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REGULATORY RELEVANCE

These investigations were conducted as a
requirement of the HSWA Module VIII of the
Laboratory’s Resource Conservation and
Recovery Act (RCRA) Part B operating permit
(EPA, #1990). Section P, Task Ill, Facility
Investigation, Subtask A.l of the Hazardous
Solid Waste Act (HSWA) module, requires a
program to evaluate site hydrogeologic condi-
tions. The permit requires the aquisition and
assessment of the the types of information
listed in Table 1.

In addition, Module VIII of the Laboratory’s
RCRA Part B permit requires a soils program
to characterize soil and rock units above the
water table in the vicinity of contaminant
release(s). Section P, Task 111, A.2 specifies
that this characterization program will
include, but is not limited to, the information
listed in Table II.

In summary, Module VIII requires compre-
hensive hydrogeologic and soils characteriza-
tion of the vadose zone to the watertable.
Specifically, Section P, Task 111, A.l.d states,
“..arepresentative and accurate classification
and description of the hydrogeologic units
which may be part of the migration pathways
at the facility [is required]....”

Aspects of the above requirements that are
not included in this report will be addressed
in other investigations described in the work
plan in Chapter 12, Mesa Top Sampling Plan
(LANL, 1991).

SUMMARY

The investigations compiled in this report
describe the geology at TA-21 and form the
basis for a more detailed understanding of site
hydrogeological characteristics. These stud-
ies were conducted in support of the RFI for
Los Alamos National Laboratory. The inves-
tigations specifically address geologic condi-
tions at TA-21 but have substantial relevance
to other Laboratory operable units.

Introduction

TABLE 1
Site HybproLoGIc STUDIES
REquirep BY HSWA MoODULE Vi1,
Los ALaM0os NATIONAL LABORATORY’S
RCRA Part B PERMIT

Description of regional- and facility-specific
geologic and hydrogeologic characteristics
affecting groundwater flow beneath the
facility

Analysis of topographic features that might
influence the groundwater flow system

Analysis of fractures within the tuff;
tectonic trend fractures vs cooling
fractures

Representative and accurate classification
and description of hydrogeologic units
that may be part of the migration
pathways at the facility; based on
field data, tests, and cores.

Structural geology and hydrogeologic
cross sections showing the extent of
hydrogeologic units that may be part
of the migration pathways; based on
field studies and cores:

* Unconsolidated sand and gravel
deposits

® Zones of fracturing or channeling in
consolidated or unconsolidated
deposits

¢ Zones of high or low permeability
that might direct and restrict the
flow of contaminants

Representative description of water level of
fluid pressure monitoring; based on data
obtained from groundwater monitoring
wells and piezometers installed
upgradient and downgradient of the
potential contaminant source
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TABLE I1
S1TE CHARACTERIZATION OF SOILS
ReqQuirED BY HSWA MODULE V111,
Los ALAMOS NATIONAL LABORATORY’S
RCRA ParT B PERMIT

Soils

Surface soil distribution

Soil profile, including classification
of soil

Transects of soil stratigraphy

Soil pH

Particle size distribution

Residual concentration of
contaminants in soil

Hydrology

Effect of stratification on
unsaturated flow
Infiltration
Evapotranspiration
Water balance scenarios
Moisture content

Mineralogy/Chemistry

Mineral and metal content
Cation exchange capacity
Trace element geochemistry
as a means of differentiating
units within the tuff
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GEOLOGIC MAP OF TECHNICAL AREA 21
by

F. Goff

A geologic map of TA-21 was prepared by using color photographs
of canyon walls as well as conventional field mapping (scale of
1:4200, or 1 in. = 350 ft), and the general bedrock relations were
studied. Exposed bedrock geology consists of three stratigraphic
units (bottom to top): (1) the Otowi Member, Bandelier Tuff
(consisting primarily of nonwelded, lithic-rich, rhyolitic ignimbrite),
(2) the Cerro Toledo interval (interbedded rhyolitic pyroclastic
falls and epiclastic gravels of dominately dacitic composition),
and (3) the Tshirege Member;, Bandelier Tuff (nonwelded to welded
rhyolitic ignimbrite). The Bandelier Tuff and fall deposits in the
Cerro Toledo interval were derived primarily from explosive
volcanic eruptions in the Valles caldera west of TA-21. In addi-
tion, the Tshirege Member is subdivided into five units because
of the distinct boundaries caused by deposition of flow units,
variations in welding, and variations in alteration. Bedrock
units are partially covered by alluvium, terrace gravels, talus/
colluvium, mesa top soils, and disturbed alluvium. Contacts
between the three bedrock units are generally undulatory as a
result of the periods of erosion between emplacement. However,
thicknesses of most units, except for the bedded Cerro Toledo
interval, are relatively constant. No faults were found in the
map area in exposed bedrock units. One cold spring (DP Spring)
was found in eastern DP canyon issuing from a contact between
colluvial and valley fill deposits and Tshirege unit 1g. This spring
discharges from the north cliff face about 20 ft above the canyon
bottom.

INTRODUCTION
AND PREVIOUS MAPPING OF TA-21
AND THE SURROUNDING AREA

This study presents a geologic map and cross
sections of units at TA-21. The map supports
RFT studies at TA-21 by showing the distri-
bution and thickness of units. These data provide
both a geologic framework for evaluating
potential contaminant transport pathways
and background information for evaluating
various remediation alternatives.

TA-21 (also known as DP site) lies on the
Pajarito Plateau, which is located on the east
flank of the Jemez Mountains and the west
margin of the Espafiola Basin. The Pajarito
Plateau is composed primarily of the slightly
eroded Tshirege Member of the Bandelier
Tuff, a large-volume, rhyolitic ash-flow tuff
(ignimbrite) erupted from the Valles caldera
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of the Jemez volcanic field (Smith and Bailey,
1966). All designated waste sites at TA-21 are
built in the upper zones of this ignimbrite
sheet or in overlying deposits. Discussions of
the geology of the upper portions of DP Mesa
and the history of disposal facilities can be
found in several reports (Rogers, 1977; Nyhan
et al., 1984; Gerety et al., 1989; Merrill, 1990;
LANL, 1991).

Regional geologic maps that cover all or part
of the Pajarito Plateau include those of Griggs
(1964) for geohydrologic investigations
centered around Los Alamos, Smith et al.
(1970) for volcanologic investigations of the
Jemez Mountains, and Kelley (1978) for
tectonic investigations associated with the Rio
Grande rift. Geologic maps of nearby areas
that have bearing on the stratigraphic and
tectonic context of the Pajarito Plateau in the
greater regional picture have been published
by Weir and Purtymun (1963), Baltz et al.,
(1963), Galusha and Blick (1971), Aubele
(1978), Dethier and Manley (1985), Goff et al.
(1990), and Dethier (in press). Detailed
geologic mapping and fracture measurements
were completed for an area around TA-55
(Vaniman and Wohletz, 1990). Unpublished
mapping was completed for large areas of
US Department of Energy land on the plateau
by M.A. Rogers. The most recent syntheses
of geologic and tectonic studies on the Pajarito
Plateau have been published by Dransfield
and Gardner (1985) and Gardner and House
(1987) as part of the Los Alamos investigation
of the seismic hazard of faults within the region.
The latter report includes recent detailed
mapping along strands of the Pajarito fault
zone.

GEOLOGY OF BEDROCK UNITS

Stratigraphic units described within the
Tshirege Member of the Bandelier Tuff
follow the usage of Vaniman and Wohletz
(1990). Estimates of the degree of welding in
the Bandelier ignimbrites are based on hand-
sample evaluations of pumice compaction.
Detailed descriptions of lithologic and

mineralogical variations are found in Broxton
et al. (Sec. IV, this report). No mappable faults
or folds cross the TA-21 site, although zones
of intense fracturing correspond to the south-
ern projections of mapped faults (Wohletz,
Sec. III, this report). Descriptions of post-
Bandelier alluvium, colluvium, landslides,
terrace gravels, soils, and disturbed fill are
given in Reneau (Sec. V, this report).

Because the cliffs along most of the south side
of the TA-21 area (north wall, Los Alamos
Canyon) are extremely steep, bedrock geology
of this zone was mapped on a set of color
photographs that will be available through
the Environmental Restoration records
processing facility. The geologic map (Plate 1
of this report) and cross-sections (Fig. 1) show
the distribution of rock units at the site. The
geologic map is a compilation of bedrock
geology (this report) and post-Bandelier sedi-
mentary deposits (Reneau, Sec. V, this report).
The cross-sections use thicknesses obtained
from the geologic map and from projected
thicknesses from three nearby deep wells
(Fig. 2). Representative photographs of rock
units are displayed in Figs. 3 through 5.

Otowi Member, Bandelier Tuff

The upper part of the Otowi Member of the
Bandelier Tuff (1.50 Ma, Spell et al., 1990;
1.61 Ma, Izett and Obradovich, 1994) is very
poorly exposed in Los Alamos Canyon because
of extensive cover by talus and colluvium
(Plate 1). Better exposures occur in the mouth
of DP Canyon. The base of the Otowi is not
exposed but is described from cuttings taken
in well Otowi-4 at the mouth of DP Canyon
(Stoker et al., 1992), in unpublished lithologic
descriptions for EGH-LA-1 at Sigma Mesa,
and from core recovered at hole SHB-1 at TA-55
(Gardner et al., 1993).

Where exposed, the Otowi Member consists
of white, massive, nonwelded, rhyolitic
ignimbrite containing about 5% pumice clasts

>2 c¢m in diameter and about 5% clasts of
pre-Bandelier lithologies of sand to cobble size
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Geologic Map and Cross Sections
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(mostly intermediate-composition volcanics).
The ignimbrite matrix consists of poorly
sorted ash, pumice, crystal, and lithic frag-
ments. Phenocrysts in pumice clasts consist
of quartz (~20%) and sanidine (~80%). Tiny

black phenocrysts of clinopyroxene are rare
and difficult to see in hand specimens. No
flow-unit boundaries are observable in the few
outcrops of Otowi found within the map area.
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pumice is usually distinct from Bandelier Tuff
pumice because the latter has abundant
quartz and sanidine and sparse mafic pheno-

crysts.

12

Epiclastic deposits display tremendous varia-
tions in thickness, cobble size, and sorting.
An outcrop in Los Alamos Canyon (site C-8,
Plate 1) exposes the upper part of a poorly
sorted bed of boulders (diameters < 3 ft) over-
lain by a series of pyroclastic deposits. In
lower DP Canyon, several poorly sorted
epiclastic deposits (< 10 ft thick) show chan-
neling into relatively soft pyroclastic layers
(Fig. 1). Cobble sizes are mostly <1.7 ft in
diameter but can be as large as 3 ft in diameter.
Epiclastic clasts are dominantly composed of
dacitic-to-andesitic rocks from sources to the
west, but the finer grained matrix between
fragments contains some rhyolitic ash and
pumice. These epiclastic beds resemble many
of the deposits of the older Puye Formation
because the sources of materials (dacitic rocks
to the west) and mechanisms of deposition are
similar.

The thickness of the Cerro Toledo interval is
variable. Although Gardner et al. (1993)
report about 140 ft at TA-55, the maximum
thickness in DP Canyon is about 66 ft, but
the thickness decreases to the east to as little
as 13 ft. Exposed thickness on the west side
of the map area (site C-12, Plate 1) near
Omega East is about 50 ft. Some top and
bottom contacts of the Cerro Toledo interval
are irregular, although most contacts appear
planar. The Cerro Toledo interval is overlain
by the Tsankawi Pumice Bed of the Tshirege
Member. In lower DP Canyon near site C-4
(Plate 1), the Cerro Toledo interval is over-
lain by <3 ft of older alluvium (too small to
show on the map) that post-dates the Tshirege
Member.

Tshirege Member, Bandelier Tuff
The Tshirege Member of the Bandelier Tuff

(1.13 Ma, Spell et al., 1990; 1.22 Ma, Izett and
Obradovich, 1994) is well exposed in the map

area and forms most of the spectacular cliffs
throughout the Pajarito Plateau. Thick sec-
tions are observable at several locations along
Los Alamos Canyon and near the mouth of
DP Canyon. Because of variations in both
welding and devitrification textures and in
distribution of flow units and cooling units,
other workers (Baltz et al., 1963; Weir and
Purtymun, 1963; Crowe et al., 1978; Vaniman
and Wohletz, 1990, 1991) have subdivided the
Tshirege member into mappable units whose
continuity across the Pajarito Plateau is not
yet demonstrated. The basic unit subdivisions
of Vaniman and Wohletz are used for this
report and map (Plate 1) because their recent
map overlaps with the TA-21 map area and
because their subunits are based on the physical
property of erodability—a property easy to
recognize in the field.

According to Vaniman and Wohletz (1990;
1991), the Tshirege Member on the Pajarito
Plateau consists of five units of ignimbrite and
a basal pyroclastic fall unit named the
Tsankawi Pumice Bed (Bailey et al., 1969).
For the purposes of this report, the Tsankawi
pumice is described separately but, because
it is <3 ft thick, the Tsankawi is included at
the bottom of the lowermost ignimbrite unit
in the map and cross-sections.

Tsankawi Pumice Bed

The Tsankawi Pumice Bed is roughly 1.7 to 3 ft
thick in the map area (Fig. 4) and consists of
a distinct package of ashfalls composed of
bedded ash, crystal-rich ash, pumice and <5%
lithic fragments (Bailey et al., 1969).
Tsankawi pumice contains “sparse pheno-
crysts of quartz and sanidine and rare black
specks of oxides and ferromagnesian minerals”
(Bailey et al., 1969). The Tsankawi Pumice
Bed also contains rare (0 to 10%) hornblende
dacite pumice that is quite distinctive because
of its contrasting grey color and phenocryst
assemblage (Bailey et al., 1969). In addition,
the Tsankawi Pumice Bed commonly rests on
a poorly developed soil in the uppermost py-
roclastic fall of the Cerro Toledo interval. This
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these studies will be reported at a later date.
The data in this report provide a geologic
framework for evaluating potential subsurface
transport pathways and will be particularly
useful for understanding the distribution of
contaminants when characterization bore-
holes for the MDAs are completed. The map
accompanying this report shows the thickness
and distribution of geologic units in the upper
part of the vadose zone and will support the
interpretation of subsurface geologic units
penetrated by planned boreholes at TA-21.
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e Existing Drill Hole

Fig. 1.

Topographic map of TA-21. The fracture traverse extends along the north wall of Los Alamos Canyon

from 1200 ft east of Omega Site (not shown) to 8512 ft east of Omega Site. Fourteen photomosaic fracture maps
cover this traverse. Figure 2 shows an example of the photomosaic maps for the area adjacent to MDA V.

METHODS

The methodology consists of three phases, as
outlined by the SOP for Fracture Character-
ization (LANL-ER-SOP-03.06): (1) photo-
graphic documentation of area or traverse
along which fractures will be characterized
and construction of a photomosaic map base,
(2) measurement and plotting of fracture
dimensions on the photomosaic map, and
(3) statistical analysis of fracture data by the
procedures described below.

The south-facing cliff exposures along Los
Alamos Canyon were chosen for this study
because they provide the only continuous
vertical exposure of the Tshirege Member of
the Bandelier Tuff beneath TA-21 (Fig. 2).
Unit 2 of Vaniman and Wohletz (1990) is
partly welded along this traverse and shows
the best exposure of fracture surfaces; conse-
quently, the results of this study are from unit 2.
The documented section begins 1200 ft east
of the Omega Site (TA-2) access gate to the
canyon and continues 7312 ft to the east.

Photo Documentation

When unit 2 of the Tshirege Member was
photographed, successive stations at the base
of the unit (where slopes are accessible) were
set up so that focal distances of 40 to 60 ft
were maintained and photographs had ~ 20%
overlap. Because of the curvature of the cliff
face and its irregular vertical extent, each
photograph covered between 30 to 50 ft of
lateral expos e; scales added to the
photomosaics 1..lect this variable lateral
scale. After cons*~uction of the photomosaic,
tracing paper w... overlaid to make a map of
outcrop feature including key topographic
points such as ¢ ftops and bottoms, promi-
nent fractures, 1d geographic objects such
as buildings, tre 3, and large signposts. This
map was atte 1ed to the base of the
photomosaic so ‘" at thereis a 1:1 correspon-
dence between 1apped and photographed
features. The 7712-ft t-averse required 14
individual phot: 10saic 1aps, each covering
~500 ft of latere :xpos e.
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Fracture Measurement

The horizontal scale for the fracture maps was
determined by measuring distance on the
topographic map between topographic points
identified on the photomosaics. This scale was
then placed on each map to show the distance
between mapped features. Because of the
exposure irregularities in cliff face described
above, this scale will have an error of +10%
of each map's total width.

