.4 76.62 0.130 

MOAP-257-139.5 76.59 0.131 

MOAP-257-144.0 76.80 0.118 

MOAP-273-42.0 70.92 0.357 

MOAP-273-42.4 74.89 0.157 

MOAP-273-49.8 74.87 0.156 

MOAP-273-49.9 74.58 0.163 

MOAP-273-82.1 75.66 0.152 

13.19 

13.56 

12.97 

12.96 

14.08 

13.59 

13.58 

13.67 

14.26 

13.69 

12.41 

12.50 

12.19 

11.79 

11.79 

11.85 

14.20 

12.69 

12.69 

12.98 

12.51 

2.13 0.061 0.11 0.32 4.07 4.64 0.022 0.75 99.22 53.7 96.3 35.7 40.6 326.0 41.1 181.8 

2.46 0.073 0.31 0.76 4.85 4.90 0.057 1.08 97.99 75.2 81.7 108.8 33.1 350.8 43.8 378.9 

2.42 0.074 0.30 0.73 4.05 4.47 0.045 0.80 98.96 63.5 80.4 89.8 55.6 325.4 40.7 379.5 

2.32 0.087 0.27 0.69 3.79 4.76 0.117 1.82 98.19 64.2 83.3 74.6 54.7 344.4 46.2 311.4 

1.71 0.016 80 0.33 4.75 4.84 0.053 0.48 98.80 25.3 78.5 90.6 22.0 361.7 34.2 467.3 

3.36 0.021 0.34 0.78 4.04 4.48 0.056 1.22 97.55 42.0 77.3 99.2 49.6 29.01 50.8 416.9 

2.46 0.077 0.26 0.81 4.64 4.56 0.053 0.45 98.77 71.7 80.6 96.2 27.3 353.0 33.0 466.7 

2.73 0.088 0.35 0.94 4.67 4.50 0.069 0.39 98.41 73.4 79.3 120.8 30.0 404.6 28.6 489.6 

2.86 0.091 0.37 1.17 4.87 4.41 0.086 0.41 98.54 63.8 73.7 144.8 41.1 384.8 35.3 600.8 

2.75 0.093 0.33 1.03 4.64 4.26 0.073 0.52 99.01 84.6 81.8 127.7 32.7 395.8 45.3 566.1 

1.70 0.060 0.06 0.33 4.34 4.61 0.013 0.15 99.05 58.5 102.7 37.8 34.4 277.3 43.1 236.7 

1. 78 0.063 0.08 0.32 4.35 4.60 0.014 0.11 98.96 61.7 103.6 37.4 45.2 285.1 52.1 168.7 

1.70 0.056 0.08 0.33 4.18 4.42 0.014 0.19 98.92 54.8 84.4 39.8 50.3 267.3 49.0 188.4 

1.51 0.053 80 0.24 4.10 4.33 0.000 0.20 98.76 55.2 92.6 36.5 41.3 240.5 45.8 183.6 

1.50 0.051 80 0.24 4.09 4.39 0.000 0.14 98.78 62.7 96.9 33.9 37.4 232.6 47.7 96.5 

1.44 0.050 80 0.23 4.04 4.34 0.011 0.19 98.89 55.2 92.8 32.6 35.7 234.6 35.3 183.9 

2.81 0.095 0.35 1.08 4.87 4.39 0.080 0.40 99.15 77.3 83.2 140.0 44.7 392.9 29.7 571.5 

1.80 

1.81 

1.88 

1.74 

0.055 0.09 0.36 4.31 4.59 0.015 0.25 98.96 51.1 96.6 31.4 48.7 278.4 43.2 173.6 

0.065 0.10 0.35 4.37 4.66 0.017 0.24 99.09 70.1 104.7 42.5 37.8 274.2 50.4 144.5 

0.055 0.14 0.38 3.99 4.40 0.018 0.70 98.59 64.6 95.0 49.7 39.9 240.6 40.1 182.7 

0.057 0.09 0.34 4.10 4.43 0.016 0.40 99.10 68.2 94.3 46.1 37.5 256.1 54.9 217.0 
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Table A-2 Continued. Major and Trace Element Geochemistry of Bandelier Tuff 

- --(' 

Sample Major Elements (wt %)t Trace Elements (ppm) 

,,. 

VI 
VI 

Number* Sl02 Tl02 Al20 3 Fe20 3 T MnO MgO CaO Na20 K20 P20s LOI Total Zn Rb Sr y Zr Nb Ba 

MDAP-273-84.2 76.33 0.137 12.16 1.66 0.055 0.08 0.26 4.00 4.36 0.014 0.38 99.05 59.2 94.0 39.0 40.3 236.0 41.3 144.6 

M DAP-273-96. 7 75.86 0.135 12.09 1.59 0.058 BD 0.22 4.20 4.42 0.015 0.17 98.58 95.7 101.0 37.1 41.6 248.0 45.8 135.1 

MDAP-273-117.0 76.40 0.121 12.04 1.50 0.054 BD 0.23 4.11 4.37 0.010 0.14 98.84 51.4 94.5 28.8 28.3 233.4 45.8 154.8 

*Abbreviations as follows: CDV, Cai'lon de Valle; MDAP, Material Disposal Area P. 
t Analytical uncertainties are available on request from the authors. V, Cr, and Ni concentrations are below detection limits and therefore not reported. Abbreviations: LOI, loss on 
ignition; BD, below detection limits. 
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Geology of the Western Part of Los Alamos National Laboratory 

APPENDIX B. STRUCTURAL ANALYSIS 

We performed a detailed fracture analysis of the 
restored MDA P site [- 0.3 km2 (0.1 mi2

)], taking 
advantage of nearly complete (88%) exposure. We 
located and measured 454 fractures and faults 
along eight traverses covering 576 linear meters 
(1,891 linear ft) of exposure (Fig. 4; Table B-1). 
The longest individual traverse was 134m (440ft). 
Data collected for each fracture are as follows: dis
tance along traverse, strike, dip, trace length, aper
ture, and characteristics of the fracture terminations 
and the material filling the fracture. End points of 
traverses were located at grid points with an 18-m 
(60-ft) spacing surveyed by the LANL ER Project. 
Five traverses were oriented roughly east-west. 
Three were oriented approximately north-south. 
Distance along each traverse was measured with a 
tape stretched between surveyed grid points. 
Fracture strike and dip were measured to an accu
racy of± 2° with a Brunton compass. Aperture of 
fractures was measured perpendicular to fracture 
faces. In addition, fractures were mapped at a 
scale of I :360 on a topographic base with 2-ft con
tours derived from the LANL ER Project 1991 
OEM. The fracture map was then digitized, gee
referenced, and imported into ArcGIS (© ESRI). 
Intersections of fractures and traverse lines were 
calculated in ArcGIS. 

With the fracture data, we performed a geometric 
analysis, identifying preferred orientations in the 
directional data and spatial variation in aperture. 
Using the computer program Spheristat 
(© Pangaea Scientific), we determined preferred 
orientations using a Gaussian counting routine 
(Robin and Jowett 1986) that allows determination 
of the principal directions of the strain ellipse with 
2o uncertainties (Fig. 11). Point density is esti
mated by counting the number of data points 
(poles to fracture planes) within a certain angular 
distance of the particular direction at which the 
point density is being estimated. We used a 
Gaussian counting function in which counting is 
weighted according to angular distance from the 
counting station. Specifically, we used the Fisher 
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function, w = ek(cose- I)' where 8 is the angular 

distance and k is the kurtosis. The value of k 

determines the rate at which the weighting func
tion decreases with angular distance. We chose a k 

value that produces a result equivalent to the 
Starkey method, which adjusts the size of the 
counting circle according to sample size, resulting 
in statistically significant density estimates 
(Starkey 1977). 

In addition to making graphical plots of contoured 
density distributions, which demonstrate visually 
the clustering of directions, we also calculated prin
cipal directions (eigenvectors), which show the 
average clustering of the whole sample, and the 
95% cones of confidence for each of the principal 
directions (Fig. 11; Table B-2, page 76). The differ
ence between the point density distribution and the 
principal directions is similar to the difference 
between the mode (most frequent) and the mean 
(overall average). The smallest eigenvector points 
in the direction of the normal to the best-fitting 
plane through the set of poles to fracture planes. 
The largest eigenvector is in the direction of the sta
tistically greatest clustering. Quantitative compari
son can be made of eigenvectors and uncertainties 
for different data sets, whereas only graphical com
parison can be made of contoured point densities. 

As a further measure of preferred orientation, we 
plotted Rose diagrams of fracture strikes in 10° 
classes and calculated mean strikes with 95% con
fidence intervals (Fig. 12). Rose diagrams can be 
compared directly to the results of fracture analy
ses in other parts of the Laboratory (e.g., Wohletz 
1995; Vaniman and Chipera 1995). 

We also applied a number of statistical tests that 
analyze whether a sample might have been taken 
from a uniform (random) population of directions. 
Due to the abundance of cooling joints in our mea
sured fracture data, there is a tendency for girdle 
distributions. Therefore, we used the Mardia test 
and the Woodcock/Maylor test (Mardia 1972; 
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Woodcock 1977), avoiding unifonnity tests that are 
not reliable for girdle data. 

We calculated mean fracture density at MDA P for 
each traverse but did not perform running aver

ages of fracture density as done by Wohletz 

( 1995). The short length of the traverses and 

small areas of colluvial cover (despite 88% expo

sure) resulted in spurious values of low density at 

the ends of each traverse as well as within and 
adjacent to areas of cover. 

Finally, we investigated changes in aperture across 
MDA P by frequency distribution analysis. We 
first explored trends in aperture size by counting 
the number of fractures of a certain aperture 
(Fig. 13). We then plotted aperture versus distance 
along traverse to investigate variation amongst 
units of the Bandelier Tuff and spatial variations 
from east to west (Fig. 14). 

Appendix B. Structural Analysis 
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Table 8·1. MDA P Fracture Data (notes on page 74) 

Traverse 1, N78E Trend, 440' Total length Start Grid Point 421*: 1764430, 1616108 

End Grid Point 407+20': not surveyed 

Distance 
along Coordinates* Bed- Aper· 

Fracture traverse Northing Easting rock ture 

Numbert (ft) (ft) (ft) unit Strike# Dip (mm) 

1-1 

1-2 

1-3 

1-4 

1-5 

1-6 

1-7 

1-8 

1-9 

3.0 

4.5 

9.5 

13.1 

16.4 

22.1 

36.3 

40.6 

44.7 

1764430 1616108 41 

1764429 1616106 41 

1764428 1616101 41 

1764427 1616097 41 

1764427 1616095 41 

1764425 1616089 41 

1764421 1616074 41 

1764420 1616071 41 

1764419 1616068 41 

47' to 50' Covered 

1-10 51.2 

1-11 53.1 

1-12 56.6 

1-13 64.9 

1-14 68.9 

1764418 1616062 41 

1764417 1616059 41 

1764416 1616056 41 

1764414 1616048 41 

1764413 1616044 41 

1-15 69.9 1764413 1616043 

1-16 72.5 1764412 1616040 

1-17 73.5 1764411 1616038 

1-18 77.5 1764411 1616036 

22.3' to 34.5' Covered 

1-19 85.7 1764409 1616028 

1-20 91.8 1764407 1616023 

1-21 91.9 1764407 1616022 

34.6' to 36.8' Covered 

1-22 98.6 1764405 1616015 

1-23 103.5 1764404 1616010 

1-24 104.1 1764404 1616010 

44.4' to 51.7' Covered 

1-25 111.7 1764402 1616003 

1-26 113.9 1764401 1616001 

53.9' to 56.5' Covered and likely brecciated 

1-27 116.5 1764401 1615998 

1-28 128.4 1764398 1615987 

1-29 130.8 1764397 1615985 

1-30 130.9 1764397 1615984 

41 

41 

41 

41 

41 

41 

41 

41 

41 

41 

41 

41 

41 

41 

41 

41 

7 

343 

352 

313 

202 

204 

323 

216 

348 

73 1 

43 

69 1 

80 10 

48 > 10 

63 10 

60 3 

79 5 

80 

100 63 2 

2 

2 

3 

2 

5 

2 

202 74 

22 78 

150 58 

28 76 

303 

349 

338 

345 

23 

16 

131 

140 

332 

174 

300 

173 

334 

51 

322 

210 

75 

90 

90 

56 

50 

43 

84 

53 

85 

83 

80 

69 

88 

90 

90 

86 

58 

2-4 

2 

2-3 

5 

4 

1 

10 

5 

2 

3 

10 

1 

1 

1 

Trace Termi
nation& 
Type: 

Frac
ture 

filling¥ 

length§ Total 

(ft) length _,----.:.--=------
s N (ft) 

c 1.3 

CIA 1.1 

CIA 1.2 

C/R 10.7 

C/R/OX 4.7 

C/R 8.8 

CIA 7.8 

CIA 8.3 

CIA 2.4 

C/R/OX 2 

CIA 3.2 

CIA 4.6 

CIA 4.7 

c 1.0 

c 
c 
c 
c 

c 
C/R 

CIA 

c 
F/C/8 

CIA 

c 
CIA 

FIB 

c 
c 
c 

5.4 

1.3 

1.8 

2.7 

0.6 

0.2 

0.0 

3.2 

5.8 

0.0 

0.0 

4.4 

7.0 

6.2 

1.3 

3.5 

S N 

8.6 9.9 Te Sp 

4.1 5.2 Tr Tr 

5.3 6.5 Tr C 

38.0 48.7 Sp C 

4.1 8.8 Tr Tr 

5.2 14.0 Tr Tr 

2.7 10.5 C Tr 

26.6 34.9 Sp Tr 

0.55 3.0 Tr Tr 

4.4 6.4 c c 
1.0 4.2 Tr Tr 

9.4 14.0 C Tr 

2.6 7.3 C Tr 

6.0 7.0 Tr C 

4.9 

2.4 

2.4 

3.1 

5.7 

4.2 

4.6 

3.3 

3.8 

3.6 

1.5 

5.1 

4.5 

7.3 

10.7 

3.0 

10.3 

4.2 

4.2 

5.8 

6.3 

4.4 

4.6 

6.5 

9.6 

3.6 

1.5 

9.5 

11.5 

13.5 

12.0 

6.5 

c 
Tr 

Tr 

Tr 

c 
Tr 

c 

Tr 

c 
c 

Tr 

c 

c 
Tr 

Tr 

Tr 

Tr 

Tr 

Tr 

Tr 

Tr 

Tr 

Tr 

c 
Tr 

Tr 

Te 

Tr 

Tr 

c 
Tr 

c 

I 
~ 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
·~ 

I 
I 
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Appendix B. Structural Analysis 

Table B-1 Continued. MDA P Fracture Data (notes on page 74) 

Traverse 1 Continued 

Distance 
along Coordinates* Bed- Aper-

Fracture traverse Northing Easting rock ture 

Numbert (ft) (ft) · (ft) unit Strike* Dip (mm) 

1-31 

1-32 

1-33 

1-34 

1-35 

1-36 

1-37 

135.7 

138.0 

138.8 

170.1 

170.4 

172.0 

178.6 

5' to 12.6' Covered 

1764396 1615979 41 

1764395 1615978 41 

1764395 1615977 41 

1764387 1615945 41 

1764386 1615945 41 

1764386 1615944 41 

1764385 1615939 41 

1-38 193.3 1764381 1615925 41 

14.2' to 18.0' Covered 

1-39 205.8 1764378 1615912 41 

41 1-40 207.3 1764379 1615919 

34.3' to 41.3' Covered 

1-41 224.9 1764373 1615894 41 

41 

41 

41 

41 

41 

41 

41 

41 

41 

41 

41 

41 

1-42 226.5 1764372 1615892 

1-43 228.0 1764372 1615891 

1-44 234.8 1764370 1615884 

1-45 

1-46 

1-47 

1-48 

1-49 

1-50 

1-51 

1-52 

1-53 

1-54 

1-55 

1-56 

1-57 

1-58 

1-59 

1-60 

1-61 

1-62 

237.3 

243.3 

254.2 

258.3 

258.5 

264.3 

266.2 

266.8 

269.4 

270.6 

271.1 

281.2 

282.6 

283.0 

288.0 

291.6 

293.8 

302.3 

... 

1764370 1615882 

1615876 1764368 

1615866 1764365 

1615863 1764364 

1615861 1764364 

1615857 1764363 

1615854 1764362 

1615853 1764362 

1615851 1764361 

1615850 1764361 41 

1615849 1764361 41 

1615840 1764358 41 

1615838 1764358 41 

1615838 1764358 41 

1615833 1764356 41 

1615829 1764355 41 

1615826 1764355 41 

1615818 1764353 41 

'' ... 