Starting from one end of the fracture traverse,
each fracture was sketched on the map and
designated by a number. These numbers
increase from west to east and are pertinent
only to the photomosaic map on which they
are shown (for example, fracture numbers
1 though 80 of photomosaic map 1, fracture
numbers 1 through 66 of photomosaic map 2,
etc.). The location of each fracture is its aver-
age point of intersection on the map. All
observed fractures have been recorded with
some parallel sets too closely spaced to be
given individual numbers on the map, but
nonetheless they are recorded in the data-
base. Fracture strike and dip were measured
to an accuracy of +2° with the Brunton compass,
and fracture opening width was measured
perpendicular to fracture surfaces. In cases
where fractures could not be safely accessed,
standard application of Brunton compass
techniques were applied; these require measure-
ments using the compass alignment sights
with cautious observation of the relationship
between true and apparent orientations.

Fracture Data Base and Analysis

The fracture data recorded in the field note-
book were entered into a database, which
allowed application of several statistical
procedures. The database consists of a table
with a column for each fracture, listing the
fracture’s number designation, horizontal
location on the fracture map, dip and strike,
and aperture. From these data, several other
columns are statistically calculated:
(1) a linear fracture density calculated as a

moving average by cot ting the number of
fractures contained in a _.ven distance interval
(10 and 100 ft) that is ¢ - 1tered on each frac-
ture, (2) a cumulative  acture width over a
specified interval (10 a 1100 ft) that is cen-
tered on each fracture ind (3) the relative
dip of fracture from ver :al, (negative values
indicate southerly inclit tions). Because frac-
tures in the Bandelier [uff show apparent
NW- and NE-strike grou ngs and cross-cutting
relationships suggest t it these two groups
are coeval, I have consid: 2d fractures to repre-
sent a conjugate set. A ordingly, additional
columns for the table ‘e separately calcu-
lated for each of the th: _e above columns for
each conjugate set. Th'~ conjugate relation-
ship is an hypothesis I tempt to support in
later data analysis. Nu1 rical procedures for
the above include: (1) _alculation of linear
fracture densities for veral different dis-
tance intervals, taking nto account section
end effects by extrapol :ing the gradient of
density with distance, ) transformation of
dip measurements to ¢ zrees from vertical,
and (3) computation o: :umulative fracture
widths for 10- and 100 * distance intervals.
Although more sophistic ted statistical analy-
ses can be applied to tI se data, those used
are sufficient to charac’ rize the fractures.

Fracture data were the: lisplayed on several
different plots:

(1) fracture density .10- and 100-ft
intervals) vs hor Jontal distance
along the traver 3

(2) histograms of fr :ture strike;

(3) fracture strike t horizontal
distance, where |, ositive strikes
represent strike in degrees east
of north and neg tive strikes
are west of nortl these data
are smoothed using the RS/1
data-smoothing option to show
the trend of nor*-east and
northwest fract: e sets as well
as the overall tr 1d of all fracture
strikes);
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Fig. 5. Plot of linear fracture strikes vs distance east of Omega Site. Curves show smoothed running averages
(0.1 smoothed = 162 fractures averaged about each fracture) for all fractures, for those of the NE set alone, and
for those of the NW set alone.

TABLE 2.
FracTture Dip DAtA For TA-21 2

Fracture Set Number Mean Dip from Standard Deviation
Vertical (9
All Fractures

NE 988 9 +27

N 768 17 124

S 220 -20 +19

NW 674 9 126

N 559 16 +21

S 115 -25 +21
Background

(West)

NE 182 4 +25

NW 128 6 +21
Fracture Zone

NE 312 10 +31

NW 212 11 133
Background

NE 494 9 +25

NW 334 8 +23

2 Dips shown in degrees from vertical, southerly dips designated by negative values. Fracture zone
corresponds to horizontal distances from 2500 to 4000 ft east of Omega Site.
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dips going east into the fracture zone; east of
the fracture zone, they become antithetical
and show opposite trends. Figure 7 shows a
plot of dips for all fractures, northerly dipping
fractures only, and southerly dipping frac-
tures only as a function of horizontal location.
For most of the section, as northerly dips
become less vertical with distance, so do
southerly ones. An increased fluctuation in
dip is noted over the fracture zone—again, a
possible effect of tectonic movement.

Fracture Apertures

Fracture apertures ranged from 0 cm (closed)
to 15 cm (open). Aperture statistics (Table 3)
show mean openings of 0.82 and 0.93 cm for
the NE and NW sets, respectively; however,
the standard deviations of between £1.08 and
+1.33 cm indicate that most apertures vary
between 0 and about 2 cm. Table 3 shows that
mean apertures increase from ~0.84 cm west
of the fracture zone, to 1.11 c¢m for the NE
set, to slightly more (1.52 cm) for the NW set
within the fracture zone. East of the fracture

zone, apertures again fall off to mean values
around 0.61 cm and standard deviations are
about one-half as much as those found to the
west of the most highly fractured zone. It is
not known to what degree (if any) fracture
apertures have been modified by their prox-
imity to the canyon walls. No visible erosive
widening was observed; the fractures show
more or less pristine, case-hardened surfaces.
However, apertures were observed to decrease
above and below unit 2. Fracture-filling
materials are sparse to absent in unit 2, but
they become prominent in unit 3.

Figure 8 is a plot of fracture widths vs hori-
zontal location. The data have been smoothed
and compared to the linear fracture density
curve of Fig. 3. Note the strong correspon-
dence of fracture widths with linear fracture
density. From background values of ~ 0.85 cm,
fracture widths rise to values >3 cm over the
fracture zone. In Fig. 9, cumulative fracture
widths for 100-ft intervals centered on each
fracture are plotted against horizontal loca-
tion and compared to the linear fracture density

TABLE 3.
FRACTURE APERTURE DATA 2

Fracture Set Number Mean Aperture Standard Deviation
(cm)
All Fractures
NE 988 0.8 1.1
NW 674 0.9 +1.3
Background
(West)
NE 182 0.9 1.2
NW 128 0.8 1.1
Fracture Zone
NE 312 1.1 1.5
NW 212 1.5 2.0
Background
(East)
NE 494 0.6 0.6
NW 334 0.6 0.6

2 Fracture zone corresponds to horizontal distances from 2500 to 4000 ft east of Omega Site.
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Fig. 10. Fractures with widths >2 cm plotted against horizontal location.

data. From a background of ~0.5 m of fracture
opening over 100-ft intervals, the cumulative
fracture opening rises to about 1.4 m/100-ft
interval over the fracture zone. The impor-
tance of the fracture zone with respect to
fracture apertures is further emphasized in
Fig. 10, where only fractures with openings
>2 cm are plotted with location.

CONCLUSIONS

The fracture characteristics described above
apply to unit 2 of the Tshirege member, but
their similarity to those described by Vaniman
and Wohletz (1990) for unit 3 of the Tshirege
Member suggests that these results for unit 2
can be extrapolated to the rocks directly
underlying TA-21. The results of this present
study also support the conclusion that a frac-
ture zone probably related to the Pajarito
Fault system runs on a northerly course
through MDA-V of TA-21. The fracture zone
appears as an area of increased fracture

density from 2500 to 4000 ft east of Omega
Site. Over this 1500 ft of increased fracture
density, there is a cumulative fracture aper-
ture of nearly 6.7 m. It is not known whether
tectonic movement produced the increased
number of fractures by creating new ones or
by opening rock discontinuities originally
formed by cooling contraction.

Study of the potential for contaminant migra-
tion will be pursued by coring below MDAs.
Trigonometric analysis of these fracture data
will provide optimum slant-drilling orienta-
tions for intersecting the greatest number of
fractures in a given length of drill core. From
the data in Tables 1 through 3, it is apparent
that NE-striking fractures are ~30% more
abundant than NW-striking ones. Further-
more, the NE-striking fractures (those that
dip north into the NW quadrant) are over
three times more abundant than south-dip-
ping ones. Hence, as a first approximation,
slant drilling in the direction S48E should
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The bulk-rock mineralogy of tuffs at TA-21 consists primarily of
alkali feldspar + quartz * cristobalite * tridymite +glass. Minor
constituents include smectite, hornblende, mica, hematite,
calcite, and kaolinite. Volcanic glass is the dominant consti-
tuent in the Otowi Member, tuffs of the Cerro Toledo interval,
and the lower part of the Tshirege Member. The upper two-thirds
of the Tshirege Member have undergone extensive devitrification
and vapor-phase alteration; the mineral assemblage in these tuffs
consists of alkali feldspar + quartz + cristobalite + tridymite.
Smectite and hematite occur in small (<2%) amounts through-
out the stratigraphic sequence. These two trace minerals are
important because they are highly sorptive of certain radio-
nuclides and could provide important natural barriers to their
migration. Although these minerals occur in small quantities,
they are disseminated throughout all stratigraphic units, and
their aggregate abundance and surface area are large when
integrated over long groundwater flow paths through the tuffs.

The exposed tuffaceous rocks at TA-21 are provisionally sub-
divided into eight hydrogeological units based upon their
lithological and mineralogical properties. Complete delineation
of all hydrogeological units at TA-21 must await characteriza-
tion of subsurface units and systematic measurements of

hydrological properties from all rock units.

INTRODUCTION

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

The general stratigraphy of tuffaceous rocks
of the Pajarito Plateau is described by Bailey
et al. (1969), Baltz et al. (1963), Weir and
Purtymun (1962), Griggs (1964), Smith et al.

(1970), Crowe et al. (1978), Heiken et al.
(1986), Vaniman and Wohletz (1990 and
1991), and Gardner et al. (1993). This report
builds on the earlier studies and provides
geological information specific to TA-21. It
includes information about vertical and
lateral changes in lithology, petrography, and
mineralogy within the tuffs that underlie the
SWMUSs at TA-21. Together, the geologic map
(Goff, Sec. 11, this report) and this paper provide
a stratigraphic framework for future studies.

Reneau (Sec. V, this report) describes geo-
morphic characteristics of TA-21, as well as
post-Bandelier deposits not discussed here.
This paper documents some observations
about fracture characteristics at TA-21, but
the data presented may have only local signi-
ficance and should be used as supplemental
information to the more systematic study of
fractures by Wohletz (Sec. III, this report).
An ongoing study of fracture mineralogy by
D. Vaniman, LANL, is evaluating the potential
for contaminant transport within fractures



Stratigraphy, Petrography, and Mineralogy

o Existing Drill Hole 0

Fig. 1. Map showing the locations of the three stratigraphic sections (for example, STRAT-1) measured on the

north wall of Los Alamos Canyon at TA-21.

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

METHODS

For this study, 86 bulk-rock samples were
collected from outcrops of bedrock units
exposed on the north wall of Los Alamos
Canyon. Three stratigraphic sections were
measured and sampled (Fig. 1). Section OU-
1106-STRAT-1 (34 samples), near the
confluence of DP Canyon and Los Alamos
Canyon, is the easternmost of the three
sections. Section OU-1106-STRAT-2 (25
samples) is south of MDA U in the eastern
part of the TA-21 complex. Section OU-1106-
STRAT-3 (27 samples), south of MDAV, is the
westernmost section. Samples were collected

at a nominal vertical spacing of 5 m or at
major changes in lithology. Metal tags mark
sample sites in the field. Initially, vertical
control was maintained by Jacob staff and
Abney level. Later, Merrick & Company
surveyed locations and elevations of all
sample sites (Table I).

Field work was performed under procedures
described in LANL-ER-SOP-03.07 (Charac-
terization of Lithologic Variations within the
Rock Outcrops of a Volcanic Field). Observa-
tions at each sample site generally include
descriptions of rock type, type and degree of
alteration, welding and compaction, phenoc-
ryst assemblage and abundance, color on
fresh and weathered surfaces, pumice size
and abundance, and weathering character-
istics. Bedding characteristics, fractures and
their filling materials, and lithic assemblage,
size, and abundance were also noted.

35
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TABLE 1

LocATioN OF SAMPLES COLLECTED IN STRATIGRAPHIC SECTIONS AT TA-21

Sample Number Stratigraphic Location  Bar Code Coordinates Latitude ¢ Longitude © Elevation
Unita  Identification Number North (ft) P East (it) © (ft)

Stratigraphic Section #1 (Easternmost Section)

OU-1106-STRAT1-1 Qbo 21-1485 AAA2549 1637657 1773468 35 52 28.16223 106 15 23.98251 6662.9
OU-1106-STRAT1-2 Qbo 21-1486 AAA2550 1637736 1773513 35 52 2824855 106 15 2288122 6683.4
OU-1106-STRAT1-3 Qbo 21-1487 AAA2551 1637730 1773554 35 52 28.65329 106 15 22.74758 6692.7
OU-1106-STRAT1-4 Qbo 21-1488 AAA2552 1637793 1773558 35 52 28.42660 106 15 22.02381 6715.8
OU-1106-STRAT1-5 Qbo 21-1489 AAA2553 1637767 1773585 35 52 28.77987 106 15 22.176486 6726.1
OU-1106-STRAT1-6 Qct 21-1480 AAA2554 1637802 1773582 35 52 28.61254 106 15 21.81482 6722.0
OU-1106-STRAT1-7 Qct 21-1491 AAA2555 1637801 1773582 35 52 28.61228 106 15 21.82369 6722.3
OU-1106-STRAT1-8 Qct 21-1492 AAA2556 1637803 1773582 35 52 28.61088 106 15 21.79562 6723.7
OU-1108-STRAT1-9 Qcet 21-1493 AAA2557 1637803 1773582 35 52 28.60573 106 15 21.79343 6726.4
OU-1106-STRAT1-10 Qct 21-1494 AAA2558 1637805 1773583 35 52 28.60683 106 15 21.76694 6727.5
OU-1106-STRAT1-11 Qbt-1g 21-1495 AAA2559 1637831 1773577 35 52 28.44729 106 15 21.51588 67273
OU-1106-STRAT1-12 Qbt-1g 21-1496 AAA2560 1637833 1773577 35 52 28.44223 106 15 21.48522 6729.2
0OU-1106-STRAT1-13 Qbt-1g 21-1497 AAA2561 1637833 1773577 35 52 28.44209 1068 15 21.49060 6729.5
OU-1108-STRAT1-14 Qbt-1g 21-1498 AAA2562 1637826 1773577 35 52 28.46674 106 15 21.56521 6731.3
OU-1108-STRAT1-15 Qbt-1g 21-1499 AAA2563 1637828 1773577 35 52 28.46022 106 15 21.54553 6732.3
OU-1106-STRAT1-16 Qbt-1g 21-1500 AAA2564 1637855 1773583 35 52 28.41357 106 15 21.21451 6747.4
OU-1106-STRAT1-17 Qbt-1g 21-1501 AAA2565 1637878 1773578 35 52 28.27199 106 15 20.98241 6763.2
OU-1106-STRAT1-18 Qbt-1g 21-1502 AAA2566 1637907 1773582 35 52 28.19501 106 15 20.64471 6779.2
OU-1106-STRAT1-19 Qbt-1g 21-1503 AAA2567 1637936 1773577 35 52 28.03657 106 15 20.35014 6794.9
OU-1106-STRAT1-20 Qbt-1g 21-1504 AAA2568 1637932 1773595 35 52 28.21381 106 15 20.29730 6810.4
OU-1106-STRAT1-21 Qbt-1v 21-1505 AAA2569 1637972 1773613 35 52 28.22467 106 15 19.77126 6827.1
OU-1108-STRAT1-22 Qbt-1v 21-1506 AAA2570 1638063 1773630 35 52 28.01135 106 15 18.67055 6843.3
OU-1106-STRAT1-23 Qbt-1v 21-1507 AAA2571 1638099 1773640 35 52 27.89166 106 15 18.23308 6858.8
Ol-1106-STRAT1-24 Qbt-1v 21-1508 AAA2572 1638133 1773653 35 52 27.88309 106 15 17.79429 6875.5
OU-1106-STRAT1-25 Qbt-1v 21-1509 AAA2573 1638164 1773668 35 52 27.94535 106 15 17.36887 6891.5
OU-1106-STRAT1-26 Qbt-1v 21-1510 AAA2574 1638201 1773682 35 52 27.92736 106 15 16.88596 £908.5
OU-1106-STRAT1-27 Qbt-2 21-1511 AAA2575 1638221 17738703 35 52 28.03250 106 15 16.55617 6924.1
OU-1106-STRAT1-28 Qbt-2 21-1512 AAA2576 1638255 1773722 35 52 28.07319 106 15 16.08919 6941.3
OU-1106-STRAT1-29 Qbt-2 21-1513 AAA2577 1638287 1773743 35 52 28.13243 106 15 15.63606 6957.5
OU-1108-STRAT1-30 Qbt-nw 21-1514 AAA2578 1638313 1773764 35 52 28.40968 106 15 15.16071 6974.2
OU-1106-STRAT1-31 Qbt-3 21-1515 AAA2579 1638340 1773790 35 52 28.34285 106 15 14.80976 6990.1
OU-1106-STRAT1-32 Qbt-3 21-1516 AAA2580 1638367 1773812 35 52 28.44040 106 15 14.40026 7006.4
OlU-1106-STRAT1-33 Qbt-3 21-1517 AAA2581 1638394 1773833 35 52 28.52247 106 15 13.99805 7023.4
OU-1106-STRAT1-34 Qbt-3 21-1518 AAA2582 1638414 1773850 35 52 28.59649 106 15 13.68466 7036.2