149 77 

80 90 

173 88 

59 76 

163 83 

162 86 

6 70 

199 

8 

NA 

132 

187 

97 

4 

359 

2 

133 

10 

175 

19 

170 

128 

339 

63 

90 

82 

88 

87 

78 

90 

90 

72 

63 

80 

64 

60 

79 

70 

90 

175 71 

10 76 

158 76 

138 65 

29 75 

115 80 

125 70 

160 82 

332 78 

59 

10 

3 

5 

1 

1 

2 

5 

3 

5 

10 

3 

2 

15 

4 

1 

2 

1 

1 

2 

1 

1 

1 

50 

1 

1 

1 

10 

22 

2 

4 

1 

2 

Frac
ture 

filling¥ 

F/CIA 

c 
c 
c 

8/C/F 

8/C 

C/8/F 

CIA 

c 
c 

c 
CIF 

c 
F/C 

c 
c 

CIR 

CIA 

CIA 

CIA 

C/R 

OXIR 

8/C 

Trace 
length§ Total 

Termi
nation& 

Type: _ ___,_(ft.:..:o)....__ length 
S N (ft) S N 

0.6 4.4 5.0 Tr Tr 

2.7 0.5 3.2 Tr Tr 

3.8 4.1 7.9 Tr Tr 

0.0 4.8 4.8 Tr Tr 

4.8 24.3 29.1 Tr Sp 

3.8 15.2 19.0 C Tr 

4.9 0.9 5.8 Tr Tr 

3.3 

2.0 

2.8 

0.8 

26.0 

1.5 

7.8 

14.2 

5.5 

1.9 

3.6 

1.8 

1.3 

1.8 

0.7 

0.7 

3.4 6.7 c 

1.1 3.1 Tr 

5.4 8.2 Sp 

2.4 3.2 Tr 

3.8 29.8 c 
4.2 5.7 Tr 

0.9 8.7 Te 

2.55 16.8 Tr 

2.6 8.1 Tr 

3.0 4.9 Tr 

2.5 6.1 Tr 

2.0 3.8 Tr 

3.8 5.1 T 

4.2 6.0 Tr 

3.3 4.0 Tr 

2.3 3.0 Sp 

Tr 

Tr 

Tr 

Tr 

Tr 

Tr 

Tr 

Tr 

Sp 

Tr 

c 
c 
Tr 

Tr 

Tr 

Tr 

c 0.4 2.5 2.9 Tr Tr 

c 0.8 1.3 2.1 Tr Tr 

c 1.9 1.8 3.7 Tr Tr 

CIF 22.4 0.2 22.6 Tr Tr 

F/C/8 6.5 9.2 15.7 Tr Tr 

c 3.4 3.2 6.6 Tr Tr 

c 7.2 3.1 10.3 Sp C 

c 3.8 1.9 5.7 Tr Tr 

CIR 1.2 0.9 2.1 Tr Tr 
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Table B-1 Continued. MDA P Fracture Data (notes on page 74) 

Traverse 1 Continued 

Distance Trace Termi-
along Coordinates* Bed- Aper- Frac

ture 
filling¥ 

length§ Total nation& 
Fracture traverse Northing Easting rock ture _ ____._(ft:..:.l..___ length Type: 
Numbert (ft) (ft) (ft) unit Strike# Dip (mm) S N (ft} S N 

3.1' to 9.4' Covered 

1-63 312.6 

1-64 314.1 

1-65 324.6 

1-66 325.3 

1-67 334.4 

1-68 339.6 

1-69 340.5 

1-70 352.8 

1-71 355.6 

1-72 361.7 

1-73 363.9 

1-74 368.2 

1-75 373.5 

1-76 382.9 

1-77 384.2 

1-78 

1-79 

1-80 

1-81 

1-82 

1-83 

1-84 

1-85 

1-86 

1-87 

1-88 

1-89 

1-90 

387.0 

397.0 

397.8 

398.2 

402.1 

402.4 

406.8 

413.0 

414.5 

418.7 

422.9 

433.0 

437.3 

1764350 1615807 

1764350 1615808 

1764347 1615798 

1764347 1615797 

1764344 1615788 

1764343 1615783 

1764343 1615782 

1764340 1615770 

1764339 1615767 

1764337 1615762 

1764337 1615760 

1764336 1615755 

1764334 1615751 

1764332 1615741 

1764332 1615740 

41 

41 

41 

41 

4 

41 

41 

4 

41 

41 

41 

41 

41 

41 

41 

1764331 1615737 41 

1764328 1615728 41 

1764328 1615727 41 

1764328 1615727 41 

1764327 1615723 41 

1764327 1615721 41 

1764326 1615718 41 

1764324 1615712 41 

1764324 1615711 41 

1764323 1615706 41 

1764322 1615703 41 

1764319 1615693 41 

1764318 1615688 41 

Aperture (mm): mean: 4 

max: 50 

min: 1 

sum: 383 

Cumulative extension: 0.4 m 

240 

170 

174 

345 

125 

20 

145 

135 

121 

150 

187 

143 

165 

341 

15 

69 

67 

71 

90 

85 

90 

8 

77 

72 

89 

83 

74 

72 

74 

90 

297 90 

20 78 

5 83 

292 90 

54 90 

155 80 

132 67 

190 71 

309 84 

348 70 

25 72 

322 90 

310 84 

2 

12 

2 

1 

6 

1 

4 

22 

1 

4 

6 

8 

8 

2 

4 

2 

4 

16 

c 
C/8 

CIA 

c 
c 

C/8 

c 
c 
c 
c 
c 

CIA 

c 
c 

CIAIF 

CIA 

CIA 

c 
CIF 

CIA 

CIA 

R 

c 
c 
c 

CIF 

CIA 

c 

10.9 

0.9 

11.9 

14.0 

16.7 

49.0 

0.7 

10.4 

7.0 

4.1 

7.4 

4.5 

13.0 

5.5 

32.7 

1.6 

9.9 

6.7 

6.4 

3.4 

11.7 

14.0 

15.3 

5.9 

4.5 

1.6 

1.3 

4.7 

1.0 

16.1 

12.5 Tr 

10.8 Tr 

18.6 Sp 

20.4 Sp 

20.1 Tr 

60.7 Sp 

14.7 Tr 

25.7 Tr 

12.9 Tr 

8.6 Tr 

9.0 Tr 

5.8 c 
17.7 c 
6.5 Sp 

48.8 Tr 

c 
Tr 

Tr 

Tr 

Tr 

Sp 

Tr 

Sp 

c 
Tr 

Te 

Te 

Sp 

Tr 

Tr 

2.5 7.0 9.5 Tr Tr 

· 0.6 6.0 6.6 Tr Tr 

0.3 3.5 3.8 Tr Tr 

14.0 2.0 16.0 Tr Tr 

0.2 12.0 12.2 Tr C 

3.2 11.6 14.8 Tr C 

3.0 3.3 6.3 Tr Tr 

1.5 8.7 10.2 Tr C 

4.7 3.5 8.2 Tr Tr 

5.9 0.7 6.6 Tr Tr 

3.1 2.9 6.0 Sp Tr 

3.7 11.7 15.4 Tr Tr 

15.5 2.7 18.2 Tr C 

Trace length (ft): mean: 11.0 

max: 60.7 

min: 1.5 

Fracture density: 21 fractures/100ft 
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Appendix B. Structural Analysis 

Table B-1 Continued. MDA P Fracture Data (notes on page 74) 

Traverse 2, N77E Trend, 421' Total Length Start Grid Point 478•: 1764371, 1615658 

End Grid Point 492: not surveyed 

Distance 
along Coordinates* Bed- Aper-

Fracture traverse Northing Easting rock ture 

Numbert (ft) (ft) (ft) unit Strike# Dip (mm) 

2-1 4.5 1764373 1615665 41 341 90 

5.0' to 8.3' Covered 

2-2 8.7 

2-3 18.2 

2-4 18.6 

2-5 19.7 

2-6 20.9 

2-7 30.0 

2-8 32.6 

2-9 39.2 

2-10 48.6 

2-11 54.5 

2-12 75.1 

2-13 77.1 

2-14 86.3 

0' to 6' Covered 

2-15 97.6 

2-16 98.9 

2-17 103.3 

2-18 108.6 

2-19 113.5 

2-20 122.5 

2-21 125.4 

2-22 126.3 

2-23 129.4 

2-24 132.1 

2-25 137.4 

2-26 138.0 

2-27 141.0 

2-28 151.7 

2-29 154.2 

2-30 

2-31 

2-32 

2-33 

158.8 

160.9 

163.8 

165.7 

1764374 1615669 41 

1764377 1615678 41 

1764377 1615679 41 

1764377 1615680 41 

1764378 1615682 41 

1764380 1615690 41 

1764381 1615693 41 

1764382 1615698 41 

1764385 1615707 41 

1764386 1615714 41 

1764391 1615733 41 

1764392 1615736 41 

1764395 1615744 41 

1764397 1615755 41 

1764398 1615757 41 

1764399 1615760 41 

1764400 1615766 41 

1764401 1615770 41 

1764404 1615779 41 

1764405 1615782 41 

1764405 1615782 41 

1764405 1615784 41 

1764406 1615787 41 

1764407 1615792 41 

1764408 1615793 41 

1764409 1615797 41 

1764412 1615807 41 

1764412 1615809 41 

1764413 1615813 41 

1764414 1615816 41 

1764414 1615818 41 

1764415 1615820 41 

320 

340 

0 

40 

122 

314 

137 

322 

150 

166 

164 

115 

150 

19 

151 

165 

109 

30 

161 

308 

140 

128 

140 

150 

147 

60 

314 

150 

81 

80 

61 

70 

66 

80 

72 

90 

76 

85 

66 

90 

85 

72 

70 

90 

73 

90 

71 

80 

76 

74 

84 

81 

74 

90 

88 

80 

15 90 

170 73 

169 77 

15 90 

61 

1 

1 

2 

1 

1 

2 

32 

2 

1 

40 

3 

2 

1 

2 

8 

1 

10 

1 

1 

2 

1 

1 

2 

2 

12 

1 

10 

1 

1 

3 

Frac
ture 

filling¥ 

c 

c 
CIR 
CIR 
c 
c 

C/8 

CIR 
c 
c 

CIR 
c 
c 
c 

CIR 
CIF 

c 
CIR 
c 

CIR 
c 

CIR 
c 
c 

CIR 
c 

CIR 
c 

CIR 
c 
c 
c 
c 

Trace Terml-
length' Total nation& 

----'-(ft:..:J)t___ length Type: 
S N (tt) S N 

1.1 2.2 3.3 Tr C 

9.7 4.0 13.7 Sp C 

0.5 2.6 3.1 Tr C 

0.7 2.0 2.7 Tr Tr 

0.9 4.2 5.1 Tr C 

2.0 4.0 6.0 Tr C 

3.7 4.0 7.7 c c 
5.1 5.0 10.1 c c 
5.8 11.3 17.1 c c 
1.5 2.8 4.3 Tr Tr 

4.3 21.0 25.3 Sp C 

10.1 9.2 19.3 Sp C 

9.8 1.1 10.9 C Tr 

2.0 10.2 12.2 C Tr 

1.4 1.6 3.0 C Tr 

0.7 3.2 3.9 c c 
13.0 2.0 15.0 Te Sp 

8.0 9.4 17.4 C Tr 

3.0 9.7 12.7 Tr Tr 

7.5 6.0 13.5 Tr Tr 

5.2 7.5 12.7 Tr Tr 

0.5 2.0 2.5 Tr Tr 

3.1 4.7 7.8 Tr C 

6.5 0.6 7.1 Tr C 

1.5 3.6 5.1 Tr Tr 

1.7 2.9 4.6 Tr Tr 

8.1 12.9 21.0 Sp Sp 

1.7 3.7 5.4 Tr Tr 

1.9 11.0 12.9 Tr Tr 

5.6 

15.0 

2.4 

1.2 

1.1 6.7 Tr Tr 

5.6 20.6 Tr Tr 

2.9 5.3 C Tr 

5.1 6.3 Tr Tr 



Geology of the Western Part of Los Alamos National Laboratory 

Table 8-1 Continued. MDA P Fracture Data (notes on page 74) 

Traverse 2 Continued 

Distance 
along Coordinates* Bed- Aper-

Fracture traverse Northing Easting rock ture 
Numbert (ft) (ft) (ft) unit Strike# Dip (mm) 

2-34 

2-35 

2-36 

2-37 

2-38 

2-39 

2-40 

2-41 

168.8 

172.2 

176.7 

176.9 

181.1 

183.7 

184.2 

187.6 

1764416 1615823 41 

1764417 1615828 41 

1764418 1615831 41 

1764418 1615832 41 

1764419 1615835 41 

1764420 1615839 41 

1764420 1615839 41 

1764421 1615841 41 

98.3' to 117.4' Covered 

2-42 209.7 1764426 1615863 41 

41 

41 

41 

41 

41 

41 

41 

41 

2-43 214.8 1764428 1615868 

2-44 

2-45 

2-46 

2-47 

2-48 

2-49 

2-50 

2-51 

2-52 

2-53 

2-54 

2-55 

2-56 

2-57 

2-58 

2-59 

2-60 

2-61 

2-62 

2-63 

2-64 

2-65 

2-66 

2-67 

2-68 

,. 
L. 

218.5 

221.3 

221.5 

222.8 

226.2 

227.2 

229.6 

239.7 

240.2 

248.3 

250.4 

254.0 

257.3 

281.8 

284.6 

285.8 

295.3 

309.2 

313.0 

315.1 

312.0 

317.8 

323.3 

325.4 

333.6 

,. 

1764429 1615871 

1764430 1615874 

1764430 1615875 

1764430 1615876 

1764431 1615879 

1764431 1615879 

1764432 1615882 

1764434 1615891 41 

1764434 1615892 41 

1764437 1615902 41 

1764437 1615902 41 

1764438 1615907 41 

1764439 1615908 41 

1764445 1615932 41 

1764446 1615935 41 

1764447 1615937 41 

1764449 1615945 41 

1764451 1615955 41 

1764453 1615963 41 

1764454 1615965 41 

1764453 1615960 41 

1764455 1615967 41 

1764456 1615971 41 

1764456 1615974 41 

1764459 1615983 41 

.. . 

178 83 

276 85 

339 90 

155 82 

170 74 

270 90 

133 76 

25 90 

171 

0 

176 

305 

25 

175 

336 

234 

20 

61 

74 

76 

63 

44 

40 

90 

81 

69 

172 86 

169 75 

286 77 

5 77 

290 90 

230 71 

11 90 

178 71 

290 70 

349 43 

57 50 

303 30 

325 50 

19 90 

323 50 

3 90 

3 90 

303 90 

62 

1 

8 

10 

10 

1 

1 

2 

NA 
1 

1 

4 

10 

2 

1 

8 

2 

1 

10 

10 

1 

1 

1 

1 

2 

2 

2 

1 

2 

2 

1 

2 

Frac
ture 

filling¥ 

c 
C/F? 

c 
c 
c 
c 
c 
c 

NA 
c 
c 
c 
c 
c 
c 
c 
c 
c 

CIA 

c 
c 
c 
c 
c 
c 
c 
c 
Ca 

CIA 

C/R 

Ca!R 

C/R 

FIB 

c 
CIA 

Trace Terml-
length§ Total nation& 

_ ___l.(ft:.,:,).___ length Type: 
S N (ft) S N 

3.3 

4.8 

0.3 

5.6 

2.3 

0.8 

1.8 

2.4 

5.2 

11.3 

0.9 

0.8 

0.8 

0.9 

8.0 

1.4 

3.6 

2.9 

3.5 

5.3 

6.0 

1.1 

3.7 

7.0 

6.3 

1.2 

5.7 

4.3 

7.5 

1.7 

2.6 

11.3 

15.0 

2.0 

2.9 2.2 

9.8 4.6 

2.0 7.5 

1.2 2.5 

2.2 15.4 

7.0 6.7 

13.0 1.6 

3.0 0.5 

6.3 3.7 

4.2 2.4 

3.3 3.0 

0.7 2.6 

6.0 4.8 

9.2 7.4 

4.6 6.6 

4.7 3.9 

9.3 8.0 

0.6 6.5 

6.2 C Sp 

8.3 Tr Tr 

5.6 Tr Tr 

11.6 Tr C 

3.4 Tr Tr 

4.5 Tr C 

8.8 Tr Tr 

8.7 Tr C 

6.4 c c 
17.0 Tr Tr 

5.2 Sp Tr 

8.3 Tr C 

2.5 Tr C 

3.5 Tr C 

19.3 C Te 

16.4 Tr Tr 

5.6 Tr Tr 

5.1 Tr Te 

14.4 C Sp 

9.5 Tr Tr 

3.7 Tr Tr 

17.6 Tr Tr 

13.7 Tr Te 

14.6 C Tr 

3.5 Te Tr 

10.0 Sp Tr 

6.6 Tr C 

6.3 Te Tr 

3.3 Tr Tr 

10.8 Tr Tr 

16.6 Tr Tr 

11.2 Tr Tr 

8.6 Tr C 

17.3 Tr Tr 

7.1 Tr Tr 

I 
J 

J 

I 
I 
I 
I 
I 
I 
I 
.:I 
I 
I 
I 
I 
I 
I 
J 
I 
I 

'I 
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Appendix B. Structural Analysis 

I ,, Table B-1 Continued. MDA P Fracture Data (notes on page 74) 

f 

I 
,,, 

Traverse 2 Continued 

Distance Trace Termi-

I 
along Coordinates* Bed- A per- Frac- lengthS Total nation& 

Fracture traverse Northing Easting rock ture ture (ft} length Type: 

Numbert (ft) (ft) (ft) unit Strike' Dip (mm) filling¥ s N (ft) s N 

I 2-69 338.3 1764459 1615984 41 50 58 CIA 2.4 0.6 3.0 Tr Te 

2-70 348.2 1764463 1615997 41 310 63 4 F/8 10.6 4.0 14.6 c Te 

2-71 356.1 1764464 1616003 41 350 54 4 CIA 3.6 1.6 5.2 c c 

I 59' .to 60' Covered 

0' to 2' Covered 

I 
2-72 366.0 1764467 1616014 41 326 90 2 F 15.0 2.0 17.0 Tr Tr 

2-73 370.9 1764468 1616018 41 23 62 1 A 3.0 2.4 5.4 Tr Tr 

2-74 371.8 1764469 1616019 41 18 90 1 A 3.1 1.8 4.9 Tr Tr 

I 2-75 374.2 1764469 1616022 41 300 80 2 c 3.0 20.0 23.0 Tr Sp 

2-76 377.3 1764470 1616024 41 18 90 2 c 0.4 13.3 13.7 Tr 

20' to 34' Covered 

I 40' to 41 ' Covered 

45' to 56' Covered 

I(, 
2-77 418.2 1764481 1616064 41 27 66 2 CIA 2.5 1.3 3.8 c Tr 

2-78 420.6 1764481 1616066 41 347 84 5 FIB 20.0 0.6 20.6 Tr c 

Aperture (mm): mean: 4 Trace length (ft): mean: 9.7 

I max: 40 max: 25.3 

min: 1 min: 2.5 

sum: 280 

I Cumulative extension: 0.3 m Fracture density: 19 fractures/100ft 

I 
I 
I 
I 
I , 
I "'' 
I 63 



Geology of the Western Part of Los Alamos National Laboratory 

Table B-1 Continued. MDA P Fracture Data (notes on page 74) 