Stratigraphic Section #2 (Central DP Mesa)

OU-1106-STRAT2-1 Qbo 21-1519 AAA2583 1634069 1773288 35 52 25.19541 106 16 15.04309 6746.4
OU-1106-STRAT2-2 Qbo 21-1520 AAA2584 1634060 1773315 35 52 25.45641 106 16 15.14924 6761.3
OU-1106-STRAT2-3 Qet 21-1521 AAA2585 1634061 1773331 35 52 2561154 106 16 15.13543 £769.7
OU-1106-STRAT2-4 Qct 21-1522 AAA2586 1634062 1773332 35 52 25.62654 106 16 1512766 6771.2
OU-1106-STRAT2-5 Qbt-1g 21-1523 AAA2587 1634046 1773357 35 52 25.87707 106 16 15.31583 6788.0
OU-1108-STRAT2-8 Qbt-1g 21-1524 AAA2588 1634037 1773377 35 52 26.06879 106 16 15.42439 6800.9
OU-1108-STRAT2-7 Qbt-1g 21-1525 AAA2589 1634032 1773401 35 52 26.30941 106 16 15.48825 6816.6
OU-1106-STRAT2-8 Qbt-1g 21-1526 AAA2590 1634019 1773424 35 52 26.54083 106 16 15.65041 6831.8
OU-1106-STRAT2-9 Qbt-1g 21-1527 AAA2591 1634004 1773449 35 52 26.78304 106 16 15.82704 6847 .4
OU-1106-STRAT2-10 Qbt-1g 21-1528 AAA2592 1633991 1773462 35 52 26.91627 106 16 15.899124 £858.1
OU-1106-STRAT2-11 Qbt-1g 21-1529 AAA2593 1633961 1773470 35 52 26.99011 106 18 16.35070 6873.5
OU-1106-STRAT2-12 Qbt-1g 21-1530 AAA2594 1633961 1773479 35 52 27.08237 106 16 18.35146 6886.5
OU-1106-STRAT2-13 Qbt-1g 21-1531 AAA2595 1633970 1773486 35 52 27.14748 106 18 18.24466 6889.0
OU-1106-STRAT2-14 Qbt-1v 21-1532 AAA2596 1633973 1773548 35 52 27.76515 106 16 16.20145 6906.6
OU-1108-STRAT2-15 Qbt-1v 21-1533 AAA2597 1633970 1773574 35 52 28.02387 106 16 16.24818 6923.7
OU-1106-STRAT2-16 Qbt-1v 21-1534 AAA2598 1633976 1773579 35 52 28.06672 106 16 16.16677 8941.2
OU-1106-STRAT2-17 Qbt-2 21-1535 AAA2599 1633998 1773593 35 52 2820469 106 16 15.90616 £8958.2
OU-1106-STRAT2-18 Qbt-2 21-1536 AAA2600 1634053 1773609 35 52 28.37063 106 16 15.23458 69771
OU-1106-STRAT2-19 Qbt-2 21-1537 AAA2601 1634031 1773618 35 52 28.45657 106 16 15.50194 6998.0
OU-1106-STRAT2-20 Qbt-2 21-1538 AAA2602 1634023 1773635 35 52 28.62002 106 16 1558348 7015.8
OU-1108-STRAT2-21 Qbt-nw 21-1539 AAA2603 1634028 1773669 35 52 28.96302 106 16 15.53294 70259
OU-1106-STRAT2-22 Qbt-3 21-1540 AAA2604 1634054 1773699 35 52 29.25793 106 16 1522048 7053.8
OU-1106-STRAT2-23 Qbt-3 21-1541 AAA2805 1634054 1773711 35 52 29.37201 106 16 15.22184 7069.3
OU-1106-STRAT2-24 Qbt-3 21-1542 AAA2606 1634060 1773745 35 52 29.71054 106 16 15.14659 7086.7
OU-1106-STRAT2-25 Qbt-3 21-1570 AAA5678 1634076 1773738 35 52 29.63926 106 16 14.85713 7103.0

¢ Stratigraphic Unit - Nomenclature of Vaniman and Wohletz (1990, 1991); Qbo = Otowi Member of the Bandelier
Tuff; Qct = Cerro Toledo interval; Qbt-1g = Tshirege unit 1g; Qbt-1v = Tshirege unit 1v; Qbt-2 = Tshirege unit 2; Qbt-nw
= nonwelded tuff; @bt-3 = Tshirege unit 3.

b State plane coordinate system NAD 83.

¢ Degrees, minutes, and seconds.
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(Quantitative X-Ray Diffraction Data Reduc-
tion Procedure). The YMP quality assurance
requirements are comparable in rigor to
those used by the Los Alamos ER Program.

Thin-section modal point counts were made
on 23 of the 25 bulk rock samples and on one
pumice lump from section OU-1106-STRAT?2
(bulk rock sample #8 was not prepared in
time for analysis). Between 2374 and 6057
gridded points were counted for each thin
section. The point counts tallied percentages
of phenocrysts, lithic fragments, pumice,
shards, perlite chips (solid glass or altered
glass fragments), and voids, following the
draft procedure LANL-ER-SOP-03.05
(Determination of Volume Constituents in
Thin Sections of Rock). Thin sections were
prepared according to YMP procedure LANL-
EES-DP-130 (Geologic Sample Preparation).
Opaque oxide minerals were qualitatively
identified using criteria outlined in YMP
procedure TWS-ESS-DP-128 (Procedure for
Counting Opaque Minerals in Polished Thin
Sections). Image analysis with a microscope
(200x, reflected light) attached to a mini-
computer was used to determine magnetite
abundances as well as statistics for grain
areas, grain dimensions, and grain perim-
eters for two samples (OU-1106-STRAT2-16
and OU-1106-STRAT3-10). Additional petro-
graphic observations of textures, alteration fea-
tures, and accessory minerals were collected
using procedure LANL-ER-SOP-03.04
(Petrography).

RESULTS AND DISCUSSION

Plate 1 in the pocket of this volume is the
geologic map of TA-21 by Goff (Sec. II, this
report) and Reneau (Sec. V, this report).
Plate 2 contains detailed lithologic logs for
the three stratigraphic sections measured in
this study. Table I correlates sample field
numbers with site identifiers and lists the
surveyed coordinates of samples. Table II and
Fig. 2 present modal petrographic data for
stratigraphic section OU-1106-STRAT?Z2;
Fig. 3 correlates stratigraphic nomenclature

used in this report (that of Vaniman and
Wohletz (1990, 1991) with the nomenclature
used by earlier workers. Table III and Fig. 4
summarize the field data for the vapor-phase
notch, an important stratigraphic marker
horizon in the Tshirege Member of the
Bandelier Tuff. Table IV and Fig. 5 summarize
mineralogical data for all three stratigraphic
sections.

Lithologic Characteristics of Tuffs in
Los Alamos Canyon

The stratigraphic sequence is similar in each
of the three measured sections and consists
of (in ascending order) the Otowi Member of
the Bandelier Tuff (1.613 £ 0.011 Ma; Izett
and Obradovich, 1994), epiclastic sediments
and tephras of the Cerro Toledo interval, and
the Tshirege Member of the Bandelier Tuff
(1.223 + 0.018 Ma; Izett and Obradovich,
1994). Within the Tshirege Member, map-
pable subunits are described separately
because of their distinct physical properties.
Reneau (Sec. V, this report) describes younger
soils and alluvial deposits for TA-21.

In this report, we use the term ignimbrite to
describe all deposits formed by the emplace-
ment of pyroclastic flows. The term surge beds
is used to describe laminated ash deposits
with sandwaves and to refer to pyroclastic
surge deposits of any type, including ground-
surge, ash-cloud, and base-surge deposits
(Fisher and Schmincke, 1984). A simple cool-
ing unit is made up of a single pyroclastic flow
or successive pyroclastic flows that were
emplaced at essentially uniform temperature
and cooled as a unit without a break in time
or cooling properties (Smith, 1960a,b). A
compound cooling unit is made up of succes-
sive pyroclastic flows emplaced at radically
different temperatures and/or emplaced over
a sufficiently long period of time that abrupt
changes in the temperature gradient caused
welding and crystallization patterns to
deviate from those found in a simple cooling
unit (Smith, 1960a,b).
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Fig. 2. Variation diagrams of phenocryst abundances
in thin section for samples collected in stratigraphic
section OU-1106-STRAT2. (A) Variations in total
phenocryst abundances are shown on a void-free
basis but are not corrected for porosity variations in
the tuffs. (B) Variations in the relative proportions of
the felsic phenocrysts.

Cerro Toledo Interval

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

between the two members of the Bandelier
Tuff. This unit contains deposits normally
assigned to the Cerro Toledo Rhyolite (Smith
et al., 1970), including well-stratified tuff-
aceous sandstones and siltstones as well as
primary ash-fall and pumice-fall deposits. The
Cerro Toledo interval at TA-21 also contains
intercalated deposits not normally assigned
to the Cerro Toledo Rhyolite; these include
poorly sorted sand, gravel, cobble, and
boulder deposits derived from lava flows of
the Tschicoma Formation. The Cerro Toledo
interval is ~3 m thick at OU-1106-STRAT1
and OU-1106-STRAT2 and 9 m thick at OU-
1106-STRATS3. In LADP-4, the Cerro Toledo
interval is 12 m thick. These deposits also crop
out in Los Alamos Canyon at TA-41 west of
TA-21, in DP Canyon east of DP Spring, and
in Pueblo Canyon north of TA-21. The distri-
bution is widespread throughout the area;
however, predicting the presence and thick-
ness of these deposits is problematic because
of the nature of fluvial systems.

Rhyolitic tuffaceous sediments and tephras
are the dominant lithologies found in the
Cerro Toledo interval at the three strati-
graphic sections examined in this study. The
tuffaceous sediments are the reworked
equivalents of Cerro Toledo Rhyolite tephras
erupted from the Cerro Toledo and Rabbit
Mountain rhyolite domes located in the
Sierra de los Valles. Because of their poorly
consolidated nature and the steep topography
on which they were deposited, these tephras
were quickly eroded from the highlands to the
west, transported by east-flowing stream
systems, and deposited within a lowland area
that is now the site of the Pajarito Plateau.
These reworked tephras are subdivided into
subunits on Plate 2 based on bedding charac-
teristics, composition of clasts, and mode of
deposition. Normally, these subunits pinch
out laterally and can not be correlated over
wide areas. Individual subunits are 5 to
175 cm thick and generally have well-defined
stratification imparted by grading and sort-
ing of ash- to block-sized clasts. Bedding
characteristics include graded bedding, cross
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TABLE 11

MobpAaL PETROGRAPHY OF TUFFS AT TA-21 (CONT)

Field Number OU-1106-STRAT2-10 OU-1106-STRAT2-11 OU-1106-STRAT2-12 OU-1106-STRAT2-13 OU-1106-STRAT2-14  OU-1106-STRAT2-15 OU-1106-STRAT2-16  OU-1106-STRAT2-17
Site |dentification 201 202 203 204 205 206 432 438
Stratigraphic Unit Tshirege Mbr. (1g) Tshirege Mbr. (1g) Tshirege Mbr. (1g) Tshirege (19) Tshirege Mbr. (1v) Tshirege Mbr. (1v) Tshirege Mbr. (1v) Tshirege Mbr. (2}
Lithology @ nwt nwt nwt nwi wt nwt nwi pwt
Major Alteration? Gl [¢] Gl D D D VP, D VP, D
Minor Alteration? - - D el - VP - -
Matrix Materials (vol. %) ©
Ash, shards, pumice 838 80.7 87.4 774 81.2 66.8 64.7 63.6
Lithics (silicic volcanics) 21 0.5 1.2 1.6 0.5 143 0.4 0.4
Lithics (intermediate lavas) 0.2 02 1 0.3 0.1 0.6 07 0.7
Lithics (other) - - - - - -- - 0.04 (granophyre)
Granophyric pumice - - - - - 24 13.9 13.7
Perlitic glass fragments 0.3 1.6 12 0.5 - -- - -
Phenocrysts (vol. %) ©
Quartz 4.8 79 7.0 8.8 8.1 68 8.5 8.2
Alkali Feldspar 8.6 8.4 11.0 1A 9.7 88 1.3 126
Plagioclase 0.04 (1) 0.2 (3) 0(2) 0.04 (3) 0.1(8) - 0(5) 0.1
Biotite 0(1) 0(1) - - - - 0(5) -
Hornblende 0.04 (5) 0(3) 0.1 (3) 0(1) 0.04 (8) 0.04 (5) 0.04 (3) 0.1 (8)
Orthopyroxene -- - - - - - - -
Clinopyroxene 0(15) 0.1 (15} 0.2 (17) 0.3(9) 0.1 (4) - - 0.2 (4)
Fayalite - 0.1 (1) - 0.1 (2) 0.1 (2) o) 0.04 (1) -
Other (Psuedo- - 0.1 (aggregates of 0.1 {aggregates of 0.1 (aggregates of - - 0.3 cpx? 0.2 fayalite?
morphs ect.) secondary opagues) secondary opaques) secondary opaques)

Accessory Minerals (counts) ©
Fe-Ti Oxides 2 (30) 2(23) 2(31) 1(28) 1(45) 1 (45) 1 (23) 3
Perrierite/Allanite - 0 (1) - - - 0(1) 0(1) -
Zircon - - 04) 0(2) 0(3) 0 (5) 06 04
Sphene - - - - - - - -
Total Counts 2701 2781 2785 2868 2855 2384 2374 2929
Voids (counts) 362 543 361 317 372 169 109 126
Remarks Thin hematite rims Thin hematite rims Hematite rims Hematite after Hematite after Hematite after Hematite after

around magnetite; around magnetite; around magnetite ; magnetite magnetite magnetite magnetite

pumices glassy but pumices glassy but pumices partly glassy;

shardy matrix partly shardy matrix partly shardy matrix
devitrified devitrified devitrified

Phenocryst Summary
% Phenocrysts (Void free) 134 16.8 17.4 20.4 18.1 158 20.2 21.4
Quartz as % of Felsic Phenos. 36 48 39 44 45 43 43 39
Sanidine as % of Felsic Phenos. 64 51 61 56 54 57 57 60
Plagioclase as % of Felsic Phenos. o 1 o o 1 0 0 1

@ Lithology: nwt = nonwelded ash-flow tuff: pwt = partially-welded ash-flow tuff; mwt = moderately-welded ash-flow tuff; b= bedded tuff, includes pumice falls and stratified reworked deposits.

b Alteration: Gl = none, original volcanic glass preserved; D = high-temperature devitrification; VP = vapor-phase alteration.

¢ Matrix materials and phenocrysts are presented as volume percent concentrations on a void-free basis. Accessory minerals are shown as the number of grains counted in the point count. The number in parentheses is a

visual count of all grains of a component observed in a thin section.
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bedding, and planar bedding (Fig. 1 of Goff,
Sec. II, this report). Orange oxidation and
clay-rich horizons suggest that at least two
periods of soil development are recorded
within the Cerro Toledo deposits. These soils
are clay-rich and may act as barriers to the
downward movement of vadose zone ground-
water.

Some of the epiclastic tuffaceous deposits
contain both crystal-poor and crystal-rich
varieties of pumice. The ashy matrix of these
deposits is commonly crystal-rich and contains
subhedral sanidine and quartz up to
2 mm in diameter. The mixed pumice popu-
lations and the crystal-rich nature of the
matrix suggest that these reworked tuffs were
derived from both the Cerro Toledo Rhyolite
and the underlying Otowi Member.

The tuffaceous portion of the Cerro Toledo
interval also contains primary fall deposits.
In the lower part of the unit, fall deposits con-
tain <3% phenocrysts of <0.2-mm sanidine
and quartz (Table II, Fig. 2). These crystal-
poor tephras are equivalent to the Cerro
Toledo Rhyolite described by Heiken et al.
(1986). Primary pumice falls in the upper part
of the Cerro Toledo interval contain >7%
phenocrysts of >1-mm sanidine and quartz.
The petrographic characteristics are similar
to those found in the overlying Tshirege
Member. However, a clay-rich soil horizon at
the top of the Cerro Toledo sequence suggests
that these deposits were exposed at the surface
for a substantial period of time before deposi-
tion of the overlying Tshirege Member. The
primary pumice falls in the Cerro Toledo
interval may be useful time-stratigraphic
markers for correlating deposits over wide-
spread areas of the Pajarito Plateau, but
additional work is required to establish
correlations between individual tephras. The
pumice falls tend to form the most porous and
permeable horizons within the Cerro Toledo
interval, and locally they may provide impor-
tant pathways for moisture transport in the
vadose zone.