Traverse 3, N14W Trend, 207' Total Length Start Grid Point 418*: 1764407, 1616021 

End Grid Point 562: 1764523, 1615990 

Distance 
along Coordinates* Bed- A per-

Fracture traverse Northing Easting 
Numbert (ft) (ft) (ft) 

rock ture 
unit Strike" Dip (mm) 

3-1 

3-2 

3-3 

3-4 

3-5 

3-6 

3-7 

3-8 

3-9 

3-10 

3-11 

3-12 

3-13 

3-14 

3-15 

4.1 1764411 1616022 41 

9.5 1764417 1616021 41 

12.0 1764419 1616020 41 

14.7 1764421 1616020 41 

22.9 1764430 1616017 41 

27.2 1764433 1616016 41 

30.1 1764436 1616016 41 

30.4 1764438 1616015 41 

34.2 1764441 1616014 41 

35.5 1764441 1616014 41 

39.7 1764447 1616013 41 

43.9 1764450 1616012 41 

48.0 1764455 1616011 41 

58.0 1764463 1616008 41 

67.1 1764472 1616006 41 

3-16 69.1 1764474 1616006 41 

3-17 75.7 1764481 1616004 41 

3-18 76.6 1764482 1616003 41 

3-19 83.6 1764488 1616002 41 

3-20 92.5 1764497 1615999 41 

3-21 104.4 1764508 1615996 41 

3-22 114.3 1764518 1615994 3T 

86.4' to 91.2' Covered 

0' to 5.8' Trench 

5.8' to 13.0' Covered 

3-23 133.3 1764536 1615989 3T 

3-24 

3-25 

3-26 

3-27 

3-28 

3-29 

3-30 

3-31 

3-32 

138.6 

140.8 

141.7 

143.2 

148.6 

162.1 

166.0 

167.7 

176.2 

1764541 1615988 3T 

1764547 1615986 3T 

1764544 1615987 3T 

1764544 1615987 3T 

1764552 1615985 3T 

1764565 1615981 3T 

1764567 1615980 3T 

1764569 1615980 3T 

1764578 1615978 3T 

309 90 

44 90 

305 65 

67 90 

284 64 

148 36 

116 60 

11 59 

15 48 

101 80 

22 53 

65 90 

355 82 

355 79 

75 32 

103 60 

225 72 

266 70 

296 90 

243 79 

190 64 

260 72 

261 81 

276 90 

72 90 

260 33 

279 90 

86 84 

41 41 

274 90 

48 35 

200 64 

64 

4 

2 

1 

1 

2 

2 

1 

1 

1 

3 

1 

2 

3 

1 

1 

1 

3 

10 

1 

10 

3 

1 

8 

4 

1 

2 

5 

6 

Trace 
Frac
ture 

filling¥ 

lengthS Total 
Termi
nation& 
Type: _ __,_(ft:..:.),___ length 

S N (tt) S N 

C/RIF 3.0 

CIR 7.0 

CIR 2.4 

c 14.3 

CIR 5.3 

R 2.4 

c 3.7 

CIR 4.8 

R 1.4 

c 9.3 

CIR 2.5 

c 8.1 

c 2.0 

c 7.6 

RIB 5.9 

R 

R 

R 

c 
CIR 

C/R/8 

c 

c 
c 
0 

c 
CIR 

CIR 

c 
c 

C/R 

c 

9.1 

3.4 

1.2 

5.2 

4.5 

12.1 

1.5 

8.0 

1.9 

2.4 

2.5 

16.2 

1.3 

0.9 

2.0 

6.3 

4.0 

9.7 12.7 Te Sp 

3.6 10.6 C Tr 

2.3 4.7 Tr Tr 

7.1 21.4 Tr Tr 

6.5 11.8 Sp Sp 

1.4 3.8 C Tr 

3.0 6.7 Tr C 

0.6 5.4 Tr Tr 

4.0 5.4 Tr Tr 

5.2 14.5 C Sp 

4.3 6.8 Tr Tr 

1.9 10.0 Sp Sp 

3.5 5.5 Te Sp 

0.6 8.2 Te Sp 

7.6 13.5 Tr Tr 

6.2 12.3 Tr Tr 

6.6 10.0 C Sp 

4.1 5.3 Tr C 

1.7 6.9 c c 
9.7 14.2 Te Tr 

2.2 14.3 c c 
0.7 2.2 Tr C 

9.0 17.0 c c 
8.7 10.6 Tr C 

0.9 3.3 Tr Tr 

0.7 3.2 Tr C 

7.6 23.8 Tr Tr 

8.1 9.4 c c 
2.0 2.9 c c 
2.9 4.9 c c 
1.7 8.0 C Tr 

9.5 13.5 Te C 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
~ 

I 
I 
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Appendix B. Structural Analysis 

Table B-1 Continued. MDA P Fracture Data (notes on page 74) 

Traverse 3 Continued 

Distance Trace Term I-

along Coordinates* Bed- A per- Frac- length§ Total nation& 

Fracture traverse Northing Easting rock ture ture {ft} length Type: 

Number1 (ft) (ft) (ft) unit Strike' Dip (mm) filling¥ s N (ft) s N 

3-33 182.3 1764551 1615985 3T 264 8 2 c 7.9 5.3 13.2 Tr Tr 

3-34 186.2 1764542 1615987 3T 243 12 10 c 2.4 9.1 11.5 Tr Tr 

3-35 189.3 1764540 1615988 3T 256 14 NA 0 1.6 8.9 10.5 Tr Tr 

3-36 197.1 1764532 1615990 3T 263 13 2 c 4.0 0.5 4.5 Tr c 

Aperture (mm): mean: 3 Trace length (ft): mean: 9.5 

max: 10 max: 23.8 

min: 1 min: 2.2 

Fracture density: 17 fractures/1 00 ft 

65 



Geology of the Western Part of Los Alamos National Laboratory 

Table B-1 Continued. MDA P Fracture Data (notes on page 74) 

Traverse 4, N20W Trend, 165' Total Length Start Grid Point 667+15.2'*: not surveyed 

End Grid Point 595: 1764528, 1615895 

Distance 
along Coordinates* Bed- Aper-

Fracture traverse Northing Easting rock ture 
Numbert (ft) (ft) (ft) unit Strike# Dip (mm) 

4-1 

4-2 

4-3 

4-4 

4-5 

4-6 

4-7 

6.0 1764595 1615880 3 

9.6 1764592 1615881 3 

16.3 1764586 1615883 3 

21.0 1764580 1615884 3 

21.7 1764579 1615884 3 

24.5 1764577 1615885 3 

29.0 1764570 1615887 3 

4-8 42.1 1764561 1615889 3T 

4-9 46.8 1764557 1615890 3T 

4-10 51.3 1764553 1615891 3T 

4-11 55.3 1764548 1615893 3T 

4-12 67.5 1764537 1615896 3T 

4-13 68.3 1764530 1615898 3T 

4-14 74.7 1764535 1615896 3T 

4-15 75.7 1764522 1615900 3T 

4-16 81.3 1764526 1615899 3T 

4-17 78.5 1764526 1615899 3T 

4-18 75.2 1764528 1615898 3T 

4-19 77.2 1764526 1615899 3T 

4-20 76.8 1764527 1615899 3T 

4-21 77.8 1764524 1615899 3T 

4-22 79.7 1764522 1615900 3T 

4-23 81.6 1764520 1615900 3T 

4-24 82.6 1764521 1615900 3T 

1 0.1' to 20.3' Covered 

4-25 98.9 1764505 1615905 41 

4-26 

4-27 

4-28 

4-29 

4-30 

4-31 

105.1 

124.8 

126.9 

149.2 

153.2 

163.1 

1764500 1615906 41 

1764481 1615911 41 

1764476 1615913 41 

1764457 1615918 41 

1764454 1615919 41 

1764445 1615921 41 

82 57 1 

99 37 1 

130 72 

75 90 

70 63 1 

234 87 10 

168 70 20 

138 

250 

271 

72 

255 

85 

62 

82 

42 

271 

275 

314 

252 

215 

252 

50 

124 

49 

309 

310 

70 

129 

51 

57 

75 

39 

88 

90 

18 

63 

65 

90 

90 

9 

10 

90 

4 

80 

9 

82 

64 

74 

46 

62 

90 

80 

67 

90 

10 

4 

10 

25 

1 

1 

8 

100 

6 

1 

2 

20 

50 

10 

35 

14 

1 

2 

2 

1 

4 

2 

1 

Frac
ture 

filling¥ 

c 
CIA 

c 
R 

c 
C/R 

CIA 

CIA 

c 
C/8 

CIA 

c 
c 
c 

C/R/B 

CIA/8 

c 
c 
c 
c 

C/R/8 

C/R/8 

c 
c 

c 
R 

c 
c 
c 
c 
c 

Trace 
lengthS Total 

Termi
nation& 
Type: _ ___,_(ft=),____ length 

S N (ft) S N 

2.2 5.2 

2.5 7.1 

5.0 7.3 

4.1 1.7 

3.2 0.5 

9.4 11.5 

6.2 5.1 

31.5 9.3 

0.3 5.1 

1.1 13.4 

8.0 21.0 

6.3 10.4 

1.9 4.8 

1.6 0.7 

4.9 3.3 

4.6 0.4 

2.0 1.5 

2.2 3.9 

8.2 1.4 

2.7 1.1 

8.4 12.4 

1.1 3.4 

1.8 1.1 

3.4 4.1 

3.2 1.3 

2.0 2.3 

0.8 1.0 

0.3 3.0 

4.1 1.7 

8.0 5.2 

7.2 4.7 

7.4 

9.6 

12.3 

5.8 

3.7 

20.9 

Tr C 

c c 
Tr Te 

Tr Sp 

Tr Tr 

Tr C 

11.3 Tr Tr · 

40.8 c 
5.4 c 

14.5 Tr 

29.0 Tr 

16.7 c 
6.7 Tr 

2.3 Sp 

8.2 Tr 

5.0 Tr 

3.5 Tr 

6.1 Tr 

9.6 c 
3.8 Tr 

20.8 c 
4.5 Tr 

2.9 Tr 

7.5 Tr 

4.5 Tr 

4.3 c 
1.8 c 
3.3 Tr 

5.8 Tr 

13.2 c 
11.9 Sp 

Tr 

c 
Tr 

Tr 

Tr 

Te 

c 
c 
c 
c 
c 
Tr 

Tr 

c 
Tr 

Tr 

Tr 

c 
c 
Sp 

c 
c 
Tr 

Tr 

Aperture (mm): mean: 11 

max: 100 

min: 1 

Trace length (ft): mean: 9.8 

max: 40.8 

min: 1.8 

Fracture density: 19 fractures/100ft 
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Appendix B. Structural Analysis 

Table B-1 Continued. MDA P Fracture Data (notes on page 74) 

Traverse 5, N12W Trend, 165' Total Length Start Grid Point 662*: 1764547, 1615735 

End Grid Point 482: 1764403, 1615773 

Distance 
along Coordinates* Bed- Aper-

Fracture traverse Northing Easting rock ture 

Numbert (ft) (ft) (ft) unit Strike' Dip (mm) 

5-1 

5-2 

5-3 

5-4 

5-5 

5-6 

5-7 

5-8 

5-9 

5-10 

5-11 

5-12 

9.7 1764541 1615739 3 320 90 

12.9 

13.5 

14.7 

22.5 

22.7 

23.7 

25.3 

27.6 

31.2 

33.0 

35.8 

1764537 1615740 3 

1764535 1615741 3 

1764534 1615741 3 

1764528 1615743 3 

1764526 1615743 3 

1764526 1615743 3 

1764524 1615743 3 

1764522 1615744 3 

1764518 1615745 3 

1764518 1615745 3 

1764515 1615746 3 

5-13 36.1 1764512 1615747 3 

5-14 41.3 1764510 1615747 3 

5-15 42.3 1764507 1615748 3 

5-16 45.7 1764504 1615749 3 

5-17 56.7 1764495 1615751 3 

5-18 59.7 1764491 1615752 3 

5-19 64.6 1764485 1615754 3T 

5-20 67.8 1764481 1615755 3T 

5-21 71.5 1764479 1615756 3T 

5-22 73.9 1764477 1615756 3T 

5-23 75.6 1764476 1615756 3T 

5-24 76.7 1764472 1615758 3T 

5-25 82.8 1764469 1615758 3T 

5-26 85.0 1764466 1615759 3T 

5-27 89.0 1764462 1615760 3T 

5-28 93.8 1764458 1615761 41 

5-29 99.8 1764452 1615763 41 

5-30 101.5 1764449 1615764 41 

5-31 104.5 1764446 1615765 41 

5.0' to 24.4' Covered 

5-32 130.7 1764436 1615767 41 

26.0' to 31.0' Covered 

5-33 136.8 1764430 1615769 41 

'. 

104 56 

347 35 

240 43 

94 84 

218 79 

139 55 

119 64 

296 90 

29 67 

268 59 

293 16 

51 

295 

245 

22 

303 

265 

227 

220 

238 

245 

98 

1 

262 

260 

254 

311 

45 

25 

29 

52 

39 

76 

90 

88 

2 

90 

82 

11 

11 

88 

11 

70 

79 

8 

83 

7 

80 

69 

1 

81 

30 

45 

67 

8 

1 

1 

1 

2 

14 

1 

1 

6 

1 

1 

2 

1 

16 

6 

1 

50 

10 

25 

0 

30 

10 

12 

10 

0 

10 

4 

10 

4 

1 

3 

20 

10 

Trace Terml-

Frac
ture 

filling¥ 

length' Total nation& 

_ ___,;.;(ft:L.} __ length Type: 
S N (ft) S N 

C/R 

c 
C/OX 

OXIR 

c 
CIRIF 

c 
CIR 

1.2 1.3 2.5 c c 
0.4 11.7 12.1 Tr C 

0.6 9.2 9.8 C Tr 

0.6 1.2 1.8 Te Tr 

7.8 8.3 16.1 Tr C 

6.0 2.7 8.7 C Tr 

3.5 0.2 3.7 Tr Tr 

2.3 2.4 4.7 Te Tr 

CIRIB 

c 
c 

12.0 7.4 19.4 Tr Tr 

3.1 6.6 9.7 Tr Tr 

3.4 1.6 5.0 Tr Tr 

R 0.5 1.7 2.2 Tr Te 

R 2.0 3.3 5.3 Tr Tr 

C/8/0X 2.1 1.4 3.5 Tr Tr 

C/R/OX 9.0 16.0 25.0 Tr C 

c 4.9 7.0 11.9 Tr Tr 

CIRIB 11.0 18.0 29.0 Tr C 

CIR 10.6 15.0 25.6 Tr C 

CIR 5.2 7.1 12.3 Tr C 

0 2.4 2.6 5.0 Tr Tr 

c 1.5 11.0 12.5 Tr Tr 

c 0.3 3.7 4.0 Tr Tr 

CIR 2.8 1.0 3.8 c c 
C/RIB 21.0 7.0 28.0 c c 

0 0.9 1.8 2.7 Tr Te 

c 2.0 5.5 7.5 Tr C 

CIR 4.0 5.0 9.0 Tr C 

c 6.0 3.1 9.1 c c 
c 1.0 2.1 3.1 c c 
c 0.9 1.6 2.5 c c 
c 3.6 2.9 6.5 c c 

R 2.4 2.1 4.5 c c 

R 2.1 8.5 10.6 C Tr 



Geology of the Western Part of Los Alamos National Laboratory 

Table 8-1 Continued. MDA P Fracture Data (notes on page 74) 

Traverse 5 Continued 

Distance Trace 

along Coordinates* Bed- A per- Frac- lengthS 

Fracture traverse Northing Easting rock ture ture (tt) 
Numbert (tt) (tt) (tt) unit Strike# Dip (mm) filling¥ s N 

5-34 139.5 1764428 1615770 41 55 35 25 CIA 5.7 2.2 

5-35 144.0 1764424 1615771 41 87 72 2 CIA 3.7 5.3 

5-36 145.3 1764423 1615771 41 96 86 4 C/R 21.9 6.3 

5-37 151.3 1764417 1615773 41 9 90 2 c 2.8 1.2 

5-38 152.4 1764416 1615773 41 72 52 c 1.3 3.5 

5-39 153.9 1764414 1615773 41 38 90 C/O X 1.5 2.5 

5-40 155.0 1764413 1615773 41 18 90 CIOX 9.4 2.3 

5-41 159.7 1764410 1615774 41 138 83 2 c 14.1 15.4 

5-42 160.7 1764408 1615775 41 40 68 1 c 0.8 11.6 

5-43 163.5 1764405 1615776 41 41 51 10 c 1.4 3.1 

5-44 165.4 1764403 1615776 41 72 90 2 c 2.1 7.7 

Aperture (mm): mean: 8 Trace length (tt): mean: 10.1 

max: 50 max: 29.5 

min: 1 min: 1.8 

Fracture density: 27 fractures/100ft 

68 

Total 
length 

(tt) 

7.9 

9.0 

28.2 

4.0 

4.8 

4.0 

11.7 

29.5 

12.4 

4.5 

9.8 

Term I-
nation& 
Type: 
s N 

c Tr 

Tr Tr 

Tr Tr 

Sp Tr 

Tr Sp 

Tr Tr 

Tr Tr 

Sp c 
Tr Tr 

Tr Tr 

Tr Tr 

I 
I 
I 
I 
I 
I 
I 

I 
I 
I 
I 
I 
I 
I 
I 
I 
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Appendix B. Structural Analysis 

Table 8-1 Continued. MDA P Fracture Data (notes on page 74) 

Traverse 6, N76E Trend, 360' Total Length Start Grid Point 599•: not surveyed 

End Grid Point 587: 1764466, 1615663 

Distance 
along Coordinates* Bed- Aper-

Fracture traverse Northing Easting rock ture 

Numbert (ft) (ft) (ft) unit Strike' Dip (mm) 

6-1 7.1 1764558 1616007 3T 159 32 

8.0' to 23.5' Covered 

6-2 26.0 1764554 1615989 3T 301 73 

6-3 26.5 1764553 1615988 3T 260 5 

6-4 30.1 1764552 1615984 3T 291 11 

6-5 30.7 1764552 1615984 3T 21 25 

6-6 31.5 1764552 1615983 3T 24 62 

6-7 33.7 1764552 1615982 3T 141 62 

6-8 34.2 1764551 1615980 3T 52 59 

6-9 35.1 1764551 1615981 3T 138 5 

6-10 36.5 1764551 1615979 3T 34 90 

6-11 38.8 1764550 1615977 3T 350 5 

41.0' to 50.6' Covered 

6-12 50.8 1764547 1615964 3T 321 90 

6-13 51.8 1764547 1615965 3T 245 12 

6-14 52.8 1764546 1615962 3T 327 81 

6-15 54.7 1764546 1615960 3T 339 90 

6-16 55.4 1764546 1615959 3T 254 14 

6-17 58.2 1764545 1615957 3T 315 16 

6-18 58.7 1764545 1615957 3T 217 82 

6-19 59.9 1764545 1615957 3T 150 65 

6-20 61.4 1764544 1615954 3T 305 81 

6-21 65.0 1764543 1615950 3T 100 1 

6-22 68.6 1764542 1615947 3T 326 77 

6-23 69.4 1764542 1615947 3T 39 62 

6-24 73.6 1764542 1615944 3T 240 12 

6-25 77.7 1764540 1615939 3T 345 90 

6-26 80.6 1764540 1615939 3T 245 6 

6-27 83.4 1764539 1615934 3T 351 90 

6-28 87.0 1764536 1615924 3T 257 5 

6-29 90.5 1764537 1615927 3T 171 87 

6-30 92.9 1764536 1615924 3T 260 6 

6-31 95.3 1764536 1615921 3T 330 62 

6-32 97.2 1764535 1615919 3T 343 90 

6-33 99.3 1764535 1615919 3T 240 10 

69 

1 

70 

2 

4 

54 

20 

1 

4 

4 

6 

6 

4 

1 

2 

4 

2 

4 

20 

10 

30 

4 

20 

4 

0 

20 

0 

2 

1 

4 

1 

1 

1 

0 

Frac
ture 

filling¥ 

R 

c 
c 

C/R 

c 
CIR 

c 
c 
c 
c 
c 

c 
c 
c 
c 
c 

C/OM 

CIR 

C/OM 

CIR 

CIR 

CIR 

c 
0 

R/C 

0 

c 
c 
c 
c 
c 
c 
0 

Trace Termi-

lengthl Total nation& 

---'-'-(ft::t...) __ length Type: 

S N (ft) S N 

1.4 0.8 

2.5 

3.9 

2.5 

1.2 

1.8 

1.4 

1.0 

0.8 

0.4 

1.2 

0.9 

0.6 

0.3 

0.4 

0.8 

0.5 

1.3 

1.2 

1.0 

1.5 

2.2 Tr C 

3.4 c c 
4.5 Tr C 

2.8 C Tr 

1.6 C Tr 

2.6 c c 
1.9 C Tr 

2.3 c c 
2.0 C Tr 

1.4 c c 
2.7 C Tr 

4.6 1.8 6.4 c c 
1.1 1.3 2.4 Tr Tr 

4.8 3.1 7.9 c c 
1.0 1.4 2.4 Tr C 

1.7 0.6 2.3 C Tr 

1.5 0.7 2.2 Tr Tr 

10.5 3.0 13.5 Tr C 

1.9 1.5 3.4 c c 
1.1 4.1 5.2 Tr C 

0.8 2.7 3.5 C Tr 

13.3 2.7 16.0 C Tr 

2.4 0.8 3.2 C Tr 

6.9 3.8 10.7 Tr Tr 

10.4 49.0 59.4 c c 
8.3 4.7 13.0 C Tr 

27.0 27.4 54.4 c c 
4.0 5.7 9.7 Tr Tr 

30.7 1.6 32.3 Sp Tr 

1.4 2.0 3.4 C Tr 

1.4 2.0 3.4 c c 
1.1 1.3 2.4 c c 
0.8 4.0 4.8 C Tr 



Geology of the Western Part of Los Alamos National Laboratory 

Table B-1 Continued. MDA P Fracture Data (notes on page 74) 

Traverse 6 Continued 

Distance 
along Coordinates* Bed- Aper-

Fracture traverse Northing Easting rock ture 
Numbert (ft) (ft) (ft) unit Strike# Dip (mm) 

6-34 

6-35 

6-36 

6-37 

6-38 

6-39 

6-40 

6-41 

6-42 

6-43 

6-44 

6-45 

6-46 

6-47 

6-48 

6-49 

6-50 

6-51 

6-52 

6-53 

6-54 

6-55 

6-56 

6-57 

6-58 

6-59 

6-60 

6-61 

6-62 

6-63 

6-64 

6-65 

6-66 

6-67 

6-68 

6-69 

101.6 

103.3 

106.0 

108.7 

109.7 

110.6 

111.5 

112.4 

113.0 

113.6 

115.9 

118.0 

124.7 

125.5 

126.2 

129.7 

136.1 

137.2 

137.8 

138.3 

138.7 

140.0 

140.6 

141.3 

141.6 

151.4 

152.4 

155.0 

155.8 

162.5 

163.3 

165.6 

167.9 

170.8 

173.6 

176.3 

1764534 1615916 3T 

1764534 1615915 3T 

1764532 1615910 3T 

1764532 1615908 3T 

1764532 1615909 3T 

1764532 1615907 3T 

1764532 1615906 3T 

1764531 1615905 3T 

1764531 1615904 3T 

1764531 1615903 3T 

1764531 1615903 3T 

1764529 1615897 3T 

1764529 1615897 3T 

1764528 1615893 3T 

1764528 1615891 3T 

1764527 1615890 3T 

1764528 1615893 3T 

1764525 1615881 3T 

1764525 1615880 3T 

1764525 1615880 3T 

1764525 1615884 3T 

1764524 1615878 3T 

1764524 1615878 3T 

1764524 1615880 3T 

1764524 1615877 3T 

1764522 1615870 3T 

1764521 1615869 3T 

1764520 1615865 3T 

1764520 1615862 3T 

1764519 1615858 3T 

1764519 1615858 3T 

1764518 1615856 3T 

1764518 1615854 3T 

1764516 1615848 3T 

1764515 1615846 3T 

1764515 1615844 3T 

160 

359 

260 

319 

263 

184 

253 

324 

260 

217 

13 

255 

285 

80 

225 

229 

239 

323 

260 

184 

236 

247 

343 

245 

216 

22 

33 

355 

255 

119 

347 

277 

201 

310 

256 

345 

39 

90 

20 

90 

20 

87 

9 

90 

12 

84 

90 

5 

88 

3 

61 

9 

15 

84 

20 

81 

78 

6 

76 

27 

65 

90 

64 

90 

36 

78 

90 

23 

52 

70 

22 

90 

70 
' . ·, ~' ,/ ' 

2 

1 

2 

2 

2 

8 

10 

10 

6 

2 

30 

10 

1 

4 

10 

2 

1 

2 

2 

34 

1 

2 

1 

6 

4 

22 

1 

10 

5 

10 

6 

1 

2 

10 

15 

Frac
ture 

filling¥ 

c 
c 
c 

CIA 
c 

CIR 
c 

CIR 
c 
c 

RIC 
c 
c 
c 
c 

CIA 
c 
c 
c 

CIR/8 
c 
c 

RIC 
c 

RIC 
c 
c 
c 

RIC 
c 
c 

CIA 
c 
c 
c 

CIA 

Trace Termi-
length§ Total nation& 

_ ___....(ft'"")'--- length Type: 
S N (ft) S N 

1.3 3.5 

28.0 52.7 

2.8 3.0 

16.7 1.7 

6.1 1.8 

10.8 2.0 

1.7 3.4 

2.3 1.0 

0.8 0.9 

2.5 1.2 

17.0 1.7 

2.0 1.2 

0.4 0.6 

0.3 0.7 

1.4 0.9 

0.7 2.6 

0.5 1.8 

0.2 1.6 

0.6 1.6 

0.5 1.6 

1.9 0.3 

0.3 1.1 

0.6 1.2 

0.6 1.1 

1.1 1.6 

1.1 0.1 

0.9 0.3 

0.7 1.5 

0.7 2.0 

1.4 1.0 

1.2 1.2 

1.9 2.4 

0.7 2.0 

1.6 1.4 

2.5 2.1 

2.4 0.5 

· ....... 

4.8 c c 
80.7 C Tr 

5.8 Tr Tr 

18.4 Tr Tr 

7.9 Tr Tr 

12.8 c c 
5.1 Tr Tr 

3.3 Tr Tr 

1.7 C Tr 

3.7 C Tr 

18.7 c c 
3.2 Tr Tr 

1.0 Tr Tr 

1.0 C Tr 

2.3 C Tr 

3.3 C Tr 

2.3 C Tr 

1.8 Tr Tr 

2.2 Tr Tr 

2.1 C Tr 

2.2 Tr Tr 

1.4 Tr Tr 

1.8 c c 
1.7 C Tr 

2.7 C Tr 

1.2 C Tr 

1.2 Tr Tr 

2.2 c c 
2.7 C Tr 

2.4 C Tr 

2.4 Tr Tr 

4.3 C Tr 

2.7 c c 
3.0 c c 
4.6 Tr Tr 

2.9 c c 

I 
I 
I 
I 
I 
I 
I 
I 
I 
J 
I 
I 
I 
I 
I 
I 

~ 
I 
I 

'I 
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Appendix B. Structural Analysis 

Table B-1 Continued. MDA P Fracture Data (notes on page 74) 

Traverse 6 Continued 

Distance 
along Coordinates* Bed- Aper-

Fracture traverse Northing Easting rock ture 

Numbert (tt) (tt) (tt) unit Strike# Dip (mm) 

6-70 

6-71 

6-72 

6-73 

6-74 

6-75 

178.2 

185.7 

186.3 

190.6 

195.2 

196.2 

1764515 1615843 3T 

1764512 1615835 3T 

1764512 1615834 3T 

1764511 1615830 3T 

1764510 1615826 3T 

1764510 1615825 3T 

17.5' to 36.0' Covered 

6-76 216.4 1764509 1615823 3T 

6-77 223.4 17 64505 1 615805 3T 

6-78 223.6 1764504 1615804 3T 

46.4' to 55.5' Covered 

6-79 237.3 1764499 1615786 3T 

6-80 238.5 1764499 1615784 3T 

6-81 241.9 1764498 1615781 3T 

6-82 

6-83 

6-84 

6-85 

6-86 

6-87 

6-88 

6-89 

6-90 

6-91 

6-92 

6-93 

6-94 

244.3 

246.8 

252.6 

258.3 

260.7 

262.9 

266.0 

269.0 

271.4 

273.8 

274.9 

275.8 

276.6 

1764498 1615780 3T 

1764497 1615775 3T 

1764495 1615771 3T 

1764494 1615765 3T 

1764493 1615762 3T 

1764492 ·1615760 3T 

1764492 1615757 3T 

1764491 1615754 3 

1764490 1615752 3 

1764490 1615750 3 

1764489 1615749 3 

1764489 1615747 3 

1764489 1615746 3 

39.0' to 51.4' Covered 

6-95 298.0 1764483 1615726 3 

6-96 300.0 1764483 1615725 3 

6-97 301.5 1764482 1615722 3 

6-98 303.6 1764482 1615722 3 

6-99 

6-100 

6-101 

6-102 

306.8 

310.8 

311.9 

312.4 

1764481 1615719 3 

1764481 1615716 3 

1764480 1615715 3 

1764480 1615714 3 

265 16 

152 87 

169 36 

42 54 

251 23 

354 90 

276 90 

148 78 

46 62 

238 15 

186 75 

306 90 

245 20 

36 90 

240 19 

358 85 

233 10 

17 90 

314 15 

355 73 

225 9 

350 38 

356 20 

210 6 

208 43 

323 90 

308 90 

197 77 

333 90 

60 42 

330 82 

301 90 

302 90 

71 

2 

20 

30 

15 

2 

10 

2 

2 

40 

0 

6 

40 

2 

10 

2 

12 

10 

8 

2 

40 

4 

10 

15 

2 

1 

12 

1 

2 

1 

2 

44 

30 

34 

Trace Termi
nation& 

Type: 
lengthS Total 

_ ___,_(tt:..:.)L..-_ length 
Frac
ture 

filling¥ S N (ft) S N 

R/C 1.7 

C/R 14.9 

R/C 1.8 

c 2.5 

C/R 1.1 

c 0.4 

c 0.3 

c 0.8 

c 0.7 

0 1.3 

c 1.9 

C/8/R 24.1 

RIC 2.8 

c 16.8 

c 3.7 

C/R/OM 10.7 

CIR 4.0 

R/C/OM 10.7 

c 3.8 

CIR 11.5 

CIR 3.0 

BIA/C 1.1 

c 2.2 

c 2.0 

R/OM 1.8 

0/C 3.1 

0 0.7 

c 0.9 

c 1.1 

0 1.8 

0 0.8 

0 0.7 

0 1.0 

5.7 7.4 Tr 

16.5 31.4 c 
6.0 7.8 c 
4.0 6.5 Tr 

1.2 2.3 c 
1.1 1.5 c 

1.9 2.2 c 
5.7 6.5 c 
2.1 2.8 c 

1.0 2.3 Tr 

0.3 2.2 c 
18.0 42.1 c 

2.3 5.1 c 
4.3 21.1 Tr 

5.7 9.4 c 
16.8 27.5 c 

1.5 5.5 c 
1.0 11.7 c 
4.0 7.8 Tr 

14.6 26.1 c 
2.6 5.6 Tr 

1.0 2.1 c 
3.0 5.2 c 
1.9 3.9 c 
9.8 11.6 c 

4.0 7.1 c 
1.5 2.2 c 
1.3 2.2 c 
2.0 3.1 c 
3.3 5.1 c 
2.2 3.0 c 
1.7 2.4 c 
1.3 2.3 c 

Tr 

c 
c 
Tr 

Tr 

Tr 

c 
c 
Tr 

Tr 

c 
c 
Tr 

Tr 

Tr 

c 
Tr 

Tr 

Tr 

c 
Tr 

c 
c 
Tr 

Tr 

c 
Tr 

c 
c 
Tr 

Tr 

Tr 

Tr 
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Geology of the Western Part of Los Alamos National Laix>ratory 

Table 8-1 Continued. MDA P Fracture Data (notes on page 74) 1 
Traverse 6 Continued I. 