A subordinate lithology within the Cerro
Toledo interval includes clast-supported
gravel, cobble, and boulder deposits made up
of porphyritic dacite derived from the
Tschicoma Formation. These dacitic epiclastic
deposits are interbedded with the tuffaceous
rocks. The coarse dacitic deposits are typically
0.25 to 1.2 m thick, and they generally occur
as overlapping lenticular paleochannels up to
1 m deep. In some places, cobbles of densely
welded, crystal-rich Otowi ignimbrite are also
present. At OU-1106-STRAT1, cobbles and
boulders derived from Tschicoma lava flows
occur in a matrix of reworked pumice and ash,
filling a paleochannel that cut 0.8 m into the
underlying Otowi Member. At OU-1106-
STRATS, a paleochannel in the middle of the
Cerro Toledo interval contains Tschicoma
boulders up to 1 m in diameter.

It is important to note that the proportion of
tuffaceous to dacitic detritus making up
deposits at this stratigraphic horizon varies
from location to location across the Pajarito
Plateau. Whereas Cerro Toledo deposits
described in this report are dominantly
tuffaceous in character, rocks at this strati-
graphic horizon in lower DP Canyon (Goff,
Sec. II, this report) and in the subsurface at
TA-55 (Gardner et al. 1993) consist predom-
inantly of coarse dacitic detritus derived from
the Tschicoma Formation and include only
subordinant amounts of interbedded tuff-
aceous detritus. The coarse dacitic deposits in
the Cerro Toledo horizon are similar to those
found in the Puye Formation, a volcanic
fanglomerate that lies beneath the Otowi
Member. The similarity of Cerro Toledo
deposits to those of the Puye Formation and
the mixed provenance of the detritus within
these deposits indicates that Puye-like
alluvial fans continued to develop on the east
side of the Jemez Mountains after deposition
of the Otowi Member and during the period
of Cerro Toledo volcanic activity.
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brown colonnade tuff overlain by an upper
slope-forming light-colored nonwelded tuff.
Vaniman and Wohletz (1990, 1991) considered
the upper-slope-forming, light-colored
nonwelded tuff as part of unit 2. We believe
the Tshirege nomenclature used in this
report better reflects the presence of three
distinct cooling units in this compound
cooling unit at this location. Earth scientists
for the ER program are presently conducting
stratigraphic studies on the Pajarito Plateau
to resolve differences between the different
systems of stratigraphic nomenclature used
by Los Alamos ER investigators.

Tsankawi Pumice Bed. The Tsankawi
Pumice Bed is the basal pumice fall of the
Tshirege Member (see Fig. 2, Goff, Sec. I, this
report). This pumice bed is 73 to 95 cm thick
where exposed and consists of two subunits,
each of which has normally graded bedding.
The lower subunit is 60 to 74 cm thick and
contains equant, angular to subangular clast-
supported pumice lapilli up to 6-cm diameter.
Pumices are typically fibrous with a vitreous
luster. Coarse ash and abundant phenocrysts
make up the matrix. A 2- to 7-cm-thick ash
bed made up of fragmented pumice, ash, and
crystals overlies the lower pumice bed. The
upper pumice bed is 13 to 14 c¢m thick and
consists of clast-supported pumice lapilli that
grade upwards into a coarse ash bed at the
top of the unit.

Pumices in the Tsankawi Pumice Bed are
rhyolitic in composition and contain ~5%
phenocrysts. Phenocrysts consist of 0.2- to
2-mm sanidine and quartz. There is also a
small (<5%) population of medium-gray,
dense, finely vesiculated dacitic hornblende-
bearing pumice in the Tsankawi Pumice Bed.
In addition to hornblende, these finely vesicu-
lated pumices contain clinopyroxene and
small subhedral grains of plagioclase. These
hornblende-bearing pumices are a diagnos-
tic feature of the Tsankawi Pumice Bed and
overlying ash-flow units (Bailey et al., 1969).
Lithics make up 1 to 2 % of these pumice beds

and consist of dark-gray to dark-red clasts de-
rived from porphyritic dacite. Lithics are 0.5
to 4 cm in diameter.

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

Fresh tuff surfaces are light-gray to white at
the base of the unit but gradually become light
pink-orange 9 to 12 m above the base. This
color change becomes more pronounced
upsection and coincides with the tuffs becom-
ing more resistant to erosion. The uppermost
part of unit 1gis a resistant, cliff-forming tuff,
the top of which forms a nearly-flat-lying
bench up to several meters wide locally. The
hardness of these uppermost tuffs may be the
result of incipient welding or incipient devit-
rification near the top of the unit. The bench
at the top of the unit marks the base of the
vapor-phase notch (Crowe et al., 1978) which
is discussed in more detail below. Outcrop
surfaces in unit 1g typically weather to a pale-
orange color. Weathered cliff faces have a
distinctive swiss-cheese appearance because
large holes penetrate case-hardened cliff faces
and expose the soft underlying tuffs to wind
and water erosion.

Unit 1g is a nonwelded, poorly sorted, vitric
ignimbrite. It consists of light-gray, vitreous,
crystal-rich pumice lapilli supported by a
matrix of coarse ash, shards, pumice frag-
ments, and abundant sanidine and quartz
phenocrysts. As observed in thin section,
delicate glass shards are clear and perfectly
preserved and show no evidence of second-
ary alteration. Glass in the shards is tan to
brown in tuffs just below the vapor-phase
notch. Pumice lapilli typically make up 30 to
50% of the rock. These lapilli are commonly
equant and fibrous, and they are 2 to 5 cm
in diameter. Locally, pumice clasts are up to



14 cm in diameter. Most pumices are rhyolitic
in composition, but dacitic hornblende-bear-
ing pumices also occur in small amounts.

A distinctive pumice-poor surge deposit forms
the base of this unit. This surge bed is 10 to
25 c¢m thick and contains undulating, lami-
nated, dune-like beds. These surge deposits
consist of coarse ash and abundant broken
crystals. Individual beds in this unit are 0.5
to 9 cm thick. Some of the surge beds have
low-angle cross beds in which laminations are
1 to 30 mm thick and have normal grading.
The undulating tops for some of these surge
deposits have wavelengths of up to 4 m. The
surge deposit is overlain by a thick ignimbrite
that makes up the remainder of the unit. The
lower 0.3 to 0.7 m of this ignimbrite is an ash-
rich tuff that grades upwards into the main
body of the deposit, which consists of
nonstratified tuff containing abundant pum-
ice lapilli and blocks. This ignimbrite was
probably deposited by the passage of a single,
large ash flow.

Phenocrysts make up 12 to 16% of unit 1g
(Table II, Fig. 2). Sanidine and quartz make
up >98% of the phenocryst assemblage, and
the maximum size is 2 to 3 mm. Clinopyroxene,
hornblende, and fayalite are the dominant
ferromagnesian minerals; magnetite, zircon,
and perrierite/chevkinite/allanite are acces-
sory minerals. Most of the hornblende and
plagioclase identified during point counts of
bulk rock samples are associated with a
dacitic hornblende-bearing pumice similar to
that found in the Tsankawi Pumice Bed. The
remainder of the hornblende and plagioclase
occurs in the tuff matrix and probably was
derived from disaggregation of hornblende-
bearing pumice during emplacement. One
particularly large hornblende-bearing pum-
ice was thin-sectioned and point-counted
(Table II; sample OU-1106-STRAT2-6).
Phenocrysts, making up 41% of this pumice,
consist of hornblende, plagioclase, clino-
pyroxene, orthopyroxene, and minor sanidine;
accessory minerals include magnetite and
zircon.

Stratigraphy, Petrography, and Mineralogy

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

Tshirege Unit Iv. Unit 1v forms a
combination of cliff-like and sloping outcrops
that separates the resistant bench at the top
of unit 1g from the near-vertical cliff of unit 2
(see Fig. 3 of Goff; Sec. II, this report). The
base of unit 1v is a resistant orange-brown
colonnade tuff that overlies the bench at the
top of unit 1g. This colonnade tuff forms a
1- to 3-m-thick cliff that has distinctive
columnar jointing. These features suggest the
colonnade tuff may be slightly welded,
although pumices show no discernable
compaction at hand-specimen scale. The
colonnade tuff is overlain by slope-forming
tuffs that make up the bulk of unit 1v. These
slope-forming tuffs form a distinctive white
band of outcrops sandwiched between the
darker colored outcrops of the colonnade tuff
and unit 2. The light-colored tuffs lack
discernable bedding or parting features at
TA-21, but these features are present in other
locations and indicate the presence of multiple
flow units. The upper contact of unit 1v
corresponds to the abrupt transition from
light-colored, nonwelded, slope-forming tuffs
to the darker, partially welded, cliff-forming
tuffs of unit 2. At locations east of TA-21
(for example, at TA-54), thin but well-defined
surge beds mark the contact between units
1v and 2. These surge beds are absent at
TA-21. Unit 1v thickens eastward from 16 to
20 m at TA-21.

Unit 1v is a nonwelded, poorly sorted, devit-
rified ignimbrite. It consists of tubular,
crystal-rich pumice lapilli supported by a
light-gray-to-white ashy matrix of shards,
pumice fragments, and abundant pheno-
crysts. Relict shards occur in a cryptocrystal-
line groundmass. Pumice lapilli typically
make up 30 to 50% of the rock and are 0.2 to
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6 cm in diameter. Pumices are chocolate-
brown to dark purple-gray in the lower
colonnade tuff and grade upwards into a light-
gray to medium-gray color in the overlying
white tuffs. Pumice color variations corre-
spond with mineralogical changes that accom-
pany increasing vapor-phase alteration
upsection. Cristobalite is the dominant
secondary silica mineral in the colonnade tuff
whereas tridymite is more common in the
white tuffs. Pumice lapilli typically have a
sugary texture as a result of more intense
vapor-phase crystallization in the upper part
of the unit. Much of the original vesicular
structure of pumices is preserved in hand
samples. However, on the microscopic scale,
most of the fine structure in pumices is
destroyed by devitrification and vapor-phase

crystallization. Overlapping spherulites,
octahedral cristobalite, and lath-like
tridymite (in the upper part of the unit)
replace the original volcanic glass in the
pumices. The colonnade tuff has a pock-
marked appearance because of the selective
weathering of soft pumice from the enclosing,
more resistant matrix.

The vapor-phase notch at the base of this unit
is a thin, horizontal zone of preferential
weathering that forms a widespread map-
pable marker horizon throughout the Pajarito
Plateau. There is no depositional break asso-
ciated with the vapor-phase notch at TA-21
or at other localities. The abrupt transition
from vitric tuffs below the notch to devitri-
fied tuffs above suggests that this feature is

TABLE II1

LitHoLOoGIC CHARACTERISTICS OF THE VAPOR-PHASE NOTCH IN
StrATIGRAPHIC SECTION OU-1106-STRAT2 AT TA-21

Tuffs Immediately

Tuffs in the Vapor- Tutfs Immediately

porphyritic and
aphanitic lavas; ~3%
of rock; size 0.5t0 6
cm.

Below Notch Phase Notch Above Notch

Pumice Original glass in Original volcanic glass | Devitrified relict
pumice disappears mostly destroyed by pumice makes up ~50%
rapidly upward; devitrification; sugary rock; sugary texture;
pumices make up ~50% | texture; size 0.2 to 4 0.2 to 6 cm; no visible
of rock; size 0.2t0 9 cm. compaction but may be
cm. slightly welded.

Matrix Small fragments of White, fine-grain, Fine-grain, devitrified,
vitric pumice; pale, devitrified ash, relict crystal-rich ash, relict
peach-colored, crystal- | small pumice small pumice frag-
rich, devitrified ashy fragments, and ments; texture of small
matrix. phenocrysts; most pumice fragments well

original textures preserved.
destroyed.

Lithics Dark-gray and -brown Light-gray lavas, and Light-gray lavas;

black obsidian, ~3% of
rock; size 0.5 to 2 cm.

abundance varies
vertically from 1 to
5%; size 0.5to 5 cm.

Color on Fresh Pale pink to orange

Light-gray with pink

White and pink matrix;

Characteristics poorly indurated tuffs
that form rounded
outcrops to orange,
resistant bench; large
"pot" holes, where
case-hardened surface
penetrated by erosion;
pumice more resistant
to erosion than matrix;
facks fractures.

Surtaces grading up to dark hue; wispy areas of chocolate-brown and
orange. dark orange. dark-gray pumices.
Weathering Grades up from white, Soft, horizontal, Colonnade, resistant

preferentially eroded
recess in rock defined
by alignment of 1.5-m-
tall flattened caves;
sometimes forms bench
several meters wide;
fractures from above
terminate abruptly in
this zone.

tuff; orange-brown
outcrops; distinctive
"pockmarked” surfaces
from selective erosion
of soft, altered pumice.
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Unit 2 is a poorly sorted, vapor-phase-altered
ignimbrite. The tuffs consist of relatively
sparse, crystal-rich pumice lapilli supported
by an ashy matrix of shards, pumice frag-
ments, and abundant phenocrysts. The
compaction of pyroclasts in the tuffincreases
upsection and is greatest in the upper part of
the unit. The tuff matrix is light pinkish-tan
to light-purplish-gray, and the degree of
coloration increases with increased welding.
Pumice lapilli are medium-gray to grayish-
brown in color and have aspect ratios of 1.5:1
to 2:1 (partially welded) near the base of the
unit and 5:1 to 10:1 (moderately to densely
welded) near the top of the unit.

Pumices are generally smaller (commonly
< 2 cm) and relatively sparse (5 to 30% of the
rock) compared to those found in lower units.
Horizontal pumice swarms contain lapilli from
5 to 14 c¢cm in length locally. These pumice
swarms suggest that unit 2 is made up of
several ignimbrite deposits.

Devitrification and vapor-phase crystalliza-
tion destroyed most of the original vitroclastic
textures in these tuffs. Relict shards with
axiolitic textures occur in a cryptocrystalline
to microcrystalline groundmass. Pumices
were particularly susceptible to vapor-phase
alteration and typically have a granophyric
texture in thin section. Hand specimens of
pumice appear sugary in texture because
of the deposition of coarse (up to 0.3-mm)
crystals of tridymite and sanidine. Vapor-
phase alteration also has resulted in both the
deposition of thin mantles of alkali feldspar
around sanidine phenocrysts and the
oxidation of ferromagnesian phenocrysts.

The phenocryst assemblages are similar to
those in units 1g and 1v, but the phenocryst
abundances (17 to 20%) are slightly greater—
in part as a result of the lower porosities of
these more compacted tuffs (Table II, Fig. 2).
Hornblende-bearing pumices similar to those
described for unit 1g occur in small amounts
(<56%) throughout the unit. Lithic clasts are

rare (<1%) and mostly consist of devitrified
rhyolitic volcanic rocks. Most lithics are <3
cm in diameter.

Well-developed fractures are characteristic of
this unit. Most fractures are nearly vertical
and trend N-S to N70W. Some horizontal and
low-angle fractures are also present. Fracture
spacing is commonly 0.2 to 2 m in the upper,
more densely welded portion of the tuff.
Fracture apertures range from 1 mm to 4 cm.
Many fractures have at least two generations
of fracture-filling material. Calcite is the
oldest material deposited and it commonly
forms a lining up to 0.5 mm thick on the
fracture walls. The centers of fractures are
filled with brown clays and detritus washed
into the fractures from the surface. Addi-
tional, more detailed information about
fractures in unit 2 is given in the section by
Wohletz (Sec. III, this report).

Nonwelded Tuff. Nonwelded tuff underlies
the broad, gently sloping bench developed on
top of unit 2. These nonwelded tuffs form
white, soft outcrops that weather into low,
rounded mounds. Talus from the overlying
cliffs of unit 3 commonly covers outcrops of
the nonwelded tuffs. The contact with unit 3
is gradational and is arbitrarily defined as
the break in slope at the base of the
uppermost cliff at TA-21. The thickness of the
nonwelded unit varies from 10 m in the
western part of TA-21 to 5 m in the east.

The nonwelded tuff is a pumice-poor, vapor-
phase-altered ignimbrite. It consists domi-
nantly of a white-to-light-gray, ashy matrix
of shards, pumice fragments, and abundant
phenocrysts. Relict shards have axiolitic
textures and the groundmass is crypto-
crystalline to microcrystalline. Pumice clasts
are sparse (~5%) and have a sugary texture.
The light-gray pumice clasts are difficult to
distinguish from the light-colored tuff matrix.
Pumice clasts are generally equant and range
from 1 to 3 cm; rare, isolated pumices are up
to 14 cm in length. Vapor-phase alteration of
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TABLE IV

X-RAY DIFFRACTION ANALYSES OF TUFFs AT TA-21 2

Stratigraphic Section #1 (Easternmost Section)

Elevation Cristo- X Crystalline
Sample Field Number {ft) Unit b Smectite  Tridymite Quartz balite Feldspar Glass Hornblende Mica Hematite = Magnetite Kaolinite Gypsum Calcite Phases
OU-1106-STRAT1-34 7036.2 Qbt-3 - 7 1 14 £1 11x1 62 +9 - - 1x1 - - - - 95+ 9
OU-1106-STRAT1-33 7023.4 Qbt-3 - 11+ 15 £1 9 x4 60 + 8 - Tr 2+1 - - - - 97 + 9
OU-1106-STRAT1-32 7006.4 Qbt-3 11 +£1 16 +1 9 +4 59 + 8 -- - - 1+1 -- - - - 96+ 9
OU-1106-STRAT1-31 6990.1 Qbt-3 7 %1 17 £1 9+4 62 £ 9 - - - 1+1 - - - - 96 + 10
OU-1106-STRAT1-30 6974.2 Qbt-nw 12 £1 18 £1 7+3 58 + 8 - - - 1+1 - - - - 96 £ 9
0OU-1106-STRAT1-29 6957.5 Qbt-2 - 23+2 17 + - 59 £ 8 - -- - t£1 - - - -- 100 +8
0OU-1106-STRAT1-28 6941.3 Qbt-2 - 25+2 11+ - 60 + 8 -- - -- Tr - -- - -- 96 +8
QU-1106-STRATH-27 89241 Qbt-2 Tr 2542 15 1 - 60 £ 8 - - - 141 - - - -~ 101 =8
OU-1106-STRAT1-26 6908.5 Qbt-1v 1£1 23+2 16 =1 - 60 + 8 - - 1+1 - - - 2+1 103 £ 8
OU-1106-STRAT1-25 6891.5 Qbt-1v - 23+2 13 £1 - 60 + 8 Tr - 121 - - -- - 97 +8
OU-1108-STRAT1-24 6875.5 Qbt-1v - 10 +1 15 +1 3 64 =9 - 1+£1 Tr 21 - - -- - 99 + 10
0OU-1106-STRAT1-23 6858.8 Qbt-1v Tr 4 £1 17 +1 +1 64 £ 9 - Tr - 1£1 - -- - - 98+ 9
0OU-1106-STRAT1-22 6843.3 Qbt-1v Tr 4 11 16 +1 61 60 £ 8B - Tr - Tr - - - - 96 + 8
0OU-1106-STRAT1-21 6827.1 Qbt-1v - 1£1 18 +1 91 52 +7 - Tr -- Tr - - - -- 90 +7
OU-1106-STRAT1-20 6810.4 Qbt-1g - - 16 +1 +1 34 +5 48 £ 5 Tr -- Tr - - - - 52+5
OU-1106-STRAT1-19 6794.9 Qbt-1g Tr - 16 +1 Tr 24 + 3 60 + 3 - -- Tr -- - - - 40 +3
OU-1106-STRAT1-18 6779.2 Qbt-1g - - 13 £1 Tr 203 67 +3 - - - - - - - 333
OU-1106-STRAT1-17 6763.2 Qbt-1g - - 12 £1 121 26 £ 4 61 £ 4 -- - - - -- -- - 39 £4
OU-1108-STRAT1-16 6747.4 Qbt-1g - -- 13 £1 - 233 64 £ 3 -- - - - -- - - 36+ 3
0OU-1106-STRAT1-15 6732.3 Qbt-1g - - 12 +1 23+3 65 £3 - - - - - - - 35+3
OU-1106-STRAT1-14 6731.3 Qbt-tg -- - 14 £1 23+3 63 £3 - -- - - - - - 37+3
OU-1106-STRAT1-13 6729.5 Qbt-1g - - 3 +1 - 9+ 1 88 £ 1 -- - - - - - - 12 £1
OU-1106-STRAT1-12 6729.2 Qbt-1g - -- 6 +1 - 17 £ 2 772 - - -- - -- - -- 23 £2
OU-1106-STRAT1-11 6727.5 Qbt-1g Tr -- 26 +2 -- 25 + 4 49 + 4 Tr Tr -- - -- - -- 51 +4
OU-1106-STRAT1-10 6727.3 Qet 1£1 -- 22 +2 1£1 30 £ 4 46 £ 4 - Tr -- - Tr - - 54+5
OU-1106-STRAT1-9 6726.4 Qot I - 13 +1 17 +2 70+2 - - - - - Tr? - 302
OU-1106-STRAT1-8 6726.1 Qct Tr - 13 £1 Tr 24 3 63 + 3 - - - - Tr - - 37%3
OU-1106-STRAT1-7 6723.7 Qct Tr -- 15 +1 Tr 233 62 +£3 -- - - - - - - 38 +3
OU-1106-STRAT1-6 6722.3 Qct Tr -- 13 =1 12 +£2 75+2 -- - - - - - -- 25+2
OU-1106-STRAT1-5 6722 Qbo Tr -- 9 +1 1+1 21 =3 69 £ 3 - -- Tr - - - - 31+3
QOU-1106-STRAT1-4 67158 Qbo -- - 9 +1 1£1 19+ 3 713 - -- Tr -- - - - 29 +3
OU-1106-STRAT1-3 6692.7 Qbo Tr - 10 £1 241 223 66 + 3 - - - - - - - 34 +3
OU-1106-STRAT1-2 6683.4 Qbo Tr - 10 £1 2*1 21 £3 67 £ 3 Tr - -- - - - - 33+£3
OU-1108-STRAT1-1 6662.9 Qbo 11 - 10 =1 1+£1 21 £3 67 £3 - - -- - -- - - 33+3

¢ Mineral abundances reported as weight percent; uncertainties are two standard deviation estimates of analytical precision; -- indicates mineral not detected; Tr = trace
abundance (<0.5 wt. %).

b Stratigraphic Unit - Qbo = Otowi Member of the Bandelier Tuff; Qct = Cerro Toledo interval; Qbt-1g = Tshirege unit 1g; Qbt-1v = Tshirege unit 1v; Qbt-2 = Tshirege unit 2;
Rbt-nw = nonwelded tuff; Qbt-3 = Tshirege unit 3.
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TABLE IV (conT)

X-RAY DIFFRACTION ANALYSES OF TUFFs at TA-21

Stratigraphic Section #2 (Central DP Mesa)

Elevation Cristo-
Sample Field Number (ft) Unit b Smectite  Tridymite Quartz balite Feldspar Glass Hornblende Mica
OU-1106-STRAT2-25 7103.8 Qbt-3 Tr 18 £1 15 +1 - 64 + 9 - - -
OU-1106-STRAT2-24 7086.7 Qbt-3 Tr 19 1 17 £1 - 58 +8 - - -
OU-1106-STRAT2-23 7069.3 Qbt-3 - 16 +£1 15 £1 - 63 +9 -- -
OU-1106-STRAT2-22 7053.8 Qbt-3 - 17 1 15 1 - 66 + 9 - Tr -
OU-1106-STRAT2-21 7025.9 Qbt-nw Tr 18 £1 20 £2 -- 58 £8 Tr -
0OU-1106-STRAT2-20 70158 Qbt-2 - 22 +2 13 +1 - 60 £ 8 -
OU-1106-STRAT2-19 6998 Qbt-2 Tr 24 +2 13 1 - 59 +8 - - -
OU-1106-STRAT2-18 69771 Qbt-2 - 27 £2 10 +1 - 61 +9 - - -
OU-1106-STRAT2-17 6958.2 Qbt-2 - 19 1 16 +1 - 58 £8 - Tr -
OU-1106-STRAT2-16 6941.2 Qbt-1v - 18 +1 14 £1 5+2 57 £8 - Tr Tr
OU-1106-STRAT2-15 6923.7 Qbt-1v - 9 +1 17 £1 10 £1 60 +8 Tr Tr
OU-1106-STRAT2-14 6906.6 Qbt-1v Tr 1 +1 20 £2 18 £1 60 +8 - - Tr
OU-1106-STRAT2-13 6889 Qbt-1v - - 18 +1 4 £1 46 +6 32 £6 Tr -
OU-1106-STRAT2-12 (pumice) 6886.5 Qbt-1g Tr - 7 +1 1£1 20 +3 71 +£3 - -
OU-1106-STRAT2-12 (matrix) 6886.5 Qbt-1g Tr - 16 1 241 30 +4 52 +4 - -
0OU-1106-STRAT2-11 6873.5 Qbt-1g - -- 17 £1 Tr 23 £3 60 +3 Tr -
0OU-1106-STRAT2-10 6858.1 Qbt-1g - - 15 1 Tr 18 £3 66 + 3 Tr -
OU-1106-STRAT2-9 (pumice) 6847.4 Qbt-1g - - 13 +1 Tr 12 £2 75 £ 2 -
OU-1106-STRAT2-9 (matrix) 6847.4 Qbt-1g - - 12 +1 Tr 22 +3 66 =3 - -
OU-1106-STRAT2-8 6831.8 Qbt-1g - - 11 %1 Tr 19 +3 70 £3 - -
OU-1106-STRAT2-7 6816.6 Qbt-1g Tr - 18 + Tr 18 +3 64 +3 - -
0OU-1106-STRAT2-6 6800.9 Qbt-1g - -- 15 +1 Tr 27 +4 58 +4 Tr -
QU-1106-STRAT2-5 6788 Qbt-1g Tr - 12 +1 1 19 £3 69 +3 Tr -
QU-1106-STRAT2-4 6771.2 Qct Tr - 4 £1 10 £ 85 +1 -
OU-1106-STRAT2-3 6769.7 Qct Tr - 4 £1 1+1 9 £1 86 1 - -
OU-1106-STRAT2-2 6761.3 Qbo Tr - 9 +1 Tr 23 +3 68 £3 - -
OU-1106-STRAT2-1 6746.4 Qbo Tr -- 9 +1 141 19 +3 71 +3 - -

Hematite

Magnetite

Kaolinite

Gypsum

Calcite

Y Crystalline
Phases

98
95
95
99
97
96

97
98
94
95
96

+9
+8
+9
+9
+8
+8

+8
+9
+8
+8
+8

+8
+6
+3
+4
+3

+3
+2
+3
+3
+3
+4

+3
+2
+2
+3
+1
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tiny (<0.05-mm), wedge-shaped grains in the
shardy matrix. Hornblende-bearing pumices
also occur in this unit.

Lithic clasts generally make up <1 to 5% of
the tuff. Lithics include gray, brown, and black
phenocryst-poor devitrified rhyolite, porphy-
ritic dacite, and crystal-rich, moderately to
densely welded Otowi Member. Most lithics
are 1 to 7 cm in diameter, but a few are as
much as 15 cm across. Despite excellent
exposures in the stratigraphic sections and
other cliff outcrops, there were no occurrences
of the boulder deposits that were encountered
near the base of unit 3 during construction of
the vertical waste shafts at MDA T
(Purtymun, 1969).

Mineralogy

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

Volcanic glass is the major constituent
(commonly >60%) of tuffs in the lower half of
the stratigraphic section, including the Otowi
Member, tuffs of the Cerro Toledo interval,
and unit 1g of the Tshirege Member (Table
IV and Fig. 5). Glass occurs as pumices and
in the shardy matrix. Quartz and feldspar
(sanidine) are the two other major constitu-
ents of the glassy tuffs; these crystalline
phases occur as phenocrysts and as relatively
minor devitrification products in the fine ash.
The volcanic glass is fresh in thin section,
and the absence of significant alteration
minerals such as clays and zeolites strongly
suggests that these tuffs have had limited
contact with groundwater since their deposi-
tion. Glass abundances are fairly consistent
in the upper Otowi Member and in unit 1g of
the Tshirege Member. In the Cerro Toledo
interval, the proportion of glass to crystalline

phases varies widely because individual depo-
sitional units contain varying amounts of
glassy pyroclasts, phenocrysts, and devitri-
fied lava detritus (Fig. 5).

Volcanic glass disappears abruptly at the top
of unit 1g at the vapor-phase notch (Tables
ITI and IV; Figs. 4 and 5). Glass abundances
begin to decline within 5 m of the vapor-phase
notch, but most of the glass disappears within
2 m of the notch. It should be noted that,
despite extensive colloquial use, the term
vapor-phase notch is probably a misnomer
because the mineral assemblage (feldspar +
quartz + minor cristobalite) and textural
features (lack of vapor-phase minerals lining
pumices and vugs) suggest that glass under-
went high-temperature devitrification with-
out significant vapor-phase crystallization at
this stratigraphic level.

Unit 1v of the Tshirege Member consists
primarily of feldspar + quartz + cristobalite
+ tridymite. Cristobalite abundances are
greatest in the colonnade tuff near the base
of the unit and systematically decrease
upsection (Fig. 5). Tridymite abundances vary
inversely with those of cristobalite.
Cristobalite is intergrown with alkali feld-
spar—mainly as axiolitic and spherulitic
growths—and these intergrowths replace the
original glassy pyroclasts that make up the
tuff. These relations suggest that crystalliza-
tion of colonnade tuff was largely a result of
in situ devitrification. Tridymite, on the other
hand, commonly occurs with alkali feldspar
as discrete crystals and crystal aggregates
that were deposited on surfaces of open pores
in the tuff. Mostly likely, these occurrences of
tridymite and alkali feldspar were deposited
by gases rising through the tuff. The distri-
bution of tridymite indicates that vapor-phase
alteration increases systematically upsection.

Unit 2 of the Tshirege Member consists of
a simple mineral assemblage of feldspar
+ quartz + tridymite. Tridymite is most
abundant (~25%) in the moderately to densely
welded tuffs of this unit (Fig. 5). Laths of
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Number of Grains
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180 200

Fig. 7. Histogram of magnetite grain areas in sample
1106-STRAT2-16. Most of the grains have cross
sectional areas <75 pm?, and they are disseminated
in the tuff matix; the remainder of magnetite grains
are the relatively large microphenocrysts. Although
matrix magnetites represent only 10 to 40% of the
magnetite present in the rock, they provide as much
as 95% of the surface area available for magnetite/
water interactions. These image analysis data were
collected from a thin section using reflected light
(200x).

Though tridymite is present, its concentra-
tions are notably less than those found in unit
2, suggesting somewhat less intense vapor-
phase alteration. Cristobalite is absent in the
west and central stratigraphic sections, but
it is present in the east section (Table IV and
Fig. 5). Tridymite abundance decreases from
west to east in these units (Fig. 5). These
relations suggest that vapor-phase alteration
decreases eastward in the more distal
portions of these tuffs.

Smectite and hematite occur in small (<2%)
amounts throughout the stratigraphic
sequence at TA-21 (Table IV). These two trace
minerals are important because they are
sorptive of certain radionuclides and could
provide important natural barriers to their
migration. Smectites are highly selective for
cationic radionuclides (Grim, 1968). Magne-
tite and its alteration products, such as
hematite, have an affinity for uranium and
actinide species through surface-complex-
ation (Allard and Beall, 1979; Beall and
Allard, 1981; Allard et al., 1982; Hsi and
Langmuir, 1985; Ho and Miller, 1986).

Stratigraphic Units Hydrogeological Units

Part of tffs
hosting SWMUs ”
©-21m

Unit 2 S H2
< r e

Unit 3

Nonwelded Unit

Maximum depth at which H3
contaminants have been
detected at TA-21

(30matMDA T) [ —_Ha

1

Unit 1v 100 m

Tshirege Member

Unit 1g HS

Tsankawi Pumice Bed He6

e |
~ [Cerro Toledo Interval” ~_

Canyon

Bottom 2

Otowi Member

Fig. 8. Relation between stratigraphic units and
preliminary proposed hydrogeological units at TA-21.
The hydrogeological units generally correspond to the
stratigraphic units, except for H1 and H3, which cross
stratigraphic boundaries.

Although these minerals occur in small quan-
tities, they are disseminated throughout the
stratigraphic sequence, and their aggregate
abundance and surface area available for
adsorption are large when integrated over
long groundwater flow paths through the
tuffs.