Distance Trace Term I-
along Coordinates* Bed- A per- Frac- length§ Total nation& 

I Fracture traverse Northing Easting rock ture ture (ft) length Type: 
Numbert (ft) (ft) (ft) unit Strike* Dip (mm) filling¥ s N (ft) s N 

6-103 313.4 1764480 1615713 3 210 50 20 0 2.7 4.0 6.7 c c I 6-104 319.8 1764478 1615707 3 20 84 1 CIR 1.7 1.4 3.1 c c 
6-105 324.2 1764477 1615702 3 31 60 4 0 3.7 2.5 6.2 c c 
6-106 326.8 1764477 1615700 3 298 90 50 0 2.0 4.0 6.0 Tr c I 6-107 330.5 1764475 1615696 3 259 10 0 0 1.5 1.3 2.8 c Tr 

6-108 334.4 1764474 1615692 3 338 62 2 CIR 0.9 7.3 8.2 c c 

I 6-109 337.0 1764474 1615690 3 254 14 0 0 1.9 4.0 5.9 c Tr 

6-110 345.9 1764472 1615682 3 308 90 20 CIR 3.1 2.4 5.5 Tr Tr 

6-111 348.6 1764471 1615679 3 168 78 40 0 2.3 0.9 3.2 c Tr I 6-112 351.9 1764470 1615676 3 16 85 2 0 1.2 0.5 1.7 c Tr 

Aperture (mm): mean: 10 Trace length (ft): mean: 7.6 

I max: 70 max: 80.7 

min: 1 min: 1.0 

sum: 1097 4 Cumulative extension: 1.1 m Fracture density: 31 fractures/100ft 

I 
I 
I 
I 
I 
I 
~ 
I 

• 72 I • . \ .• ..c:· 
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Appendix B. Structural Analysis 

Table B-1 Continued. MDA P Fracture Data (notes on page 74) 

Traverse 7, N78E Trend, 137' Total Length Start Grid Point 670*: 1764610, 1615966 

End Grid Point 666+17': not surveyed 

Distance 
along Coordinates* Bed- Aper-

Fracture traverse Northing Easting rock ture 

Numbert (ft} (ft) (ft) unit Strike' Dip (mm) 

7-1 

7-2 

7-3 

7-4 

7-5 

7-6 

7-7 

7-8 

7-9 

7-10 

7-11 

7-12 

7-13 

7-14 

7-15 

7-16 

7-17 

7-18 

7-19 

7-20 

7-21 

7-22 

7-23 

7-24 

7-25 

7-26 

7-27 

7-28 

7-29 

7-30 

7-31 

7-32 

7-33 

7-34 

7-35 

25.8 

31.4 

32.6 

34.1 

34.9 

35.7 

37.8 

39.6 

41.0 

47.5 

51.4 

53.4 

57.4 

57.7 

60.0 

61.2 

63.0 

65.9 

67.1 

71.4 

72.1 

77.0 

80.3 

81.0 

82.9 

84.6 

87.9 

95.3 

96.4 

112.4 

113.3 

115.4 

116.0 

120.6 

121.0 

1764603 1615944 3 

1764602 1615939 3 

1764602 1615938 3 

1764601 1615937 3 

1764601 1615936 3 

1764601 1615935 3 

1764600 1615933 3 

1764600 1615931 3 

1764599 1615928 3 

1764598 1615925 3 

1764597 1615921 3 

1764596 1615917 3 

1764595 1615914 3 

1764595 1615914 3 

1764595 1615912 3 

1764594 1615910 3 

1764594 1615908 3 

1764593 1615906 3 

1764593 1615904 3 

1764592 1615900 3 

1764591 1615899 3 

1764590 1615895 3 

1764589 1615892 3 

1764590 1615893 3 

1764589 1615889 3 

1764588 1615889 3 

1764587 1615884 3 

1764585 1615877 3 

1764585 1615875 3 

1764581 1615861 3 

1764581 1615860 3 

1764580 1615858 3 

1764580 1615857 3 

1764579 1615854 3 

1764579 1615852 3 

282 11 

288 3 

219 72 

355 90 

213 13 

355 90 

182 83 

155 62 

60 90 

305 77 

350 24 

141 48 

155 31 

170 44 

222 35 

161 51 

260 72 

174 41 

315 86 

326 90 

250 21 

330 73 

239 56 

240 25 

318 90 

16 90 

330 90 

330 90 

148 67 

300 73 

355 90 

353 90 

261 9 

178 21 

155 69 

73 

0 

0 

1 

10 

0 

1 

6 

2 

2 

10 

1 

12 

1 

6 

0 

20 

15 

2 

15 

6 

10 

20 

2 

4 

6 

4 

1 

28 

1 

30 

60 

10 

2 

1 

1 

Frac
ture 

filling¥ 

0 

0 

CIA 
C/R/8 

0 

c 
C/R 
c 

CIA 
C/R/8 

c 
CIA 
c 
c 
0 

CIA 
C/R 
c 

CIA 
CIA/8 

c 
C/R/8 
CIA 
CIA 

C/R/8 

CIA 
c 

CIA 
c 

C/R/8 
C/R/8 
C/R 
C/R 
CIA 
CIA 

Trace Terml-

length1 Total nation6 

-~(ft=).___ length Type: 
S N (ft) S N 

1.5 3.8 

1.0 3.1 

2.7 1.9 

6.4 7.0 

0.6 1.2 

3.3 3.5 

5.8 4.0 

9.8 9.5 

5.6 1.3 

0.4 3.5 

2.8 3.0 

4.0 9.1 

2.8 0.7 

3.4 5.0 

0.7 0.8 

5.8 8.6 

1.8 2.9 

2.9 3.8 

3.2 17.1 

1.7 11.0 

1.9 5.0 

4.7 4.4 

0.8 1.1 

1.9 1.6 

16.2 1.2 

12.8 9.3 

0.5 5.9 

0.9 13.1 

6.2 6.7 

1.5 9.1 

2.1 1.3 

1.1 

1.4 

5.8 

1.9 

1.6 

1.3 

0.7 

5.2 

5.3 C Tr 

4.1 Tr Tr 

4.6 Tr Tr 

13.4 Sp Tr 

1.8 Tr Tr 

6.8 Te Tr 

9.8 Sp Sp 

19.3 c c 
6.9 Tr Tr 

3.9 Sp C 

5.8 Te C 

13.1 c c 
3.5 C Tr 

8.4 C Sp 

1.5 Tr Tr 

14.4 C Tr 

4.7 Tr Tr 

6.7 Te Tr 

20.3 C Tr 

12.7 Sp C 

6.9 Tr Tr 

9.1 Tr Tr 

1.9 Tr Tr 

3.5 Tr Tr 

17.4 C Tr 

22.1 Tr Sp 

6.4 Sp Tr 

14.0 Sp C 

12.9 Tr C 

10.6 c c 

-:· 
f 

3.4 C Tr 

2.7 C Te 

2.7 C Tr 

6.5 Tr Tr 

7.1 Te C 
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Geology of the Western Part of Los Alamos National Laboratory 

Table B-1 Continued. MDA P Fracture Data (notes below) 

Traverse 7 Continued 

Distance Trace Termi-
along Coordinates* Bed- A per- Frac- lengthS Total nation& 

Fracture traverse Northing Easting rock ture ture (ft} length Type: 
Numbert (ft) (ft) (ft) unit Strike' Dip (mm) filling¥ s N (ft) s N 

7-36 122.5 1764578 1615851 3 141 58 2 CIA 0.9 0.7 1.6 Te Tr 

7-37 126.0 1764577 1615847 3 297 71 20 C/R/8 2.4 11.2 13.6 Tr c 
7-38 127.2 1764577 1615846 3 305 90 2 c 2.4 0.3 2.7 Tr Tr 

7-39 128.5 1764577 1615846 3 65 85 2 c 5.2 0.9 6.1 Tr Sp 

7-40 134.5 1764575 1615840 3 323 90 4 c 12.3 3.5 15.8 c c 
7-41 135.7 1764575 1615838 3 301 90 4 c 3.9 2.3 6.2 Tr c 

Aperture (mm): mean: 9 Trace length (ft): mean: 8.3 

max: 60 max: 22.1 

min: 1 min: 1.5 

Fracture density: 30 fractures/100ft 

•Grid points surveyed by LANL ER Project; coordinates are northing and easting in State Plane Coordinate System, New Mexico 
Central Zone, 1983 North American Datum. 

tThe fracture number is the traverse number followed by the fracture number counting from the beginning of traverse. 
+The northing and easting coordinates are of the intersection between the fracture and the traverse. 
*Fracture orientations are presented according to the right hand rule. Abrreviation: NA, not available. 
11Fracture filling abbreviations: 8, breccia; C, clay; Ca, cataclasite; F, foliated; 0, open; OM, organic matter; OX, oxidized; R, roots; 
NA, not available. 

§Trace lengths are measured to the south (S) and to the north (N) of the line of traverse. 
&Termination abbreviations: C, covered; SP, splays; Te, terminates by dying out; Tr, truncates. 
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Appendix B. Structural Analysis 

Table B-.1 Continued. MDA P Fracture Data (notes on page 74) 

Traverse 8, N80E Trend, 57' Total length Start Grid Point 627*: not surveyed 

End Grid Point 626+27': 1764518, 1615742+27' 

Distance Trace Terml-

along Coordinates* Bed- Aper- Frac
ture 

filling¥ 

lengthl Total nation& 

Fracture traverse Northing Easting rock ture _ __._(tt~l,____ length Type: 

Numbert (tt) (ft) (ft) unit Strike* Dip (mm) S N (ft) S N 

8-1 3.6 1764526 1615771 3 

8-2 6.3 

8-3 8.0 

8-4 10.8 

8-5 13.7 

8-6 14.1 

8-7 15.7 

8-8 16.7 

8-9 17.8 

8-10 18.5 

8-11 21.9 

8-12 23.6 

8-13 24.4 

8-14 27.4 

8-15 28.5 

8-16 31.7 

8-17 33.7 

8-18 38.2 

8-19 41.4 

8-20 44.4 

8-21 47.0 

8-22 53.5 

8-23 56.9 

Aperture (mm): 

1764525 1615768 

1764525 1615766 

1764524 1615764 

1764523 1615761 

1764523 1615761 

1764523 1615759 

1764523 1615758 

1764522 1615757 

1764522 1615756 

1764521 1615753 

1764521 1615752 

1764521 1615751 

1764520 1615748 

1764520 1615747 

1764519 1615743 

1764518 1615742 

1764517 1615738 

1764517 1615735 

1764516 1615732 

1764515 1615729 

1764513 1615723 

1764512 1615719 

mean: 5 

max: 22 

min: 1 

Cumulative for all traverses: 

Aperture (mm): mean: 7 

max: 100 

min: 1 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

2 56 2 c 2.2 3.1 

3 

300 

161 

345 

357 

324 

349 

353 

141 

358 

348 

299 

9 

352 

275 

30 

335 

293 

15 

326 

350 

338 

37 4 

90 2 

55 2 

36 12 

53 1 

76 10 

71 1 

90 20 

76 1 

90 1 

90 2 

90 4 

63 1 

71 1 

72 1 

62 4 

62 1 

90 12 

59 4 

51 2 

44 8 

90 22 

CIA/OM 1.1 4.9 

CIA 9.4 9.5 

c 8.3 3.1 

CIA 3.4 3.5 

c 3.8 1.9 

c 3.2 3.4 

c 1.2 6.2 

C/RIB 8.0 39.7 

c 3.0 13.0 

c 1.1 5.1 

c 0.5 8.7 

c 3.2 16.5 

c 3.2 1.9 

c 4.5 2.9 

c 1.5 1.6 

c 4.6 6.2 

c 2.6 10.9 

CIAIB 14.5 9.3 

c 8.1 1.1 

CIA 6.4 5.7 

C/OM 2.2 2.4 

C/BIF 8.0 6.1 

Trace length (ft): mean: 11.8 

max: 47.7 

min: 3.1 

Fracture density: 40 fractures/100ft 

Trace length (tt): mean: 9.4 

max: 80.7 

min: 1 

Fracture density: 24 fractures/100ft 
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5.3 Tr Tr 

6.0 Tr 

18.9 Tr 

11.4 Tr 

6.9 Tr 

5.7 Tr 

6.6 Tr 

7.4 Tr 

47.7 Sp 

16.0 Tr 

6.2 Tr 

9.2 Tr 

19.7 Sp 

5.1 Tr 

7.4 Tr 

3.1 Te 

10.8 Tr 

13.5 Tr 

23.8 Tr 

9.2 c 
12.1 c 

4.6 Tr 

14.1 c 

Tr 

Sp 

Tr 

Tr 

Te 

Tr 

Tr 

c 
Sp 

Tr 

Sp 

Tr 

Tr 

Tr 

Tr 

Tr 

c 
c 
Tr 

c 
c 
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Geology of the Western Part of Los Alamos National Laboratory 

Table 8-2. Eigenvectors and Uncertainties for MDA P Fracture Data .. J 
I Data Eigenvector* Eigen- Maximum Minimum Average Standard 

Set Trend Plunge value Angle Angle Angle Orientation Deviation 

I All data 1 353 86 111.2 35.22 5.87 20.54 -0.42 0.2874 

N=454 2 162 4 125.1 35.22 9.17 22.19 -0.26 0.3511 

I 
3 252 1 217.8 9.25 5.78 7.52 -4.79 0.3251 

Unit4 1 161 78 24.2 8.72 4.36 6.54 -1.10 0.2755 

N= 212 2 345 12 62.8 10.60 8.60 9.60 6.75 0.3020 

I 3 255 1 125.0 10.51 4.37 7.44 0.01 0.1667 

Unit 3T 1 354 18 31.6 40.69 11.52 26.11 0.02 0.3001 

N= 129 2 262 6 39.5 40.74 14.35 27.54 -1.67 0.3539 

I 3 153 71 57.9 15.06 10.86 12.96 12.39 0.4273 

Unit 3 1 331 16 27.7 62.06 14.74 38.40 0.47 0.2721 

I 
N= 113 2 141 74 30.4 62.06 13.70 37.88 0.55 0.3487 

3 240 3 54.9 14.87 13.80 14.33 -6.07 0.3291 

*For each data set (with N data points), trends and plunges of eigenvectors are listed in that section from the smallest to largest 

eigenvalue (1, 2, 3). For a full explanation of eigenvector analysis, see, for example, Davis (1986) and Hext (1963). 
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Appendix C. Total Station Survey Data 

r APPENDIX C. TOTAL STATION SURVEY DATA ,., 
I 

\.,.,,. 
Table C-1. TA-9 Trench Total Station Survey Data (notes on page 94) 

Mapped Coordinatest 

I Contact• Northing (ft) Easting (ft) Elevation (ft) Comments* 

I 
BTR 1766795.15 1611654.02 7571.04 

BTR 1766773.81 1611691.38 7570.71 

BTR 1766722.11 1611737.76 7569.21 

I 
BTR 1766643.46 1611817.41 7568.39 

BTR 1766605.59 1611853.14 7567.87 

BTR 1766516.14 1611939.65 7562.44 

I BTR 1766490.17 1611967.64 7560.04 

BTR 1766470.51 1611990.49 7559.92 

BTR 1766381.11 1612090.21 7555.45 

I BTR 1766284.09 1612198.29 7552.34 

BTR 1766271.19 1612211.51 7551.43 

I 
BTR 1766229.80 1612262.10 7551.63 

BTR 1766184.69 1612348.54 7551.16 

BTR 1766149.45 1612418.28 7550.24 

ll BTR 1766129.87 1612456.33 7549.20 

BTR 1766122.07 1612470.06 7549.08 

BTR 1766109.54 1612494.43 7549.25 

I BTR 1766098.11 1612517.31 7548.44 

BTR 1766034.92 1612640.95 7546.73 

I 
BTR 1765978.38 1612750.07 7544.16 

BTR 1765958.96 1612786.97 7543.36 

BTR 1765942.91 1612817.33 7542.88 

I BTR 1765938.59 1612826.32 7542.02 

BTR 1765915.78 1612870.38 7541.21 

BTR 1765909.05 1612884.52 7540.95 

I BTR 1765816.26 1613068.02 7541.73 

BTR 1765777.42 1613211.81 7538.68 

I 
BTR 1765769.76 1613265.71 7536.33 

BTR 1765768.87 1613270.55 7536.42 

BTR 1765747.31 1613399.42 7534.15 

I 
BTR 1765736.53 ' 1613468.86 7535.11 

BTR 1765732.88 1613491.74 7535.36 

BTR 1765724.10 1613545.76 7534.18 

I BTR 1765714.64 1613605.49 7533.00 

BTR 1765699.88 1613692.29 7529.54 

IC BTR 1765680.60 1613782.60 7527.51 

I 
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Geology of the Western Part of Los Alamos National Laboratory 

Table C-1 Continued. TA-9 Trench Total Station Survey Data (notes on page 94) J 
Mapped Coordinatest I Contact• Northing (ft) Easting (ft) Elevation (ft) Comments* 

BTR 1765660.07 1613906.07 7522.97 I BTR 1765649.18 1613999.39 7519.55 

BTR 1765634.95 1614090.61 7516.62 

I BTR 1765617.80 1614172.38 7514.06 

BTR 1765598.83 1614296.40 7509.99 

BTR 1765596.81 1614336.61 7508.28 

I BTR 1765582.02 1614407.24 7506.25 

BTR 1765565.36 1614517.38 7505.58 

BTR 1765553.57 1614616.79 7505.55 I BTR 1765519.78 1614804.71 7508.84 

BTR 1765489.11 1614986.79 7510.06 

BTR 1765488.36 1614998.05 7510.20 I BTR 1765469.73 1615248.26 7506.40 

BTR 1765483.36 1615285.36 7506.25 

I BTR 1765516.58 1615373.10 7503.88 

BTR 1765534.45 1615406.28 7503.30 

BTR 1765538.05 1615415.07 7503.03 l BTR 1765618.71 1615619.79 7501.21 

BTR 1765648.25 1615701.23 7499.21 

F 1765938.59 1612826.32 7545.82 S55W BONE; fracture zone 0.3 m (1 ft) wide I F 1765928.42 1612846.02 7545.56 N42E 66SE 

F 1765915.78 1612870.38 7545.21 N15E 85-90NW 

I F 1765908.03 1612888.39 7544.92 N15E > 60NW; fissure fill 0.8 m (2.5 tt) wide 
with clay-rich matrix and Obt blocks 

F 1765899.76 1612903.11 7544.70 S55W90 I F 1765897.34 1612908.10 7544.60 N65E 90 

F 1765893.27 1612915.60 7544.45 N15W 90 

F 1765882.09 1612938.91 7544.94 S15W90 I F 1765860.84 1612977.50 7546.03 N12E 68NW 

F 1765853.84 1612991.71 7545.88 N60E > 60SE; fissure fill 0.9 m (3ft) wide 

F 1765850.90 1612997.91 7546.05 N20W; fissure fill I 
F 1765846.14 1613007.49 7545.89 N55E > 45SE; fissure fill 

F 1765816.26 1613066.02 7545.73 

I F 1765814.05 1613070.50 7545.70 

F 1765808.27 1613081.65 7545.36 N50E 90 

F 1765806.40 1613086.17 7545.27 N30W>45NE '~ F 1765787.69 1613126.20 7544.92 NBOE 85-90NW 

I 
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Appendix C. Total Station Survey Data 