Magnetite is present as a microphenocryst
in all of the tuffs at TA-21. Its abundance
commonly ranges from 0.03 to 0.2%. Magne-
tite grains are generally unaltered in the vitric
tuffs, but some contain exsolution lamellae
of ilmenite or its alteration products along 111
crystallographic directions. The magnetite
shows no oxidation to maghemite in unit 1g,
but varying degrees of oxidation occur in units
2 and 3. Partial to complete replacement
of magnetite by hematite also occurs in the
crystallized tuffs of the Tshirege Member.
Former ilmenite lamellae consist of an aggre-
gate of rutile + hematite + anatase (?) + goethite.
Relatively large (>75 um?in cross section
area) microphenocrysts make up only ~15%
of the individual magnetite (and hematite
pseudomorph) crystals observed in thin
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Hydrogeological unit H4 consists of the col-
onnade tuffs at the base of unit 1v and
includes the vapor-phase notch at its base.
These tuffs are cliff-forming above the vapor-
phase notch and may be incipiently welded.
These tuffs have undergone in situ devitrifi-
cation, but there is little evidence of the
vapor-phase alteration that is so prevalent
in overlying tuffs. Differences in welding and
alteration characteristics may affect the pore
structure of these rocks and cause them to
have different hydrologic properties than
those of the tuffs in H3. Moisture profiles from
nearby drillholes commonly show increased
moisture contents in this interval (for
example, see Broxton et al., Sec. VI, this
report).

Hydrogeological unit H5 is equivalent to
Tshirege unit 1g. This nonwelded ignimbrite
is fairly uniform in its lithological properties,
and it should be relatively permeable because
of its open network of interconnected pores.
The presence of abundant—and possibly
reactive—glass in H5 contrasts with the
devitrified mineral assemblage in H4. The
ash-rich tuff at the base of the main ignim-
brite and underlying surge deposits are better
sorted and more stratified than the overlying
massive ignimbrite. However, for now, these
tuffs are included in H5 because it is not
known if the occurrance of these features is
widespread. These tuffs can be subdivided
into separate hydrogeological units at a later
date if further studies show that they are
regionally extensive and that their hydrologic
properties differ significantly from those of
the remainder of H5.

Hydrogeological unit H6 is equivalent to the
Tsankawi Pumice Bed. This pumice-fall
deposit is extremely porous and is commonly
associated with elevated water content in the
unsaturated zone (for example, Broxton et al.,
Sec. VI, this report). At TA-21, these pumice
deposits overlie a soil horizon that may act
as a perching layer. This is well illustrated in
outcrops exposed in the large alcove just

downstream of DP Spring, where seeps are
perched within water-saturated Tsankawi
Pumice Bed above fine-grain clay-rich soils.

Hydrogeological unit H7 lumps together all
of the bedded deposits of the Cerro Toledo
interval. These well-stratified deposits
contain numerous thin depositional units
characterized by a wide range of lithologies.
Undoubtedly, these individual depositional
units have differing hydrogeological proper-
ties. In addition, juxtaposition of lithologies
with contrasting grain sizes across deposi-
tional boundaries can result in capillary and
permeability barriers and cause the lateral
diversion of groundwater flow. Nonetheless,
these deposits are lumped together at
present because their deposition in complex
fluvial settings makes correlation of more
finely subdivided units impractical.

Hydrogeological unit H8 is equivalent to the
upper part of the Otowi Member. This
nonwelded ignimbrite has fairly uniform
lithological properties and should be fairly
porous because of its nonwelded nature. So
far only the uppermost part of this ignimbrite
has been studied, and H8 may be extended
to include more of the Otowi Member after
further investigation.

CONCLUSIONS

Heterogeneous tuffs underlie the solid waste
management units at TA-21. The physical
properties of these tuffs vary both vertically
and laterally. Vertical variations provide
most of the geologic control for movement of
groundwater in the vadose zone. Recognition
of tuff heterogeneity is important for
developing conceptual models of the site,
evaluating transport pathways and pro-
cesses, and bounding parameters in com-
puter codes used to model groundwater and
contaminant transport.

Tuff stratigraphy, with the bedrock geologic
map, provides the geologic context for under-
standing the distribution of rock units and
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DP Spring emerges from an extensive old valley fill in lower DP
Canyon (dated at about 37,000 years old) that is perched ~20 ft
above the modern valley bottom. This valley fill is confined to
areas eroded into nonwelded units of the Bandelier Tuff and prob-
ably extends less than 300 ft upcanyon. Because the spring is
perennial and surface runoff within DP Canyon is intermittent,
the most likely flow path for the springwater may include frac-
tures in units 2 and 1v, with the groundwater emerging from
fractures into the upper part of the valley fill and then flowing

through the fill to DP Spring.

INTRODUCTION

A geomorphic characterization of TA-21 was
undertaken primarily to provide site-specific
data on surficial processes that pertain to the
potential erosion and deposition of contami-
nants. An additional objective was to define
the geomorphic setting of DP Spring, a peren-
nial spring containing contaminants that
probably originated from TA-21.

The developed area at TA-21 is located on DP
Mesa; it is bordered by Los Alamos Canyon
to the south (350 to 400 ft deep) and DP
Canyon to the north (generally 70 to 100 ft
deep). Potential sources of contaminants
include deep releases (such as from seepage
pits and absorption beds), near-surface liquid
releases from septic systems, subsurface solid-
waste disposal areas, and surface contam-
ination from stack-release fallout and spills.
The two primary surficial processes of concern
are sediment transport by surface runoff from
the site into the adjacent canyons and cliff
retreat that could potentially expose MDAs
located near the mesa edge. Discharge of
waters containing plutonium and other contam-
inants into DP Canyon occurred in the past,
and transport of low concentrations of pluto-
nium in this canyon has been documented
previously (Purtymun, 1971, 1974; Purtymun
et al., 1990). Because of this known contami-
nation, the geomorphic characteristics of DP
Canyon were examined in particular detail.

METHODS

The geomorphic characterization of TA-21
involved a combination of airphoto analysis,
field mapping, field investigations of selected
sites, and analyses of topographic maps. The
entire area was examined on 1:7200-scale,
1991 color airphotos, and features observed
on these photos were either plotted directly
onto 1:1200-scale Facility for Information
Management Analysis and Display (FIMAD)
2-ft contour maps or first plotted on 1:1200-
scale orthophotos and then transferred to the
1:1200-scale maps. Much of the area was also
examined on the ground—particularly the
canyon rims, canyon bottoms, and areas
downslope of the MDAs—to field-check
features identified on the photos and to
examine features not visible on the photos.
Geomorphic features examined include drain-
age channels, recent sediment-storage areas,
older sedimentary deposits, cliff faces, partially
detached landslide blocks, and areas of arti-
ficial fill. Geomorphic maps of parts of TA-21,
at a scale of 1:1200, are presented on Plates
5, 6, and 7; additional surficial units are
shown on Plate 1 at a scale of 1:4200.

Natural streambank exposures of valley-bottom
sediments were examined in DP Canyon and
Los Alamos Canyon, and radiocarbon dates
were obtained for charcoal samples collected
from the sediments in DP Canyon to constrain
their age. After drainage channels downslope






68

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

bottom. These areas of unchannelized flow are
likely spots for modern sediment deposition.
At the lip of the hanging valley, south of MDA
V, the flow drops over a waterfall into Los
Alamos Canyon and generally infiltrates an
extensive bouldery colluvial deposit without
reaching the main channel.

DP Canyon

The geomorphic characteristics of DP Canyon,
on the north margin of TA-21, are strongly
influenced by lithologic variations within the
Bandelier Tuff (Fig. 1), and the canyon can
be divided into four segments that reflect
these bedrock variations.

The uppermost segment of DP Canyon, cut
into the resistant part of Tshirege unit 3, is
relatively steep and narrow, and the canyon
bottom is generally choked with boulders
derived from the adjacent canyon walls.

The next segment of DP Canyon, cut through
the weaker, lower part of Tshirege unit 3 and
the underlying Tshirege nonwelded unit, is
relatively flat and wide. It contains extensive
deposits of sediment derived from both the
upper part of DP Canyon and the adjacent
canyon walls. The low gradient of this seg-
ment is related to a base-level control imme-
diately downstream, where the resistant
Tshirege unit 2 is located. Historic outfalls
from TA-21 discharged into this part of the
canyon, and runoff from three of the five
MDAs at TA-21 also flows into this segment.

The third segment of DP Canyon is incised
into the resistant Tshirege unit 2 to form a
steeper, narrow, rock-bound inner canyon.
Little sediment is stored in this segment;
instead, sediment is generally carried by run-
off downstream past this segment.

The fourth segment, the steepest part of DP
Canyon, is cut into Tshirege units 1v and 1g,
the Cerro Toledo deposits, and the Otowi
Member. The canyon bottom is generally
choked with boulders and includes numerous

small sediment-deposition areas. DP Spring,
a perennial spring, emerges in the upper part
of this segment and runoff is generally
present for some distance downstream. This
runoff does not usually reach the main Los
Alamos Canyon stream channel; instead, it
infiltrates the alluvium of lower DP Canyon.

Deposits of sediment within DP Canyon
provide valuable data on both the episodic
nature of sediment transport within the
canyon and the canyon's development since
deposition of the Tshirege Member of the
Bandelier Tuff at 1.22 Ma (million years ago;
age from Izett and Obradovich, 1994). The
following report sections discuss the older
alluvium of DP Canyon, the valley fill of lower
DP Canyon, the late Pleistocene and Holocene
sediments of upper DP Canyon, and historic
alluvium in upper DP Canyon.

Older Alluvium of DP Canyon

Deposits of stream-rounded cobbles and
boulders occur on the south side of lower
D P Canyon, both on a bench developed within
the Tshirege nonwelded unit (above the resis-
tant cliff-forming unit 2) and within a short
tributary to DP Canyon off the eastern end
of DP Mesa (Plate 3). At the western expo-
sure of the older alluvium, the deposits
include consolidated, stratified sand and grav-
els that were deposited against a vertical,
stream-polished wall of Tshirege unit 3. Clasts
in the older alluvium are as large as 3 ft in
diameter and include a mixture of ~20%
Tschicoma Formation dacite derived from the
Sierra de los Valles and 80% welded Bandelier
Tuff eroded from a stratigraphically higher
cooling unit not present at TA-21. Similar
gravels are now being deposited only in the
major canyons that originate in the Sierra de
los Valles (such as Los Alamos Canyon),
although the high percentage of welded
Bandelier Tuff is unusual.

The nature and location of these older allu-
vial deposits indicate that incision of the main
canyons on this part of the Pajarito Plateau
did not occur immediately after deposition of
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Fig. 1. Longitudinal profile of DP Canyon, showing relation of stream profile to lithologic variations and location
of post-Bandelier Tuff sediment deposits. See Plates 1 and 5 for explanation of geologic unit symbols.

the Tshirege Member of the Bandelier Tuff
at 1.22 Ma. Following Tshirege deposition,
the streams originating in the Sierra de los
Valles may have had a braided pattern as
they traversed parts of the Plateau (such as
DP Mesa) that now only receive local runoff
(Fig. 2). Eventual incision of the main canyons
was probably driven by headward erosion
from the Rio Grande. The steep profile of the
older alluvium in the DP Canyon tributary
(Fig. 1) probably reflects deposition
during this period of headward erosion of the
canyons and consolidation of the drainages.
It is possible that other shallow canyons on
this part of the Pajarito Plateau (such as upper
DP Canyon and BV Canyon) were similarly
occupied by streams draining the Sierra de
los Valles (Fig. 2); however, no deposits from
such streams were found in this study.

An additional implication of these older allu-
vial deposits is that very little modification
of some small tributary canyons has occurred
since the time of major drainage consolida-
tion. The upper part of the DP Canyon tribu-
tary is plugged with older alluvium, and no
net incision of the head of this canyon or
headward erosion has occurred since its depo-
sition—implying incision of this canyon was
largely the result of runoff from the Sierra de
los Valles. However, local runoff has been
sufficient to incise the lower part of this tribu-
tary canyon 10 to 20 ft below the gravels. The
modern canyon walls are also very close to
the older alluvial deposits; the tops of steep
Tshirege unit 3 slopes to the south are only
50 to 130 ft from the alluvium (average ~100 ft).
If the alluvium was originally deposited
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Fig. 2. Hypothetical evolution of Los Alamos Canyon drainage system. (A) Drainage channels are braided and
notincised over western Pajarito Plateau. Headward erosion of canyons progresses westward from Rio Grande
along braided channels. (B) Some channels are abandoned as headward erosion proceeds. (C) Older alluvium
of DP Canyon (Qoal) is left along abandoned channel as incised canyons erode farther west. (D) Modern Los
Alamos Canyon has widened significantly through cliff retreat, but the shallow tributary canyons have widened little.

against vertical cliffs of Tshirege unit 3, a
maximum of 50 to 130 ft of retreat could have
occurred since that time.

The age of the older alluvial deposits is not
known, so measurements of maximum wall
retreat can not be used to make precise esti-
mates of long-term retreat rates. If this
stream course was abandoned close to 1.22 Ma
(the age of the Tshirege Member of the
Bandelier Tuff), the average maximum
retreat rate would have been 0.11 ft/ky

(ky = 1000 years), and if the course was aban-
doned at 0.5 Ma, the average maximum
retreat rate would have been 0.26 ft/ky.

Valley Fill of Lower DP Canyon

Remnants of a formerly extensive valley fill
occur on both sides of lower DP Canyon
(Plate 3 and Fig. 3). The base of the fill is
~20 ft above the modern channel. This valley
fill consists of lenses of stratified sand and
rounded stream gravels interbedded with and
buried by coarse colluvium that contains
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canyon incises resistant Tshirege unit 2 (see
Plate 4). Examination of these deposits along
the stream channel indicates that deposits of
multiple ages are present and that the canyon
bottom has undergone many cycles of aggra-
dation (raising of the stream bed through sedi-
ment deposition), subsequent incision, and
partial erosion of these sediments. To provide
some constraint on age of deposition and on
the timing of former periods of aggradation
in the canyon, five radiocarbon dates were
obtained on charcoal fragments contained
within the deposits at three sites. However,
this limited number of dates is probably
insufficient to fully document the cycles of
sediment erosion and deposition of the
deposits.

The radiocarbon dates confirm a long history
of erosion and deposition cycles in upper DP
Canyon. The oldest dated deposit is a strati-
fied, clay-rich alluvium exposed near the
modern stream bed; the deposit yielded a radio-
carbon age of 26.7 ka (Figs. 5 and 6, Table I).
This alluvium is texturally similar to that
exposed at many other sites in the canyon. A
fine-textured slopewash deposit that overlies
the alluvium at this site provided a radio-
carbon age of 21.6 ka, which is stratigraph-
ically consistent with the older date. Upstream,
a deposit of sandy and gravelly alluvium
yielded a date of 16.0 ka (Fiig. 6 and Table I).
At this site, the stream channel has incised
~1.8 ft into the Tshirege nonwelded unit since
deposition of the alluvium at an average rate

TABLE I
RADIOCARBON DATES FROM DP CANYON

Height  Depth

Stream Above Below
Sample 14¢ pate Elevation Channel Surface
Number 2@ (yrbp) b Calibrated Age © (ft) (m) (m) Notes
Beta-58056 21,630+110  too old for calibration 7046 1.2 1.05 slopewash
CAMS-4574
Beta-58057  26,680+80 too old for calibration 7046 0.2 1.9 old alluvium
CAMS-4575
Beta-58058  15,980+80 18860 cal BP (18512-19259 cal bp) 7067 1.5 1.0 old alluvium
CAMS-4576 16910 cal BC (16562-17309 cal bp)
Beta-58059  5450+70 6280 cal BP (5923-6496 cal bp) 7035 0.8 1.4 slopewash; 0.2 m
CAMS-4577 4330 cal BC (3973-4546 cal bc) above old alluvium
Beta-58060 2010480 1940 cal BP (1560-2343 cal bp) 7035 1.35 0.45 slopewash
CAMS-4578 10 cal AD (390 cal AD-393 cal bc)
Beta-58061  37,070+630  too old for calibration 6708 8.75 0.559  terrace;
CAMS-4579 6.4-m-high strath

a Samples prepared at radiocarbon laboratory of Beta Analytic, Inc., Miami, Florida (Beta sample number); analyses run at
the Lawrence Livermore National Laboratory accelerator mass spectrometry facility (CAMS sample number).

b Calibrated ages obtained using computer program CALIB 3.0 (Stuiver and Reimer, 1993). Ages in parentheses are in the 2¢

range using an error multiplier of 2.0.

C Analyses are radiocarbon years "before present" (before 1950 AD), uncorrected for atmospheric variations in 14C/12C ratios.

d Depth below top of alluvium, buried beneath bouldery colluvium.
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in upper DP Canyon. The historic age of these
deposits is shown by the presence of various
man-made materials as well as exotic,
rounded quartzite gravels that are commonly
imported for road construction. The historic
deposits are often ~3 ft thick in stream-bank
exposures, but deposits up to 7 ft thick were
observed. They commonly underlie a well-
developed terrace surface that borders the
modern channel (Figs. 5, 6, and 7). Since this
terrace surface was abandoned, lowering of
the channel has led to incision of gullies along
several tributary channels (Figs. 5 and 7).

The extensive sedimentation that occurred in
upper DP Canyon in historic time and the
subsequent incision of the channel through
these deposits may have been caused by land-
use changes in the basin since widespread
development began in the 1940s. Specifically,
the historic deposits suggest the erosion of
large volumes of material from developed areas
adjacent to the canyon; their subsequent

incision may have been caused by a reduc-
tion in sediment supply and/or an increase in
runoff in the basin. At present, ~50% of the
upper basin is covered by impermeable
surfaces such as roads, parking lots, and
buildings, and major increases in runoff
associated with such widespread development

is well documented in many areas (Dunne and
Leopold, 1978).

The presence of the thick historic deposits
complicates the identification and quantifi-
cation of contaminants in DP Canyon. If
significant amounts of contaminants were
transported from TA-21 into upper DP Canyon
during the period of channel aggradation,
they may be locally buried under several feet
of sediment or eroded from the modern stream
banks. Alternatively, contaminants trans-
ported into upper DP Canyon before or after
the period of channel aggradation may have
been largely flushed downstream into lower
DP Canyon or Los Alamos Canyon.
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Fig. 5. Sketches of radiocarbon sample sites in upper DP Canyon.
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Fig. 14. Sketch showing inferred characteristics of large failures along the south edge of DP Mesa that borders
Los Alamos Canyon. Landslides involving both welded and nonwelded units link primary cooling fractures in
welded units. See Plate 1 for explanation of geologic unit symbols.

(3) The rockfall that exposed the

sampled cliff was large enough

to remove all tuff that previously
contained ?’Ne—thus completely
“resetting the clock.” Because of the
small size of the typical block along
BV Canyon (3 to 4 feet; see Fig. 11),
complete resetting may not have
occurred; again, this tends to result
in overestimated exposure ages.

(4) The sampled cliff was not shielded
from cosmic rays by neighboring
cliffs or the opposite canyon wall.
Because of the irregularities of
the canyon walls, this assumption
is probably not completely valid,
which results in somewhat
lower actual ?’Ne production
rates and leads to underestimates
of exposure ages.
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canyons. A significant part of canyon widen-
ing may have occurred during their early
development. In addition, short- and long-
term rates of cliff retreat could be related to
other variables such as canyon depth, climate,
and seismic activity, which would result in
variable rates of cliff retreat over time.

All three canyons examined in the vicinity
of TA-21 generally become narrower and
shallower upcanyon (Fig. 15). These relation-
ships are consistent with the headward devel-
opment of the canyons over time, such that
canyon incision began later upcanyon than

downcanyon. Thus, local measurements of
canyon width will only provide minimum
values of cliff-retreat rate averaged over the
past 1.22 Ma; the highest values would be
calculated downcanyon, where the canyons
are widest. East of TA-21 near the eastern
limit of Tshirege unit 3 (the upper cliff-former
at TA-21), the canyon reaches 1750 ft in width,
providing a minimum-limiting average cliff-
retreat rate of 0.72 ft/ky averaged over 1.22 Ma.
Farther downstream, canyon width between
the Tshirege unit 2 cliffs reaches 2600 ft west
of State Route 4, providing a minimum-limit-
ing average cliff-retreat rate of 1.07 ft/ky.
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Fig. 15. Plots of total canyon width vs distance along Los Alamos, DP, and BV Canyons. Edge of canyon is
defined as the break in slope at top of cliff or steep slope developed on resistant unit of Bandelier Tuff. Edge of
canyon for DP, BV, and western part of Los Alamos Canyons is in Tshirege unit 3, and the edge of canyon in
eastern part of Los Alamos Canyon is in Tshirege unit 2. Measurements made from FIMAD 1:1200-scale maps
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Topographic measurements indicate that
although significant asymmetry is present in
places (Fig. 17), it is not systematic and most
of the canyon lengths are roughly symmetric.
In the western part of both Los Alamos Canyon
and BV Canyon, the rims are roughly equi-
distant from the valley bottom, suggesting
approximately uniform retreat rates. Canyons
with significant asymmetry generally corre-
late with the presence of extensive valley fills
on one side of the canyon, which provides
evidence for lateral stream migration. These
asymmetric reaches include the western part
of DP Canyon (shown on Fig. 17), where deposits
of older alluvium and slopewash occur on the
southern side of the valley (Plate 4), and the
eastern part of Los Alamos Canyon, where
wide stream terraces are present ~100 ft above
stream level south of the channel.

Measurements from topographic maps thus
suggest that, despite differences in vegetation
and the extent of cliffs between north- and
south-facing canyon walls, there is no strong
evidence for significant, systematic differences
in the retreat rates of opposite canyon walls
in the vicinity of TA-21. Estimates of cliff-
retreat rates obtained from one canyon wall
may therefore be generally applicable to the
opposing wall.

Long-Term Canyon Evolution

Inferences about the long-term (post-1.22-Ma)
evolution of the canyons adjacent to TA-21—
based on the field mapping and analyses of
topographic maps—have important implica-
tions for the timing and rates of cliff retreat.
The occurrence of older alluvial deposits within
the small tributary canyon to DP Canyon and
along the margins of lower DP Canyon
provides strong evidence that the tributary
canyon was largely cut by a stream originat-
ing in the Sierra de los Valles and that little
widening of this canyon has occurred since
the old stream channel was abandoned. The
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Fig. 17. Plots of differences between distance to north
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Quaternary valley floor show canyon asymmetry. A
positive value indicates that the north rim is farther
than the south rim from the canyon floor. Weslern parts
of both BV and Los Alamos Canyons are roughly
symmetlric, suggesting that retreat rates of the north
and south rims are similar. Other parts of the canyons
are asymmetric.



similarity between this small tributary can-
yon and DP and BV Canyons further suggests
that DP and BV Canyons were also formed
largely by streams originating in the Sierra
de los Valles (Fig. 2). The age of these older
stream channels that flowed over the mesas
near TA-21 is unknown, but they may exceed
1 Ma.

These observations imply that minimal retreat
of the cliffs adjacent to DP and BV Canyons
has occurred since integration of the mesa-
top channels (presumably along the present
course of Los Alamos Canyon) and that the
most significant canyon widening occurred
during periods of lateral migration of the
stream channel against the canyon walls. The
significant increase in the width of Los
Alamos Canyon downstream of DP Canyon
(Fig. 8), which is associated with an exten-
sive stream terrace ~100 ft above the channel
that extends east to State Route 4, also
suggests that the widening of Los Alamos
Canyon in this reach was strongly related to
lateral cutting by the stream when the
terrace gravels were being deposited.

Precise cliff-retreat rates cannot be deter-
mined because the time when the earlier
channels were abandoned is not known and
the canyon width at that time is also not
known. However, average long-term rates can
be constrained by making reasonable assump-
tions about the age of the channels. Assum-
ing ages of 0.5 to 1.22 Ma for the older allu-
vium of DP Canyon and using a maximum
distance of 130 ft from these gravels to the
Tshirege unit 3 canyon rim will provide maxi-
mum-limiting cliff-retreat rates of 0.11 to
0.26 ft/ky. If the 4.3-ft average block thick-
ness measured along BV Canyon below MDA
B (Fig. 7)is used, this is equivalent to removal
of one block every 16,000 to 33,000 years on
average. As coarse as these estimates are,
they emphasize that rockfalls at any point
along the tributary canyons are probably very
infrequent.

Geomorphic Studies at DP Mesa and Vicinity

GEOMORPHIC EVALUATION
OF TA-21 MDAs

MDA B and MDA V

Sediment Transport and Deposition
MDA B and MDA V are both located on the
south side of DP Mesa. All surface drainage
from MDA B and the majority of the drain-
age from MDA V is to the south into BV
Canyon (Plate 5).

Most runoff from MDA B is first channeled
along the dirt road bounding the MDA on the
south and later discharges off the south side
of the road onto the rocky sloping mesa. Most
of this runoff occurs at discrete locations, gen-
erally feeding into natural, shallow mesa-top
drainages and flowing downslope over the
Tshirege unit 3 cliffs into BV Canyon (Plate 5).
The distinct drainages south from the MDA
B dirt road occupy only some of the natural
drainages on the mesa, and many of the natu-
ral drainages are bypassed by the road-
related drainage system. These drainages
mainly occur below the western, paved part
of MDA B, implying that the present source
for much of the runoff is the paved surface.
Runoff from the main drainages can be traced
over the gently sloping upper mesa southward
to the steep rocky slopes and cliffs of Tshirege
unit 3. This runoff is in part braided and
takes multiple, meandering courses between
fracture-bounded blocks of tuff. Bandelier
Tuff bedrock is exposed along much of the
drainage courses above the cliffs and few
sediment-storage sites exist. Thus there are
relatively few sites for infiltration of signifi-
cant runoff into sediment or storage of
contaminants, although some infiltration of
runoff into fractures in the bedrock probably
occurs.

Additional runoff, probably of much smaller
volume, leaves the dirt road and diffuses
rapidly onto the mesa; recognizable drainages
cannot be traced far. The diffuse runoff south
of the MDA B dirt road generally can only be
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traced a few feet over the mesa surface and
most of the water may infiltrate into the
mesa-top soils. Also, the present locations of
this diffuse runoff are strongly influenced by
subtle features such as low berms along the
road. These features are probably ephemeral,
so that the location of diffuse runoff shifts over
time. Much of the runoff may infiltrate into
the shallow soil or into fractures on the rocky
slope before reaching BV Canyon. Any con-
taminants that may have been transported
by surface runoff away from MDA B are
unlikely to have been concentrated on the
slope. It is more likely that they would have
been dispersed on the slope or transported
down into BV Canyon.

The axis of BV Canyon contains many sites
of potential sediment deposition—and, there-
fore, sites of potential deposition of contami-
nants. The bottom of BV Canyon, generally a
grassy flat in the lower reaches, grades into
patches of grass among rockfall boulders up-
stream. The canyon floor lacks a distinct
channel for the lower 600 ft above the water-
fall and has a discontinuous channel
upstream. Notably, for the lower 1200 ft above
the waterfall, the valley floor alternates
between narrow, confined reaches (5 to 10 ft
wide) and wider, unconfined reaches (20 to
30 ft wide). At present, the areas immediately
downstream of confined reaches are the most
significant sites of sediment deposition in BV
Canyon. At these sites, runoff spreads and
shallows over unchanneled grassy flats, losing
its capacity to transport sediment. The pres-
ence of a grassy bed, which increases rough-
ness, should also tend to slow the flow and
encourage sediment deposition.

Four sites of sediment deposition in BV
Canyon that are potential sediment sampling
sites are shown on Plate 5. Two of these are
sites of significant flow expansion, roughly
600 and 1200 ft above the waterfall at the lip
of the hanging valley, where rapid shallowing
of the flow should encourage sediment depo-
sition. The third site is in a confined reach
near the downslope end of the hanging

valley, downstream of all side channels from
both MDA B and the west side of MDA V.
The fourth site is roughly 1700 ft above the
waterfall, where a recent rockfall—burying
most of a vintage car's hood—partially blocked
the canyon and created a sediment trap.

Future sediment samples from BV Canyon
should probably be obtained in transects
across the valley flat because runoff spreads
over these areas and likely would disperse any
contaminants. Samples should also be
acquired over a depth interval such as 0 to 6 in.
because these are likely sites for burial of sedi-
ments and any associated contaminants.

Present surface runoff away from the perim-
eter of MDAV is generally diffuse and spreads
over the mesa surface in unchanneled flow.
Distinct surface channels are present only
near the southeast corner of MDA V; surface
runoff flows over the mesa and then drops
over the steep, rocky Tshirege unit 3 slopes
immediately east of the BV Canyon water-
fall. There are no major sediment deposition
areas associated with this runoff. Some of the
diffuse runoff also concentrates in the shal-
low drainage west of MDA V, which drains
into BV Canyon.

Cliff Retreat
The available data on cliff-retreat processes
at TA-21 indicate that exposure of buried
waste by cliff retreat south of MDA B is
improbable within a time frame of 10,000
years or more. As discussed earlier, extensive
pitting and erosional modification of the
south-facing cliffs bordering the shallow
tributaries to Los Alamos Canyon (BV and
DP Canyons) suggest that failures are much
less frequent here than on the south-facing
cliffs bordering Los Alamos Canyon. In addi-
tion, the minimal retreat that could have oc-
curred for cliffs adjacent to the older alluvial
deposits provides evidence for maximum av-
erage retreat rates of 0.11 to 0.26 ft/ky, or
1.1 to 2.6 ft/10,000 yr. Using average rates
can be misleading, however, because retreat
probably occurs in discrete rockfall events.



The largest measured block south of MDA B
is ~16 ft thick measured perpendicular to the
cliff face (Fig. 11), and local retreat of this
scale could presumably occur at any time—
especially during earthquakes. Nevertheless,
the closest the cliffs of BV Canyon approach
MDA B is ~60 ft at the southeast end; thus
exposure of the wastes by cliff retreat is
extremely unlikely within a period of 10,000
years and could conceivably require in excess
of 100,000 years.

The risk of exposure of buried wastes by cliff
retreat at MDA V is more difficult to evalu-
ate. The original cliff adjacent to MDA V prob-
ably was deeply embayed, as is the case
further west along BV Canyon. Field and
airphoto examination indicates that the head
of an embayment was buried by artificial fill
at the southwest corner of the MDA. The
southwest corner of Absorption Bed 3 at MDA
V may approach within 20 to 25 ft of the steep
edge of this artificial fill (bed location from
Fig. 16.7-2, TA-21 RFI Work Plan) and is
possibly within several feet of the edge of the
original cliff. The stability of the artificial fill
is unknown, but the fill slope has a gradient
of ~0.85 (40°), and noncompacted fill as prob-
ably occurs at this site is often unstable at
such steep slopes. Failure of the fill slope and
the buried edge of the former cliff during a
triggering event like an earthquake or
intense rainstorm should be considered pos-
sible with the consequent exposure of the
southwest corner of Absorption Bed 3. Also,
an increase in the width of Los Alamos Canyon
near MDAV (Fig. 16) suggests locally higher
cliff-retreat rates here, which are possibly
associated with the increase in fracture den-
sity reported by Wohletz (Sec. ITI, this report).

MDAsA, T, and U

Sediment Transport and Deposition

MDAs A, T, and U are located on the north
edge of DP Mesa and drain north into DP
Canyon. It is known that radioactive contam-
inants, including plutonium, have been

Geomorphic Studies at DP Mesa and Vicinity

transported down DP Canyon in small concen-
trations (Purtymun, 1971, 1974; Purtymun
et al., 1990). The source of these contaminants
is thought to be primarily outfalls from TA-21.
It is possible that contaminants also have
been derived partly from surface erosion at
the MDAs and from air emissions at TA-21.

Surface drainage from all three MDAs is
channeled along the access road adjoining
TA-21 to the north and feeds into culverts that
discharge below the road. The surface runoff
from the three MDAs flows down the steep
Tshirege unit 3 slopes before spreading over
gentle, grassy slopes developed on alluvium
and slopewash in the bottom of DP Canyon
(Plate 4). These gentle slopes are likely sites
of deposition for much of the sediment
carried by the surface runoff and are appro-
priate sites for sediment sampling to deter-
mine whether significant amounts of contami-
nants have been deposited downslope of the
MDAs. In addition, small areas of sediment
deposition are present below MDAs A and U
in narrow troughs in the tuff below the road
(Plate 4). These are also appropriate sites for
sediment sampling.

The bottom of DP Canyon is underlain in part
by sediment that was deposited since devel-
opment began in the watershed, as discussed
earlier; the evidence for the young age is
provided by the presence of exotic material
within the sediments. This historic sediment
can reach 7 ft in thickness upstream of the
MDAs, although thicknesses of ~3 ft are more
common in the reach affected by the MDAs
and outfalls. Previous sampling of sediment
in upper DP Canyon has been restricted to
the presently active channel (Purtymun,
1971). It is possible that contaminants were
deposited in the valley bottom sediments as
they aggraded during historic time. There are
natural streambank exposures of the historic
sediments down-channel from the MDAs,
immediately above where the channel steepens
and cuts into Tshirege unit 2 bedrock. These
exposures are appropriate sampling sites for
determining whether significant amounts of
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contaminants are stored in these sediments.
One suggested sampling site, at an excellent
north-south streambank exposure, is shown
on Plate 4. Sampling to span this vertical
exposure is recommended—such as in several
depth intervals (for example, 0 to 6 in., 6 to
12 in., ete.). If contaminants are found, more
detailed sampling of individual stratigraphic
layers may be warranted because the contam-
inants may be concentrated in one or more
discrete layers.