I Table C-1 Continued. TA-9 Trench Total Station Survey Data (notes on page 94) 

r 
I' Mapped Coordinatest 

Contact* Northing (ft) Easting (ft} Elevation (ft) Comments* 

I F 1765790.53 1613132.63 7544.46 N7W 90; graben/fissure fill 0.5 m (1.5 ft) wide; 
no tuff in bottom 

I 
F 1765786.18 1613135.55 7544.74 N35W86SW 

F 1765785.10 1613164.50 7543.77 

F 1765778.27 1613207.66 7542.39 N70W74SW 

I F 1765777.42 1613211.81 7542.28 N14W 90; fissure fill 0.6 m (2ft) wide 

F 1765775.74 1613224.92 7541.95 N20E 66SW; fissure fill < 0.3 m (1 ft) wide 

I 
F 1765774.64 1613229.97 7541.86 N5W 90; fissure 1.5 m (5 ft) wide at T-C and 

0.3 m (1 ft) in tuff 

N5W 90; fissure 1.5 m (5 ft) wide at T-C and 
F 1765772.53 1613242.39 7541.27 

I 
0.3 m (1 ft) in tuff 

F 1765768.16 1613244.88 7541.68 N20W 80SW; fissure fill 

F 1765771.89 1613248.85 7541.00 N70E 85SE; fissure fill 

I 
F 1765767.44 1613251.81 7541.05 N13E 86NW 

F 1765766.69 1613257.35 7540.96 N70W90 

F 1765770.12 1613259.31 7540.62 N55W52SW 

I( F 1765766.17 1613260.95 7540.85 N17E 87SE 

F 1765769.76 1613265.71 7540.33 N28W 28-75SW 

I F 1765768.87 1613270.55 7540.12 N37E 44-87NW; alluvium 0.5 m (1.5 ft) thick 
over tuff 

F 1765766.56 1613285.20 7539.16 N3E 72SE 

I 
F 1765766.28 1613287.88 7539.39 N27E 84NW 

F 1765763.06 1613308.58 7538.32 N3W90 

F 1765759.97 1613324.03 7537.67 N20W 85-90SW 

I F 1765759.61 1613328.66 7537.97 N15W 70NE; W side of channel incised into 
top of tuff; channel fill up to 0.9 m (3 ft) thick 

F 1765758.58 1613333.97 7537.99 N20W 90; E side of channel 

I F 1765755.76 1613350.55 7538.10 center of 0.9-m (3-ft) wide rubble zone; clay-
filled shear planes N15W 80SWand N50E 70NW 

I 
F 1765751.57 1613375.74 7538.00 N60E 68NW 

F 1765750.95 1613378.15 7538.00 N37E 87NW; fissure fill 

F 1765749.18 1613388.20 7538.01 N3W55NE 

I F 1765749.18 1613390.20 7538.01 

F 1765551.68 1614633.96 7509.78 

F 1765550.17 1614637.16 7510.15 N15E 85SE; clay-filled fracture 

I F 1765548.75 1614647.65 7510.48 clay-filled fracture; 18.3-cm (7 .2-in) wide fissure 
with large block in clay 

r F 1765547.94 1614653.27 7510.62 N4W 84NE; clay-filled fracture 

I' 
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Geology of the Western Part of Los Alamos National Laboratory 

Table C-1 Continued. TA-9 Trench Total Station Survey Data (notes on page 94) ~· 

Mapped Coordinatest I Contact* Northing (ft} Easting (ft} Elevation (ft} Comments* 

F 1765546.42 1614659.44 7510.70 I F 1765543.02 1614674.01 7510.76 

F 1765540.27 1614690.03 7510.98 

I F 1765538.12 1614701.89 7511.18 N5W 36NE; rubble zone 0.6 m (2ft) thick at 
top to 5 em (2 in) at base 

F 1765536.09 1614715.77 7511.21 N7E 82-85NW; center of 1.3-m (4.3-ft) wide I fissure 

F 1765530.08 1614748.34 7511.88 N5W 83NE; 6-cm (2.4-in) wide clay-filled fracture 

F 1765525.98 1614756.21 7512.00 N2W 78SW; brecciated but no apparent offset; I 3-cm (1.2-in) thick clay 

F 1765528.49 1614759.01 7511.94 N7W 57NE; fissure 

F 1765524.39 1614766.60 7512.18 N60W 89SW; 3-cm (1.2-in) thick clay I F 1765523.79 1614770.79 7512.15 N13E 37SE; 5-cm (2-in) thick clay 

F 1765522.20 1614778.99 7512.20 

I F 1765521.05 1614786.50 7512.28 N5W 85SW; 27-cm (11-in) wide brecciated zone 

F 1765520.79 1614786.87 7512.25 N30W33SW 

F 1765522.93 1614791.87 7512.26 N10E 86SE 
, .. F 1765522.66 1614794.37 7512.31 

F 1765521.40 1614802.37 7512.61 

F 1765520.45 1614806.01 7511.85 N25E 30SE I F 1765519.53 1614814.61 7512.96 N35E 83NW; 0.3-m (1-ft) wide fissure 

F 1765517.02 1614827.88 7513.12 N5E 68SE 

I F 1765516.91 1614830.19 7513.06 2.5-cm (1-in) wide hackly fracture with no 
apparent offset 

F 1765515.51 1614838.50 7513.31 I F 1765509.44 1614854.52 7513.52 

F 1765503.31 1614908.51 7513.47 N36W 54NE 

F 1765501.59 1614918.86 7513.14 N28W90 I F 1765500.50 1614926.52 7513.00 N25W 82SW; clay-filled fracture 

F 1765496.20 1614954.00 7513.05 

F 1765494.86 1614959.80 7511.54 N33W73NE I 
F 1765492.11 1614978.01 7513.32 

F 1765490.23 1614991.08 7513.26 N30W 85-90SW; fissure filled with 5 em (2 in) clay I F 1765485.89 1615017.20 7513.00 N7E 90; fissure 0.5 m (1.6 ft) wide at T-C to 
5 em (2 in) wide in tuff at base; filled with silt 

F 1765484.26 1615025.27 7512.77 N10E 85-90SE; T-C undulates 0.5 m (1.5 ft) ··~ for 5 m (16.4 ft) E of here 

I 
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Appendix C. Total Station Survey Data 

I Table C-1 Continued. TA-9 Trench Total Station Survey Data (notes on page 94) r 
I 

,,. 
Mapped Coordinatest 

Contact* Northing (ft) Easting (ft) Elevation (ft) Comments* 

I F 1765480.66 1615046.99 7512.25 N20E 22NW; 2.5-cm (1-in) wide clay-filled 
fracture; next to 2-3 other fractures 

I 
F 1765480.10 1615050.43 7512.14 N32E 90; 10-cm (4-in) wide clay filled 

F 1765478.90 1615058.15 7512.14 N8E 34NW clay-filled fracture and N8W 67NE 
15-cm (6-in) wide clay-filled fracture 

I F 1765476.59 1615070.11 7509.79 N25W 17SW 

F 1765476.40 1615071.60 7509.96 N65W 87NE 

F 1765544.29 1615431.54 7507.25 N70W 48NE; 15 em (6 in) wide at T-C; Wedge 

I of cobbly Holocene colluvium 

F 1765581.72 1615526.33 7505.29 N50E 55SE 

F 1765590.08 1615546.81 7507.14 colluvium 0.7-1.0 m (2.4-3.4 ft) thick 

I F 1765607.07 1615597.35 7501.93 N2W 90; fissure 12 em (4.8 in) wide 

F 1765612.82 1615605.23 7505.70 N75W vertical to steep NE; fissure 2.5-6.4 em 

I 
(1-2.5 in) wide 

N2E 90; fissure 0.3 m (1 ft) wide filled with 
F 1765618.71 1615619.79 7505.11 sandy orange silt; tuff bleached to 2.5 em (1 in) 

I(, depth 

F 1765679.36 1615782.82 7500.59 N33W62NE 

F 1765686.71 1615795.57 7500.55 N36E 90 

I F 1765699.06 1615826.73 7500.18. N18W 52NE; U-shaped fracture; 3m (10ft) wide 

F 1765709.84 1615852.65 7499.69 N1 OE 85SE; fracture filled with silty clay 

I 
F 1765713.96 1615864.82 7499.68 N20W BONE; fracture 5 em (2 in) wide 

F 1765723.47 1615890.36 7499.61 

F 1765730.14 1615906.60 7499.24 N48E 68SE; fissure filled with sandy silt 

I F 1765729.79 1615911.22 7496.93 N20W 90; fissure at T -C 15 em (6 in) wide 
filled with clayey sand 

I 
F 1765740.02 1615935.55 7497.92 N6E 65SE; fissure< 14 em (5.4 in) wide; lower 

0.5 m (1.5 ft} clay filled; upper part, sand and tuff 

0.3-m (1-ft) wide fissure with angular tuff F 1765745.04 1615945.12 7493.99 

I 
blocks in clay; 3 main vertical fractures in zone 

F 1765751.57 1615970.17 7496.91 N23E 88-90SE; fracture 10.2 em (4 in) wide 
filled with Holocene colluvium 

I G 1765508.86 1614893.01 7513.42 

s 1765767.29 1616007.92 7490.03 sample from 0.6 m (2 ft) above surge within 
Unit4 

I s 1765768.86 1616012.29 7487.05 sample from below surge 

s 1765807.84 1616121.73 7457.31 sample of tuff 

IC S4 1765772.83 1616015.44 7488.23 attitude on surge within Unit 4: N20W 3SW 
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Geology of the Western Part of Los Alamos National Laboratory 

Table C-1 Continued. TA-9 Trench Total Station Survey Data (notes on page 94) t 
Mapped Coordinatest I Contact* Northing (ft} Easting (ft} Elevation (ft} Comments* 

STRAT 1766643.46 1611817.41 7570.39 top of pumice-rich gravel I 
STRAT 1766516.14 1611939.65 7563.74 top of pumice with prominent Bt lamellae; 

base of pumice at base of trench 

I STRAT 1766470.51 1611990.49 7561.22 base of reworked pumice with prominent Bt 
lamellae 

STRAT 1766381.11 1612090.21 7558.95 base of reworked pumice with prominent Bt I lamellae, 0.6 m (1.8 ft) thick 

STRAT 1766322.50 1612155.77 7553.94 base of channel 

STRAT 1766271.19 1612211.51 7553.93 top of white ashy unit I 
top of 3-m (1O-ft) wide pocket of coarse 

STRAT 1766129.87 1612451.33 7551.70 cobbles, maximum 0.3-m (1-ft) diameter of 
Tschicoma dacite and even more Obt I 
top of pocket of coarse cobbles, maximum 

STRAT 1766122.07 1612470.06 7551.38 0.3-m (1-ft) diameter Tschicoma dacite and 

I even more Obt 

STRAT 1766109.54 1612494.43 7550.85 top of cobble gravel 

STRAT 1766098.11 1612517.31 7549.04 top of cobble gravel .. STRAT 1766034.92 1612640.95 7547.53 top of ashy fine clay-rich unit 

STRAT 1766034.92 1612640.95 7548.23 top of fine clay-rich unit; base organic A 

I horizon developed on loess 

STRAT 1765978.38 1612750.07 7544.66 top of silty ashy orange unit; base pebbly unit 

STRAT 1765978.38 1612750.07 7546.06 top of pebbly unit; base organic rich unit 

I STRAT 1765958.96 1612786.97 7544.56 top of orange silty unit; base ashy unit 

STRAT 1765958.96 1612786.97 7545.86 top of ashy unit; base dirt 

STRAT 1765942.91 1612817.33 7544.18 top of orange silty unit; base white ashy unit I STRAT 1765942.91 1612817.33 7544.88 top of white ashy unit; base dirt 

STRAT 1765899.76 1612903.11 7544.70 western edge of black organic-rich sediments 

STRAT 1765897.34 1612908.10 7543.10 bottom of organic-rich sediments I 
tuff dives below base of trench here; toE 

STRAT 1765743.14 1613428.00 7534.38 
> 1.2-m (4-ft) thick alluvium 

STRAT 1765736.53 1613468.86 7538.11 top of dk orange to brownish orange massive f I 
sparse pebbles 

STRAT 1765736.53 1613468.86 7538.71 top f whitish unit; base Holocene organic-rich I duff 

STRAT 1765732.88 1613491.74 7536.16 top off sandy orange; base orange massive unit 

STRAT 1765732.88 1613491.74 7537.36 base of white ashy unit 

~ STRAT 1765732.88 1613491.74 7537.56 base of organic-rich dk brn massive unit 

STRAT 1765732.88 1613491.74 7538.66 base of white f loess 

I 
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Appendix C. Total Station Survey Data 

rr Table C-1 Continued. T A-9 Trench Total Station Survey Data (notes on page 94) 

I ,, Mapped Coordinatest 

Contact* Northing (ft) Easting (ft) Elevation (ft) Comments* 

I STRAT 1765732.88 1613491.74 7538.86 base of Holocene duff 

STRAT 1765724.10 1613545.76 7534.78 top of It orange v f sand with sparse pebbles; 

I 
base of white ashy unit 

STRAT 1765724.10 1613545.76 7535.28 top of white ashy unit; base of dk orange 
massive unit 

I STRAT 1765724.10 1613545.76 7537.08 top of dk orange massive unit; base of It gray 
to white f-grained unit 

I 
STRAT 1765724.10 1613545.76 7537.28 top of It gray to white f-grained unit; base of 

massive, f clay-rich orange unit 

STRAT 1765714.64 1613605.49 7533.30 top of white ashy unit; base of It orange v f unit 

I 
that becomes massive up-section 

STRAT 1765714.64 1613605.49 7534.60 base of dk to It orange massive unit 

STRAT 1765714.64 1613605.49 7536.00 base of It gray to v It orange loess 

I STRAT 1765699.88 1613692.29 7530.14 top of f to pebbly It orange sand; base dk 
orange massive unit 

STRAT 1765699.88 1613692.29 7531.94 base of It orange f massive unit 

ll STRAT 1765699.88 1613692.29 7532.84 base of It gray to It orange Holocene Bt horizon 

STRAT 1765680.60 1613782.60 7528.11 top of v dk brn orange clay-rich unit; base of v 

I 
It orange pebbly gravel (sample white ashy unit) 

STRAT 1765680.60 1613782.60 7529.11 base of dk orange massive clayey unit 

STRAT 1765680.60 1613782.60 7530.51 base of It gray to It orange Holocene Bt horizon 

I STRAT 1765660.07 1613906.07 7524.17 top of v coarse lam'd sand with f pebbles 
(abundant small pumice); base of gravel lens 

STRAT 1765660.07 1613906.07 7524.47 top of gravel lens with sparse pebbles up to 0.3 m 

I 
(1 ft) long; color change from It to dk orange 

STRAT 1765660.07 1613906.07 7525.87 base of It orange to grey unit 

STRAT 1765660.07 1613906.07 7526.87 base of It grey to It orange Holocene Bt horizon 

I STRAT 1765649.18 1613999.39 7520.25 top of v coarse lam'd sand with f pebbles (abun-
dant small pumice); base of choc brn clayey unit 

I 
STRAT 1765649.18 1613999.39 7520.45 base of It orange sandy, powdery v f sand unit 

STRAT 1765649.18 1613999.39 7521.25 base of med orange brn f sand with some gravel 

STRAT 1765649.18 1613999.39 7522.45 base of It gray to It orange Holocene Bt horizon 

I STRAT 1765634.95 1614090.61 7517.32 top of v f It orange sand (mottled It to dk 
orange); base of It to dk orange mottled silt 

•c STRAT 1765634.95 1614090.61 7518.42 base of It brn orange massive silt with 2% 
small gravel 

STRAT 1765634.95 1614090.61 7519.32 base of It gray to It orange Holocene Bt horizon 
with 3-4-mm laminae 

I' 
I,_,. 83 

.. 
'· c •• . ' ( 



I 
Geology of the Western Part of Los Alamos National Laboratory 

Table C-1 Continued. TA-9 Trench Total Station Survey Data (notes on page 94) ,f 
Mapped Coordinatest I Contact• Northing (ft) Easting (tt) Elevation (ft) Comments* 

STAAT 1765617.80 1614172.38 7514.96 top of v fIt orange massive hard sand; base of I It orange to choc brn mottled gravel 

STAAT 1765617.80 1614172.38 7516.16 base of choc brn massive silt with 1-3% gravel 

I STAAT 1765617.80 1614172.38 7516.96 base of massive It orange brn eolian silt 

STAAT 1765617.80 1614172.38 7517.46 base of It gray to It orange Holocene Bt horizon 
with 3-4-mm laminae 

I STAAT 1765598.83 1614296.40 7510.59 top of v f choc brn wet sand; base of v fIt 
orange sand 

STAAT 1765598.83 1614296.40 7511.09 base of massive v f med orange sand I base of It orange to med orange platy porous STAAT 1765598.83 1614296.40 7511.99 
and striped (from root mats) unit 

STAAT 1765598.83 1614296.40 7512.19 base of choc brn massive silty clay I 
STAAT 1765598.83 1614296.40 7512.59 base of It orange-brn massive eolian silt 

STAAT 1765598.83 1614296.40 7513.19 base of It orange-brn massive platy eolian silt 

I STAAT 1765596.81 1614336.61 7509.98 top of dk orange to choc brn massive unit with 
good peds; base of v It gray to It gray porous unit 

STAAT 1765596.81 1614336.61 7510.38 base of unit grading from v It orange at base to ·~ v dk orange at top 

STAAT 1765596.81 1614336.61 7510.88 base of unit grading into black organic bog 

I deposit 

STAAT 1765596.81 1614336.61 7511.88 base of v It orange stripped Holocene Bt horizon 

STAAT 1765582.02 1614407.24 7507.25 top of v dk brn orange to choc brn clay-rich 

I unit; base of black organic-rich deposit 

STAAT 1765582.02 1614407.24 7508.15 base of unit grading from v dk gray to dk 
orange silt 

I STAAT 1765582.02 1614407.24 7509.55 base of v It orange silty Holocene Bt horizon 

STAAT 1765565.36 1614517.38 7505.88 top of v dk brn orange to choc brn clay-rich 
unit; base of black organic-rich deposit I base of unit grading from v dk gray to dk STAAT 1765565.36 1614517.38 7507.38 
orange silt 

I STAAT 1765565.36 1614517.38 7508.58 base of v It gray silty competent loess 

base of unit with silt to f sand matrix and 
STAAT 1765553.57 1614616.79 7506.75 15-25% gravel-large dacite and tuff clasts up I to 15 em (6 in) 

STAAT 1765553.57 1614616.79 7507.75 base of massive choc brn v clayey unit with 1 0% 
gravel [clasts up to 15 em (6 in) on long axis] 

~ 
STAAT 1765553.57 1614616.79 7508.05 base of porous It brn silty loess with cobbles up 

to 7.6 em (3 in) long 

I 
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Appendix C. Total Station Survey Data 

, Table C-1 Continued. TA-9 Trench Total Station Survey Data (notes on page 94) 

~>" 
Mapped Coordinatest 

Contact'* Northing (ft) Easting(ft) Elevation (ft) Comments* 

STAAT 1765553.57 1614616.79 7508.55 base of fill 

STAAT 1765469.73 1615248.26 7507.90 top of mottled It orange to orange massive silt 

I 
with med-coarse sand; base of It orange silt 

base of brownish orange massive clay-rich 

STAAT 1765469.73 1615248.26 7508.30 porous silt with 2-3% sand with roots; pinches 

I 
out to theW 

STAAT 1765469.73 1615248.26 7509.40 base of It orange massive eolian silt 

STAAT 1765469.73 1615248.26 7509.80 base of grayish orange platy silt 

I STAAT 1765483.36 1615285.36 7508.95 top of brn orange massive clayey porous unit; 
base of massive It orange eolian silt 

I 
STAAT 1765483.36 1615285.36 7509.25 base of greyish orange platy silt 

top of pumice-rich It orange-med brn unit with 

STAAT 1765516.58 1615373.10 7503.88 50% pumice (same stratigraphic position as 

I 
white ashy); base is massive 

STAAT 1765516.58 1615373.10 7503.88 top of massive dk brn base to It orange top silty 

sandy 5-1 0% pumice; base of It orange eolian silt 

IC STAAT 1765516.58 1615373.10 7503.88 base of It brn platy silt 

STAAT 1765538.05 1615415.07 7504.53 base of sandy unit with 1 Q-30% clayey matrix 

STAAT 1765538.05 1615415.07 7504.93 base of red-brn clayey-silty mottled unit 

I T-C 1765942.91 1612817.33 7543.08 

T-C 1765938.59 1612825.02 7543.22 

I 
T-C 1765937.60 1612825.88 7543.66 

T-C 1765938.59 1612827.02 7542.72 

T-C 1765927.61 1612845.13 7544.16 

I T-C 1765916.54 1612867.14 7544.38 

T-C 1765909.05 1612884.52 7542.95 

T-C 1765905.81 1612890.47 7544.29 

I T-C 1765893.27 1612915.60 7542.15 

T-C 1765884.34 1612932.69 7544.08 organic-rich sediments 24 em (9.6 in) thick 

over tuff 

I T-C 1765882.09 1612938.91 7543.24 

T-C 1765867.64 1612964.54 7544.35 

I T-C 1765860.84 1612977.50 7544.53 

T-C 1765853.49 1612990.68 7545.62 

T-C 1765851.92 1612994.00 7543.51 

I, T-C 1765849.69 1612998.28 7542.56 

T-C 1765847.05 1613004.04 7545.56 

I'' 
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Geology of the Western Part of Los Alamos National Laboratory 

Table C-1 Continued. TA-9 Trench Total Station Survey Data (notes on page 94) ~' 
Mapped Coordinatest I Contact* Northing (ft) Easting (ft) Elevation (ft) Comments* 

T-C 1765845.56 1613006.08 7545.33 alluvium 0.3 m {1 ft) thick over tuff in brecciated I zone with slabby tuff in orange matrix 

T-C 1765825.43 1613046.55 7543.60 alluvium 0.76 m (2.5 ft) thick over tuff 

I T-C 1765816.26 1613065.02 7543.43 

T-C 1765796.63 1613101.84 7542.63 alluvium 0.9 m (3 ft) thick over tuff 

T-C 1765777.42 1613210.81 7540.18 I T-C 1765769.76 1613265.71 7539.13 

T-C 1765768.87 1613270.55 7538.62 

T-C 1765747.31 1613399.42 7535.95 clay-rich alluvium over tuff I 
base of It orange to med orange v coarse sand 

T-C 1765553.57 1614616.79 7505.95 with 5-10% pumice and 90-95% crystals; 
v porous I 

T-C 1765548.00 1614624.97 7506.90 

T-C 1765547.26 1614631.00 7507.77 

I T-C 1765550.17 1614637.16 7508.65 

T-C 1765545.36 1614642.33 7509.31 

T-C 1765545.01 1614644.26 7509.45 

~· T-C 1765547.94 1614653.27 7509.12 

T-C 1765543.18 1614656.53 7509.65 

T-C 1765543.06 1614657.20 7509.01 I T-C 1765542.37 1614661.04 7509.69 

T-C 1765540.85 1614669.74 7510.19 

I T-C 1765543.02 1614674.01 7510.56 

T-C 1765542.23 1614674.82 7510.13 

T-C 1765539.12 1614679.79 7510.36 vertical fracture I T-C 1765538.71 1614682.07 7510.14 

T-C 1765538.59 1614682.73 7509.20 

T-C 1765538.58 1614683.39 7510.24 I T-C 1765536.40 1614696.40 7510.16 

T-C 1765534.13 1614709.70 7510.90 

I T-C 1765533.41 1614713.69 7510.68 

T-C 1765533.34 1614714.49 7510.16 

T-C 1765533.14 1614715.63 7510.85 

I T-C 1765532.81 1614718.55 7511.01 

T-C 1765532.41 1614719.54 7510.47 

T-C 1765531.97 1614722.54 7510.77 ,J T-C 1765531.06 1614729.28 7509.98 

T-C 1765530.86 1614729.62 7509.62 fissure 9.1 em (3.6 in) wide 
, .• 
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Appendix C. Total Station Survey Data 

r r Table C-1 Continued. TA-9 Trench Total Station Survey Data (notes on page 94) 

I Mapped Coordinatest 

Contact* Northing (ft) Easting (ft) Elevation (ft} Comments* 

I T-C 1765530.78 1614730.08 7509.43 fissure 9.1 em (3.6 in) wide 

T-C 1765529.38 1614737.95 7510.61 

I 
T-C 1765529.38 1614738.42 7511.11 fault?; rubble zone in tuff 

T-C 1765528.53 1614744.22 7511.46 

T-C 1765529.72 1614748.27 7511.29 

I J-C 1765529.54 1614749.47 7511.60 

T-C 1765529.17 1614751.47 7511.46 

T-C 1765528.63 1614754.30 7511.03 

I T-C 1765526.32 1614755.87 7511.11 

tuff is brecciated in 0.6-m (2-ft) wide crushed 
T-C 1765528.13 1614757.86 7511.11 

zone 

I T-C 1765527.68 1614759.32 7510.79 W side brecciated zone 

T-C 1765527.63 1614760.84 7510.84 E side brecciated zone 

I 
T-C 1765527.64 1614761.09 7511.26 E side brecciated zone 

T-C 1765527.12 1614764.57 7511.27 

T-C 1765524.69 1614767.26 7510.83 

I(, T-C 1765523.18 1614776.72 7511.54 alluvium 20 em (7 .9 in) thick over tuff 

T-C 1765522.65 1614779.50 7511.31 

T-C 1765522.06 1614783.20 7510.84 alluvium 0.46 m (1.5 ft) thick over tuff 

I T-C 1765521.74 1614785.46 7509.97 

T-C 1765521.54 1614786.55 7511.06 

I 
T-C 1765522.97 1614790.06 7511.97 

T-C 1765521.48 1614799.06 7511.98 

T-C 1765521.12 1614800.45 7511.09 

I T-C 1765520.93 1614801.53 7510.46 

T-C 1765520.71 1614802.38 7509.61 

T-C 1765520.70 1614802.78 7510.90 

I T-C 1765520.73 1614804.38 7512.15 

T-C 1765520.28 1614806.87 7511.89 fissure 

I 
T-C 1765519.20 1614813.73 7512.15 fissure 

T·C 1765518.79 1614815.15 7511.91 

T-C 1765518.76 1614815.67 7511.71 

I T-C 1765518.46 1614819.01 7512.62 

T-C 1765516.54 1614829.20 7512.54 

T-C 1765515.51 1614838.50 7512.11 

I T-C 1765502.69 1614908.89 7512.37 

T-C 1765500.01 1614926.15 7511.37 tuff overlain by rubbly Holocene colluvium 

IC T-C 1765496.66 1614935.01 7509.95 bottom of channel incised into tuff 
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Geology of the Western Part of Los Alamos National Laboratory 

Table C-1 Continued. TA-9 Trench Total Station Survey Data (notes on page 94) 

Mapped Coordinatest 
Contact* Northing (ft) Easting (ft) Elevation (ft) 

T-C 

T-C 

T-C 

T-C 

T-C 

T-C 

T-C 

T-C 

T-C 

T-C 

T-C 

T-C 

T-C 

T-C 

T-C 

T-C 

T-C 

T-C 

T-C 

T-C 

T-C 

T-C 

T-C 

T-C 

T-C 

T-C 

T-C 

T-C 

T-C 

T-C 

T-C 

T-C 

1765498.27 1614938.16 

1765497.78 1614942.17 

1765496.94 1614946.75 

1765496.74 1614948.35 

1765496.27 

1765495.34 

1765494.84 

1765493.99 

1765493.53 

1765492.68 

1765491.91 

1765491.30 

1765490.39 

1765490.01 

1765489.42 

1765488.39 

1765479.44 

1765477.22 

1765476.70 

1765475.89 

1765474.97 

1765459.56 

1765459.56 

1765534.45 

1765538.05 

1765544.29 

1765554.32 

1765557.41 

1765561.85 

1765567.15 

1765572.94 

1765576.45 

1614951.92 

1614956.43 

1614959.05 

1614962.92 

1614965.54 

1614971.09 

1614976.08 

1614980.48 

1614984.81 

1614987.40 

1614991.07 

1614997.92 

1615051.36 

1615065.22 

1615067.80 

1615074.33 

1615079.00 

1615185.50 

1615217.73 

1615406.28 

1615415.07 

1615431.54 

1615464.55 

1615472.61 

1615483.27 

1615495.91 

1615510.01 

1615518.54 

' 

7510.28 

7510.98 

7511.11 

7511.68 

7512.14 

7511.92 

7512.06 

7511.58 

7511.48 

7511.47 

7511.33 

7511.29 

7512.08 

7511.93 

7511.30 

7512.06 

7510.84 

7511.05 

7510.39 

7510.02 

7510.54 

7508.52 

7507.29 

7503.30 

7504.13 

7505.45 

7503.09 

7504.15 

7504.11 

7503.77 

7504.04 

7504.36 

"88 
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Comments* 

W edge of zone of subhorizontal fractures that 
create slabby tuff 

silt 18 em (7 in) thick overlain by Holocene 
colluvium 

domino blocks and clay-filled fractures N1 OW 
44SW and N15E 50NW 

T-C disappears under base of trench 

tuff appears at base of trench 

base angular to subangular cobbles up to 0.6 m 
(2 ft) long in silty-clayey matrix 

base of trench 

tuff overlain by cobbly colluvium with blocks up 
to 0.51 m (1.7 ft) long imbricated towards west 

blocks of tuff up to 0.85 m (2.8 ft) long in 
colluvium over tuff 

I 
~I 

I 
I 
I 
I 
I 
I 

I 
I 
I 
I 
I 
I 
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Appendix C. Total Station Survey Data 

I r Table C-1 Continued. TA-9 Trench Total Station Survey Data (notes on page 94) 

Mapped Coordinatest 

Contact* Northing (ft) Easting (ft} Elevation (ft) Comments* 

I T-C 1765597.17 1615574.15 7503.16 colluvium 1.1 m (3.5 ft) thick on S side and 
0.57 m (1.9 ft) thick on N side 

I 
T-C 1765601.46 1615584.10 7502.54 colluvium 1.2 m (3.9 ft) thick 

T-C 1765618.71 1615619.79 7504.81 

colluvium 0.98 m (3.2 ft) thick on S side of 

I T-C 1765623.32 1615638.67 7501.57 trench, 0.54 m (1.8 ft) on N side; blocks up to 
0.79 m (2.6 ft) long 

t. 
possible low angle fault N50W 25SW; clay 

T-C 1765631.99 1615655.73 7502.58 layer and colluvium on top on S side, tuff blk 
on N side 

I T-C 1765635.61 1615671.36 7501.06 colluvium 0.7 m (2.3 ft) thick with blocks of tuff 
up to 1.2 m (3.8 ft) long 

T-C 1765645.10 1615690.97 7500.47 colluvium 0. 73 m (2.4 ft) thick on N side, 0.98 m 

I 
(3.2 ft) thick on S side 

T-C 1765659.17 1615725.08 7500.64 

T-C 1765662.45 1615733.03 7500.21 N32W 74NE; rare clay-filled fracture 

ll, T-C 1765668.79 1615749.02 7500.81 middle of 3-m (10-ft) wide zone of massive 
structureless tuff 

I 
T-C 1765676.97 1615769.16 7499.62 N61 W 25SW and N27E 28SE; clay-filled 

fractures 

T-C 1765686.71 1615795.57 7500.55 colluvium < 9.1 em (3.6 in) thick 

I 
T-C 1765692.49 1615811.71 7499.70 N48W 60NE; fracture 

T-C 1765697.49 1615823.05 7500.23 colluvium 0.3-0.5 m (1-1.5 ft) thick 

T-C 1765704.73 1615840.09 7499.84 colluvium 0.33 m (1.1 ft) thick on N, 0.49 m 

I 
(1.6 ft) thick on S 

T-C-F 1765546.86 1614633.30 7507.99 

T-C-F 1765546.96 1614633.65 7508.23 

I T-C-F 1765544.60 1614647.33 7507.90 clay-filled fissure 24.4 em (9.6 in) wide 

T-C-F 1765544.48 1614648.54 7509.41 clay-filled fissure 24.4 em (9.6 in) wide 

I 
T-C-F 1765543.78 1614651.55 7509.55 

T-C-F 1765543.75 1614652.19 7509.02 

T-C-F 1765541.64 1614665.05 7510.21 

I T-C-F 1765541.73 1614665.45 7509.74 

T-C-F 1765540.26 1614673.43 7509.64 

T-C-F 1765540.17 1614673.98 7510.06 

Jr T-C-F 1765539.73 1614676.67 7510.47 

T-C-F 1765539.50 1614677.64 7510.18 

T-C-F 1765537.57 1614689.01 7510.94 

I' 
I 
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Geology of the Western Part of Los Alamos National Laboratory 

Table C-1 Continued. TA-9 Trench Total Station Survey Data (notes on page 94) ,~ 

Mapped Coordinatest I Contact* Northing (ft) Easting (ft) Elevation (ft) Comments* 

T-C-F 1765537.49 1614689.97 7510.23 I T-C-F 1765536.32 1614696.83 7509.70 

T-C-F 1765535.84 1614699.25 7510.05 

I T-C-F 1765535.50 1614701.76 7510.37 

T-C-F 1765525.36 1614761.87 7511.32 

T-C-F 1765524.69 1614766.90 7510.36 

1-T-C-F 1765524.01 1614772.23 7510.18 

T-C-F 1765523.80 1614772.84 7510.62 alluvium (?) 0.42 m (1.4 ft) thick over tuff 

T-C-F 1765522.81 1614778.68 7511.23 N60E 66NW; clay-filled fracture 0.46 m (1.5 ft) I wide 

T-C-F 1765522.24 1614782.08 7510.76 

T-C-F 1765522.66 1614791.69 7511.74 I 
T-C-F 1765522.44 1614792.31 7511.41 

T-C-F 1765522.14 1614794.35 7510.36 

I T-C-F 1765517.73 1614822.25 7512.55 N38E 55SE; fracture 

T-C-F 1765517.61 1614822.85 7511.76 N38E 55SE; fracture 

T-C-F 1765517.19 1614825.75 7512.22 -~ T-C-F 1765516.89 1614826.33 7511.93 

T-C-F 1765516.75 1614827.89 7511.81 N5E 68SE; fault 

T-C-F 1765501.03 1614919.19 7511.86 I T-C-F 1765500.95 1614919.87 7512.36 

T-C-F 1765491.56 1614978.09 7510.82 

I ITR 1766795.15 1611654.02 7575.04 alluvium> 1.2 m (4ft) thick 

ITA 1766773.81 1611691.38 7574.71 alluvium> 1.2 m (4ft) thick 

ITA 1766722.11 1611737.76 7573.21 alluvium> 1.2 m (4ft) thick I ITA 1766643.46 1611817.41 7572.09 sediments 1.1 m (3.7 ft) thick; pumice-rich 
gravel at 0.6 m (1.7 ft) depth 

ITA 1766605.59 1611853.14 7571.47 alluvium 1.1 m (3.6 ft) thick I 
pumice with prominent Bt lamellae at 0.54-m 

ITA 1766516.14 1611939.65 7565.94 (2.2-ft) depth to base of trench; truncated just E 
of point I 

ITA 1766490.17 1611967.64 7564.33 

ITA 1766470.51 1611990.49 7563.42 top 0.67 m (2.2 ft) is reworked pumice with I prominent Bt lamellae 

ITA 1766381.11 1612090.21 7558.95 massive red clayey sediment; 0.54-m (1.8-ft} 
thick pumice deposit with Bt lamellae 

·~ 
ITA 1766322.50 1612155.77 7556.94 center of coarse gravel with Tschicoma dacite 

gravels> 0.3-m (1-ft) diameter; 0.9 m (3ft) thick 

I 
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Appendix C. Total Station Survey Data 

Table C-1 Continued. TA-9 Trench Total Station Survey Data (notes on page 94) 

Mapped Coordinatest 

Contact* Northing (ft) Easting (ft) Elevation (ft) Comments* 

TIR 1766284.09 1612198.29 7555.54 white ashy unit in bottom 0.3 m (1 ft); pinches 

out W but thickens E 

TIR 1766271.19 1612211.51 7555.13 white ashy unit is 0.76 m (2.5 ft) thick; gravel is 

thinner 

TTR 1766248.10 1612238.27 7554.90 white ashy unit is 2 em (5 in) thick and pinches 

out E; overlain by clay-rich matrix gravels 

TIR 1766229.80 1612262.10 7554.83 0.98-m (3.2-tt) clay-rich matrix gravels 

TIR 1766184.69 1612348.54 7554.76 gravels with orange sandy matrix; cobbles 

0.46-m (1.5-tt) long Tschicoma dacite and Obt 

extremely clay-rich deposit with sparse cobbles 

f 

TIR 1766149.45 1612418.28 7554.14 [< 9.1-cm (3.6-in) diameter]; bottom 0.6 m (2 tt) 

is more cobbly 

center of 3-m (1O-ft) wide pocket of coarse 

I TIR 1766129.87 1612456.33 7553.70 cobbles in bottom 0.76 m (2.5 ft) of trench; 

cobbles are maximum 0.3-m (1-ft) diameter 

Tschicoma and more Qbt 

I t 
center of pocket of coarse cobbles in bottom 

TIR 1766122.07 1612470.06 7553.48 0.7 m (2.3 ft) [average 0.5 m (1.6 ft) thick]; 

maximum 0.3-m (1-ft) diameter Tschicoma and 

I 
more Obt 

TIR 1766109.54 1612494.43 7553.05 bottom 0.49 m (1.6 ft) is clayey cobble-rich 

deposit 

I: TIR 1766098.11 1612517.31 7552.64 cobble-rich layer is 0.18 m (0.6 ft) from bottom 

and pinches out to E 

TIR 1766034.92 1612640.95 7550.43 

I TIR 1765978.38 1612750.07 7547.96 sample of pumice from pebbly unit 

TIR 1765958.96 1612786.97 7547.16 

I 
TIR 1765942.91 1612817.33 7546.38 

TIR 1765909.05 1612884.52 7544.95 

TIR 1765884.34 1612932.69 7544.88 organic-rich sediment 24-cm (1Q-in) thick over tuff 

I 
W margin of channel; alluvium 0.5 m (1.7 ft) 

TIR 1765867.64 1612964.54 7546.05 thick over tuff; alluvium> 0.9 m (3ft) thick in 

center of channel 

I TIR 1765780.98 1613162.72 7544.06 

TIR 1765754.96 1613330.45 7538.22 

TIR 1765747.31 1613399.42 7537.95 clay-rich alluvium 0.6 m (2 ft) thick 

J, TIR 1765741.14 1613411.18 7538.25 N30E 10SE; bedding 

\,.. .. 
TIR 1765740.32 1613414.55 7538.26 

I 
TIR 1765743.14 1613428.00 7538.38 alluvium> 1.2 m (4-ft) thick 

I 
91 



I 
Geology of the Western Part of Los Alamos National Laboratory 

Table C-1 Continued. TA-9 Trench Total Station Survey Data (notes on page 94) .,I 
Mapped Coordinatest I Contact* Northing (ft) Easting (ft) Elevation (ft) Comments* 

TTR 1765736.53 1613468.86 7539.01 I TTR 1765732.88 1613491.74 7539.06 
TTR 1765724.10 1613545.76 7537.98 

I TTR 1765714.64 1613605.49 7536.80 
TTR 1765696.92 1613662.59 7535.89 
TTR 1765699.88 1613692.29 7533.74 

I TTR 1765685.30 1613750.20 7531.93 
TTR 1765680.60 1613782.60 7531.01 
TTR 1765671.28 1613833.09 7529.81 I TTR 1765660.07 1613906.07 7527.57 
TTR 1765656.66 1613920.19 7527.01 
TTR 1765649.18 1613999.39 7523.25 I TTR 1765643.98 1614003.95 7523.65 
TTR 1765630.51 1614088.56 7520.45 

I TTR 1765634.95 1614090.61 7520.22 
TTR 1765617.80 1614172.38 7517.76 
TTR 1765616.97 1614173.39 7517.59 .,J TTR 1765604.57 1614257.85 7514.90 
TTR 1765598.83 1614296.40 7513.59 
TTR 1765596.81 1614336.61 7511.98 I TTR 1765590.76 1614343.18 7511.87 
TTR 1765582.02 1614407.24 7510.05 

I TTR 1765578.41 1614429.94 7509.59 
TTR 1765565.36 1614517.38 7509.08 

TTR 1765558.58 1614562.65 7507.80 east edge of organic-rich deposit; - 0.3 m (1 ft) I thick but top is disturbed 

TTR 1765560.01 1614579.66 7507.43 orange colluvium with pumice and organics 
TTR 1765551.73 1614592.84 7508.40 I TTR 1765551.84 1614608.29 7508.73 
TTR 1765553.57 1614616.79 7509.15 

I TTR 1765546.90 1614625.21 7509.61 

TTR 1765550.17 1614637.16 7510.15 colluvium 0.46 m (1.5 ft) thick; clay-filled 
fracture N15E 85SE; tuff surface dips 1 oo W 

I TTR 1765538.71 1614682.07 7510.94 
TTR 1765538.59 1614682.73 7511.10 
TTR 1765538.58 1614683.39 7511.14 • TTR 1765536.40 1614696.40 7511.26 
TTR 1765535.50 1614701.76 7511.47 I. 
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Appendix C. Total Station Survey Data 

Table C-1 Continued. TA-9 Trench Total Station Survey Data (notes on page 94) 

,.,.,, 

Mapped Coordinatest 

Contact* Northing (ft} Easting (ft) Elevation (ft) Comments* 

TIR 1765534.13 1614709.70 7511.40 

TIR 1765532.46 1614714.23 7511.51 

TIR 1765533.34 1614714.49 7511.46 

TIR 1765533.14 1614715.63 7511.55 

TIR 1765529.38 1614738.42 7512.41 

TIR 1765528.63 1614754.30 7511.93 

TIR 1765526.32 1614755.87 7512.11 

TIR 1765527.63 1614760.84 7512.04 

TIR 1765527.12 1614764.57 7512.07 

TIR 1765524.69 1614766.90 7512.16 

I 
TIR 1765495.90 1614934.16 7513.15 

TIR 1765499.17 1614936.94 7512.99 axis of channel 

TIR 1765495.27 1614959.94 7513.08 

I 
TIR 1765489.24 1614998.08 7513.19 

axis of channel trending S35E; 2 m (6.6 ft) 

<~ 
TIR 1765487.75 1615005.52 7513.30 wide at T-C contact filled with sandy gravel 

I 
> 1.2 m (4ft) deep 

TIR 1765477.41 1615067.96 7512.01 

TIR 1765476.81 1615071.74 7512.06 

I TIR 1765459.56 1615185.50 7510.92 

TIR 1765459.49 1615210.88 7510.17 tuff overlain by 0.5-cm (0.2-in) thick white 

I 
powder overlain by mottled unit 

TIR 1765459.56 1615212.73 7510.29 

TTR 1765469.73 1615248.26 7510.30 

I TIR 1765483.36 1615285.36 7509.75 

TTR 1765516.58 1615373.10 7507.88 

TIR 1765534.45 1615406.28 7507.20 

I TTR 1765538.05 1615415.07 7507.03 

colluvium 0.85 m (2.8 ft) thick over tuff, above 

I 
TTR 1765550.89 1615457.03 7507.22 N75W 50NE clay-filled fracture 6.1 em (2.4 in) 

wide 

TIR 1765557.89 1615475.75 7507.11 

I TTR 1765557.84 1615475.79 7507.15 

TTR 1765584.50 1615531.44 7507.18 

TTR 1765609.83 1615597.37 7506.00 

lr TTR 1765641.07 1615676.84 7503.48 

TTR 1765659.84 1615724.98 7502.38 
colluvium 0.54 m (1.8 ft) thick with blocks up to 

' 
1.3 (4.2 ft) long 

I 
I~·· 
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Geology of the Western Part of Los Alamos National Laboratory 

Table C-1 Continued. TA-9 Trench Total Station Survey Data (notes below) 

Mapped Coordinatest 
Contact* Northing (ft) Easting (ft) Elevation (ft) Comments* 

TIR 1765671.23 1615752.68 7501.27 
TIR 1765693.09 1615811.62 7500.65 
TIR 1765694.48 1615815.36 7500.57 Holocene colluvium 0.46 m (1.5 ft) thick 
TTR 1765700.12 1615828.77 7500.04 
TIR 1765731.01 1615907.17 7499.36 
TIR 1765757.73 1615976.02 7496.76 
TIR 1765758.22 1615976.84 7496.68 
TIR 1765763.47 1615990.01 7494.43 
TIR 1765778.88 1616029.53 7483.92 colluvium to base of trench 
TIR 1765786.68 1616052.60 7476.27 
TIR 1765796.64 1616081.90 7467.16 
TIR 1765805.83 1616107.78 7461.16 
TIR 1765823.03 1616151.86 7453.89 tuff overlain by eolian silt 
TIR 1765824.38 1616155.56 7453.46 
TIR 1765842.45 1616204.41 7448.29 

*Explanation of Mapped Contact codes: 
BTR = Bottom of trench 

F = Fracture, fissure, or fault 

G = Gasline 

S = Sample; S4 = Within Unit 4 surge 
STAAT = Stratigraphic contact 

T -C = Tuff-colluvium contact 

T -C-F = Tuff-colluvium contact cut by fracture 
TIR =Top of trench 

"Fissures" in many cases may be merely topography at the surface of the tuff produced by erosional plucking of fracture
bounded tuff blocks. 

Field descriptions included in the table do not necessarily match the stratigraphic units shown in Fig. 6. 
tcontacts surveyed by LANL Seismic Hazards Program (see text for details). 
*Explanantion of Comments codes: 

brn = brown (as in "red-brown") 

Bt = soil horizon with silicate clay either formed in situ or translocated within or into the horizon 
choc =chocolate (as in "chocolate-brown") 

dk =dark 

f =fine 

ft =feet 

lam'd = laminated 

It= light 

v= very 
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Appendix C. Total Station Survey Data 

.F Table C-2. MDA P Total Station Survey Data (notes on page 98) 

"""'· Mapped Coordinatest 

Contact• Northing (ft) Easting (ft) Elevation (tt)* Comments 

3T 1764476 1615778 7413 

4 1764469 1615784 7415 

3T-4 1764477 1615794 7414 

3T-4 1764480 1615808 7415 

3T-4 1764483 1615819 7415 

I 3T-4 1764482 1615835 7415 

3T-4 1764485 1615859 7414 

3T-4 1764504 1615893 7412 

I 3T-4 1764512 1615908 7410 

3T-4 1764511 1615929 7411 

I 
3T-4 1764515 1615958 7411 

3T-4 1764517 1615994 7411 

3 1764584 1615944 7388 

I 
3-3T 1764572 1615922 7390 

3-3T 1764566 1615894 7390 

3-3T 1764559 1615875 7391 

I< 3-3T 1764539 1615834 7395 

3-3T 1764548 1615851 7393 

3-3T 1764517 1615783 7397 

I F1 1764500 1615759 7396 

F1 1764550 1615740 7365 

I 
F1 1764536 1615751 7375 

3-3T 1764494 1615756 7397 

F1 1764527 1615753 7381 

I F1 1764519 1615758 7386 

F1-2 1764516 1615760 7387 

F2 1764504 1615761 7396 

I F2 1764495 1615762 7398 

F1 1764511 1615764 7391 

I 
F2 1764482 1615762 7403 

F1 1764507 1615765 7394 

F1 1764498 1615776 7402 

I F1 1764487 1615784 7408 

F1 1764479 1615790 7414 

3-3T 1764462 1615725 7399 

I, 3-3T 1764475 1615735 7395 

F1 1764473 1615794 7415 
' 

' F 1764458 1615698 7399 N70E 

I 
I 
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I 
Geology of the Western Part of Los Alamos National Laboratory 

Table C-2 Continued. MDA P Total Station Survey Data (notes on page 98) ... 1 
Mapped Coordinatest I Contact* Northing (11) Easting (11) Elevation (11)* Comments 

3T-4 1764483 1615816 7415 I 3T-4 1764478 1615799 7415 
3T-4 1764476 1615790 7414 

I 3T-4 1764466 1615776 7415 
3T-4 1764449 1615753 7417 
3T-4 1764432 1615723 7419 I 3T-4 1764414 1615694 7419 
3T-4 1764400 1615663 7420 
3T-4 1764394 1615639 7420 I 3-3T 1764449 1615692 7401 

F 1764462 1615713 7399 
3-3T 1764448 1615679 7400 I F3 1764512 1615765 7391 
F3 1764508 1615762 7392 

I 3 1764434 1615640 7400 
3-3T 1764492 1615758 7398 
3-3T 1764507 1615780 7399 

~ 3-3T 1764498 1615764 7399 
3 1764465 1615719 7399 
F 1764497 1615700 7375 N70E I 3T 1764463 1615713 7399 

F4 1764465 1615711 7398 

I F4 1764457 1615730 7402 
F 1764490 1615734 7390 
F 1764485 1615730 7390 

I F 1764501 1615714 7376 fault N50W 90 
F 1764470 1615716 7396 
F 1764497 1615748 7391 N85E 90 I F 1764496 1615755 7395 
F 1764500 1615747 7391 N60W90 

I' F 1764496 1615756 7397 
F5 1764511 1615745 7383 
F5 1764522 1615718 7371 N70W 85NE 

I F5 1764530 1615705 7361 
3WB 1764542 1615729 7367 
3WB 1764561 1615762 7367 

~ 3WB 1764570 1615774 7366 

I 
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Appendix C. Total Station Survey Data 

,. Table C-2 Continued. MDA P Total Station Survey Data (notes on page 98) 

'-· 
Mapped Coordinatest 

Contact* Northing (ft) Easting (ft) Elevation (ft)* Comments 

F5 1764555 1615761 7371 N27W 

3WB 1764581 1615801 7366 

I 
3WB 1764591 1615840 7363 

3WB 1764600 1615876 7368 

3WB 1764607 1615901 7367 

I 3WB 1764615 1615921 7368 

3WB 1764628 1615950 7363 

BH 557 1764475 1615848 7415 

I F 1764704 1615684 7372 fault N17E 85SE with grooves 

F 1764727 1615694 7383 fault N17E 85SE with grooves 

I 
3WB 1764730 1615744 7370 

F 1764725 1615714 7373 

F 1764730 1615735 7371 

I 
F 1764767 1615736 7398 fault zone with fissures 

F 1764764 1615718 7401 N5E 87NW 

TG 1764811 1615891 7363 

I(. F 1764921 1615898 7396 fault N7W 90 

3-3T 1764870 1615858 7400 

3-3T 1764838 1615817 7399 

I 3-3T 1764790 1615762 7400 

F 1764817 1615732 7417 

I 
3-3T 1764768 1615750 7395 

3T-4 1764819 1615724 7418 

3-3T 1764741 1615689 7397 

I 3T-4 1764800 1615689 7420 

3-3T 1764706 1615651 7398 

3T-4 1764778 1615649 7419 

I 3-3T 1764689 1615600 7396 

3T-4 1764742 1615599 7419 

I 
3-3T 1764675 1615572 7398 

3T-4 1764722 1615562 7420 

3-3T 1764655 1615521 7397 

I 3T-4 1764706 1615518 7420 

3-3T 1764635 1615496 7393 

3T 1764696 1615468 7425 

lr 3-3T 1764614 1615400 7400 

3-3T 1764591 1615330 7401 

I' 

I l., •• 
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Geology of the Western Part of Los Alamos National Laboratory 

Table C-2 Continued. MDA P Total Station Survey Data (notes below) 

Mapped Coordinatest 

Contact* Northing (ft) Easting (ft) Elevation (ft)* 

3T 

4 

1764640 
1764699 

1615315 
1615466 

*Explanation of Mapped Contact codes 

3T = Within Unit 3T 

3 = Within Unit 3 

3WB = Welding break within Unit 3 

4 = Within Unit 4 

3-3T = Unit 3-Unit 3T contact 

3T-4 = Unit 3T-Unit 4 contact 

Fn =Fault n (n = 1-5) 

F1-2 = Intersection of faults 1 and 2 

7428 
7426 

F = Fissure (unless designated otherwise in "Comments") 

BH = Borehole 

TG =Terrace gravel 

Comments 

tcontacts surveyed by LANL Seismic Hazards Program with a Total Station; data points are referenced to the MDA P grid 

surveyed by the LANL ER Project. 

tcontacts are located with an accuracy better than ± 3 ft in elevation. 
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