Cliff Retreat

Available data on cliff-retreat processes at
TA-21 suggest that exposure of buried waste
by the retreat of the slopes north of MDAs A,
T, and U is unlikely within time frames of
10,000 years or more. No evidence of recent
rockfalls was observed along the north-
facing walls of DP and BV Canyons and, as
discussed earlier, the distribution of the older
alluvial deposits provides evidence for
extremely slow retreat rates on the slopes
bordering the shallow tributary valleys to Los
Alamos Canyon (including upper DP Canyon).
The northern margins of MDAs A, T, and U
are about 200, 65, and 75 ft, respectively, from
the break in slope at the top of the steep
Tshirege unit 3 slopes and farther than MDA
B; thus, exposure by cliff retreat caused by
repeated rockfalls is considered unlikely.

The possibility of infrequent, larger scale
mass-wasting on the north side of DP Mesa
is suggested by the presence of anomalous
arcuate troughs and steps north of MDAs A
and U (Plate 4). These features are similar to
steps and troughs that develop at the heads
of large landslides. However, there is no other
evidence for landsliding on this scale within
the shallow canyons at TA-21, and it seems
more reasonable that another mechanism
created these features. Specifically, the arcu-
ate steps occur west of and roughly on line
with the paleo-stream channel that contains
the older alluvial deposits (Plate 3), and the
steps may have been carved by similar
streams that once flowed over the top of DP

Mesa. In addition, even if these steps were
created by large-scale landsliding, future fail-
ures would most likely involve movement of
the already detached blocks north of the
MDAs (if they exist) and would not expose
buried contaminants.

SUMMARY

The most significant pathway for surface
transport of contaminants at TA-21 is erosion
by surface runoff. Contaminants that are
available for surface transport may be present
in sediment previously eroded from MDAs
or downslope of outfalls, or may be widely
dispersed over the area as a result of air emis-
sions. The most likely sites for deposition and
temporary storage of contaminants
downslope of the MDAs are shown on Plates
6 and 7. Below MDAs B and V, these sites are
within BV Canyon, a shallow, low-gradient
tributary to Los Alamos Canyon, where mod-
ern sediment deposition occurs on the grassy
valley floor. Below MDAs A, T, and U, these
sites are on grassy alluvial surfaces on the
margins of the main DP Canyon channel and
at local sediment-deposition areas upslope.
Sediment deposited at each of these sites
should be considered in temporary storage.
The long-term record of sediment erosion and
deposition in DP Canyon indicates that
remobilization of this sediment can occur on
time scales of years to thousands of years. In
addition, the valley floor in DP Canyon has
undergone aggradation by deposition of sedi-
ment in the last 50 years, and it is possible
that contaminants eroded from MDAs or
discharged from outfalls are retained within
these sediments. The modern channel of DP
Canyon has incised these historic sediments,
and contaminants within previously depos-
ited sediment may be supplied to the modern
channel through bank erosion. Samples from
these historic sediments exposed in stream-
banks in DP Canyon can be used to determine
contaminant concentrations and possible
contaminant sources for the stream.



All five MDAs at TA-21 are located near the
edges of DP Mesa, and eventual exposure of
buried contaminants by the retreat of cliffs is
possible. Along the cliffs bordering Los Alamos
Canyon, partially detached landslide blocks
show that failure can occur up to at least 75
ft from the mesa edge. Single failures of this
scale should be considered possible along the
rim of Los Alamos Canyon, especially during
earthquakes. However, the MDAs border
shallow tributary canyons to Los Alamos Can-
yon, where the geomorphic characteristics
provide evidence that rockfalls are very
infrequent and that MDAs more than 50 ft
from the cliffs should be considered stable
with respect to mass-wasting for periods
exceeding 10,000 years. Four of the five MDAs
meet this criteria. The possible exception,
MDA V, may have an absorption bed within
20 to 25 ft of the mesa edge. The mesa edge
here consists of artificial fill that buries the
head of an embayment along the canyon wall.
Absorption Bed 3 may be within several feet
of the original mesa edge, and exposure of
the southwest corner of this bed through fail-
ure of the artificial fill or an adjacent buried
fracture-bounded block of tuff should be
considered possible during an earthquake or
intense rainstorm. Local increases in canyon
width (Fig. 16) and fracture density (see
Wohletz, Section III, this report) near MDA
V also suggest the potential for relatively fast
rates of cliff retreat here.

DP Spring, which contains low concentrations
of tritium, emerges from the base of an old
valley fill in lower DP Canyon. This valley
fill probably extends less than 300 ft
upcanyon from DP Spring and is largely con-
fined to the part of the canyon that is cut into
the nonwelded units of the Bandelier Tuff.
Because the spring is perennial—in contrast
to the intermittent surface flow farther up
DP Canyon—the water must have infiltrated
into the tuff upstream, either directly from
the stream channel or after first infiltrating
alluvium. The favored model for the
springwater flow path is that water from the
alluvium in upper DP Canyon infiltrates the

Geomorphic Studies at DP Mesa and Vicinity

highly fractured Tshirege units 2 and 1v and
emerges from the fractures into the upper
part of the valley fill in lower DP Canyon.
From there, the water flows through the valley
fill before emerging at the contact between
the valley fill and the Tshirege unit 1g at DP
Spring.
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PRELIMINARY DRILLING RESULTS FOR
BOREHOLES LADP-3 AND LADP-4

by

D. E. Broxton, P. A. Longmire, P. G. Eller, and D. Flores

This report presents preliminary geologic and hydrologic findings
for two geologic characterization boreholes drilled in autumn 1993
as part of TA-21 RFI investigations. LADP-3 was drilled to determine
if perched groundwater occurs at depths greater than that of alluvial
groundwater in Los Alamos Canyon. LADP-4 was drilled to deter-
mine if perched groundwater occurs beneath DP Canyon and to
investigate whether subsurface contaminants from the industrial-
ized areas of TA-21 have migrated northward towards DP Canyon.

LADP-3 penetrated a thick sequence of slope-derived colluvium and
stream-derived alluvium on the canyon floor before entering bed-
rock. Bedrock units penetrated by the borehole include the Otowi
Member of the Bandelier Tuff (including the Guaje Pumice Bed)
and gravels of the Puye Formation. This borehole encountered two
perched groundwater zones. The upper zone is part of the canyon's
alluvial groundwater and is divided into two distinct zones of satu-
ration. An intermediate-depth perched groundwater zone was
encountered at a depth of 325 ft in the Guaje Pumice Bed. Water
from this deeper perched zone contains 6.0 +0.16 nCi/¢ of tritium—
which is above regional background for surface water but well
below the drinking water standard of 20 nCi/{. Preliminary analyses
for low-level " Cs and Pu isotopes failed to detect these constituents.
Mixing calculations suggest that ~70% of the groundwater in the
Guaje Pumice Bed is recharge from alluvial groundwater.

LADP-4 penetrated alluvium on the canyon floor and entered the
following bedrock units: the Tshirege Member of the Bandelier Tuff
(including the Tsankawi Pumice Bed), fluvial sediments of the Cerro
Toledo interval, the Otowi Member of the Bandelier Tuff (including
the Guaje Pumice Bed), and fluvial sands, gravels, and cobbles of
the Puye Formation. Low-level tritium was found in this borehole.
Preliminary laboratory analysis yielded 2.15 +0.18 pCi/g tritium in
a tuff sample collected from a moist zone associated with the
Tshirege unit 1v/1g boundary at a depth of 158.6 to 160.1 ft. This
value is above background but well below the screening action level
of 820 piC/g. The origin of the tritium is not yet known, but moisture
transport from several industrial sites at TA-21 is a possibility.

Additional chemical and radiochemical analyses are being conducted
to more fully characterize potential contamination in these two
boreholes. Also, hydrologic testing of core samples is underway to
characterize the geohydrologic properties of subsurface units at TA-21.
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INTRODUCTION

During autumn 1993, two geologic character-
ization boreholes were drilled at TA-21. Bore-
hole LADP-3 is located in Los Alamos Canyon
south of TA-21, and borehole LADP-4 is
located in DP Canyon to the north (Fig. 1).
These boreholes, described in section 12.5.1.2
of the RFI work plan, were drilled to identify
potential transport pathways in the vadose
zone and to characterize vertical and lateral
variations in the geohydrologic properties of
the site. All work was done according to the
RFI work plan.

LADP-3 was drilled to determine if perched
groundwater occurs at depths greater than
that of the alluvial groundwater in Los
Alamos Canyon. In addition, geologic and

hydrologic data from LADP-3 are being
collected in conjunction with data from other
nearby boreholes to identify the presence and
properties of major hydrogeologic units at
TA-21. These data are used to improve
conceptual models for the site, identify
potential transport pathways, and provide
useful planning information for subsequent
drilling operations at TA-21.

LADP-4 was drilled to determine if perched
groundwater occurs beneath DP Canyon and
to investigate whether subsurface contami-
nants from the industrialized areas of TA-21
have migrated northward towards DP Canyon.
In addition, geologic and hydrologic data from
LADP-4 is being collected to characterize the
major hydrogeologic units at TA-21.
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Fig. 1.

Map showing locations of boreholes LADP-3 and LADP-4 at TA-21. A-A’ is the line of

cross section shown in Fig. 15. Inset shows locations of the monitoring wells and DP Spring.



Preliminary Results for Boreholes LADP-3 and LADP-4

METHODS
LADP-3

Drilling of LADP-3 began November 2, 1993,
and was completed on December 17, 1993.
Originally, the target depth for LADP-3 was
determined by the elevation of the uppermost
basalt penetrated by borehole Otowi 4, located
~0.75 miles to the east (Fig. 1), or 490 ft—
whichever was encountered first. However,
because groundwater was encountered at 325 ft,
drilling was terminated at 350 ft after the
extent of the perched zone was determined.

LADP-3 was drilled from the surface to 232 ft
using an 8.5-in. hollow-stem auger. The bore-
hole was completed to the final depth of 350 ft
using air-rotary drilling methods (Fig. 2).
Rock coring, using a 4.5-in.-diam rock barrel,
alternated with advancement of 5.625-in.-1.d.
ODEX casing from 232 to 350 ft. Alluvial and
surface groundwater were cased out of the
borehole by installing and grouting permanent
8.625-in.-0.d. surface casing to a depth of 90 ft.

Samples for gravimetric moisture and tritium
analyses were collected every 5 ft in LADP-3.
Four background geochemical and radio-
chemical samples were also collected. The
analytical suite for chemical and radionuclide
characterization are described in Table 12.5-111
of the RFI work plan. In addition, 36 intact
core samples were collected for analysis of
hydrogeologic properties. The core was sealed
in airtight containers to prevent changes in
moisture content and other properties. Water
samples were collected from the alluvial
groundwater and from the perched zone at
325 ft. Except as noted below, laboratory
analyses of cores and water samples are not
yet available.

LADP-4

Drilling of LADP-4 began August 30, 1993,
and was completed November 7, 1993. Well
LADP-4 was drilled to a depth of 800 ft using
air-rotary methods (Fig. 3). Surface and near-

surface groundwater were cased out of the
hole with a 10.75-in.-0.d. surface conductor
pipe cemented around the well to a depth of
28 ft. ODEX casing (8.625-in.-0.d.) inside the
first pipe lines the hole to a depth of 579 ft.
From 579 to 800 ft the ODEX casing tele-
scopes to 6.626-in.-0.d. Continuous core 4.5
in. diameter was collected from the surface
to 573-ft depth. Cuttings were collected from
573- to 800-ft depth because the unconsoli-
dated nature of the Puye Formation pre-
vented intact core recovery.

LADP-3 as Drilled

0’
<—14.75-in. Hole

Cement

8.625-in.-0.d.

o Permanent Casing

Upper 232 ft Drilled by
8.5-in. Hollow-Stem Auger

[y

232 =

Lower 118 ft

Drilled by Air-Rotary
Methods Alternating
Advancement of a
4.5-in.-diam. Core Bit
and 5.625-in.-i.d. and
6.625-in.-0.d. ODEX
------- ' Casing

iy

T.D. 350 ft

Fig. 2. Construction of LADP-3. (Prepared from data
provided by J.C. Newsom and E.D. Davidson, Jr.)
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Samples for moisture and tritium analyses
were collected every 5 ft for the total depth
of LADP-4. Six background geochemical and
radiochemical samples also were collected.
The analytical suite for chemical and radio-
nuclide characterization is presented in Table
12.5-I1T of the RFT operable unit work plan.
Except as noted below, laboratory analytical
results are not yet available. In addition, 25
intact core samples were collected for char-
acterization of hydrogeologic parameters. The
core samples were sealed in airtight containers
to prevent changes in moisture content and
other properties before analysis.

Protective

c
a 0t

T~ .
‘ h«—14.75—|n. Hole
o8 ft M- —— Grout

10.75-in.-0.d.
Permanent Casing

«—9.750-in. Hole

he— 8.625-in.-0.d. x 7.625-in.-i.d.
ODEX Casing

e e W e - N e = m e

579t 'te .
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! E<—7.375-in. Hole
I
i jle—6.625-n.-0.d. x 5.625-in.-i.d.
! E ODEX Casing
! .
\ )

T.D. 8004t ‘M. Lle— 5.188-in.-i.d. ODEX Shoe

Fig. 3. Construction of LADP-4. (Prepared from data
provided by J.C. Newsom and E.D. Davidson, Jr.)

RESULTS
LADP-3

LADP-3 penetrated a thick sequence of slope-
derived colluvium and stream-derived alluvium
on the canyon floor before entering bedrock.
Bedrock units penetrated by the borehole
include the Otowi Member of the Bandelier
Tuff (including the Guaje Pumice Bed) and
gravels of the Puye Formation. Preliminary
geologic information for LADP-3 is summa-
rized in Figs. 4 and 5.

Thin sheets of groundwater were encountered
at depths of 27 and ~35 ft. These sheets of
groundwater occur in stream-deposited allu-
vium and are at or slightly below the elevation
of the main stream channel in Los Alamos

Depth {ft.)

0 T T T T T ]

Tuftfaceous colluvium from
canyon walls

Stream alluvium; massive, |
coarse, well-sorted, sandy [»

26 Cobble-rich stream aliuvium

Stream alluvium; mostly
tuffaceous sand, partly
pumiceous, derived from
reworking of El Cajete
pumice falls

40

4-in. clay layer

44.8

51.7

Cobble-rich
stream alluvium

Otowi Member,
Bandefier Tuff

80 | L[

10 20 30 40
Moisture Content (wt. %)

Fig. 4. Preliminary geologic information and variations
in moisture content in the alluvial groundwater
penetrated by the upper part of LADP-3 in Los Alamos
Canyon.
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from these preliminary analyses). This
groundwater contains 6.0 £ 0.16 nCi// of
tritium, which is an order of magnitude above
background for surface water in Los Alamos
Canyon (P. Longmire, unpublished data) but
well below the drinking water standard of
20 nCi/¢. Preliminary analyses for low-level
137Cs and Pu isotopes failed to detect these
constituents. Additional analyses are being
conducted to determine if other contaminants
are present and to further investigate the
possibility of a hydrologic connection between
the alluvial groundwater and groundwater in
the Guaje Pumice Bed.

Moisture content was determined for 59 core
samples in LADP-3. Moisture contents range
from 7 to 41%, and the average moisture
content is 16%. Moisture distribution as a
function of depth is shown in Figs. 4 and 5.

Gravimetric moisture contents up to 40% are
associated with the alluvial groundwater near
the top of the borehole (Fig. 4). The moisture
data reflect the sheet-like occurrence of the
groundwater, which occurs in two water-
producing zones. The upper zone is associated
with a cobble layer at a depth of 27 ft. The
lower water-producing zone occurs in a
porous, pumice-rich stream alluvium and may
be perched above a 4-in. clay layer at a depth
of 45 ft.

Moisture contents decrease to 12 to 156% in
the bedrock tuffs immediately below the
canyon floor. However, moisture contents
systematically increase with depth, starting
at 170 ft in the middle of the Otowi Member
and peak in the upper part of the Guaje Pumice
Bed just above the perched groundwater (Fig. 5).

LADP-4

LADP-4 penetrated alluvium on the canyon
floor and then entered the following bedrock
units: the Tshirege Member of the Bandelier
Tuff (including the Tsankawi Pumice Bed),
fluvial sediments of the Cerro Toledo interval,
the Otowi Member of the Bandelier Tuff

(including the Guaje Pumice Bed), and fluvial
sands, gravels, and cobbles of the Puye
Formation. Figure 6 presents a preliminary
geologic log for LADP-4.

The original target depth for LADP-4, 675 ft,
was selected in order to penetrate potential
perched groundwater zones such as those that
occur in the midreach of Pueblo Canyon and
near the confluence of Pueblo and Los Alamos
Canyons. The borehole also was designed to
intersect a basalt flow penetrated by drillhole
Otowi 4 in Los Alamos Canyon (Fig. 1). Where
present, massive, little-fractured basalt could
act as a barrier to the downward migration
of groundwater in the vadose zone—causing
water to perch. Alternatively, rubble zones at
the base of basalt flows are permeable and
may divert flow laterally.

Neither basalt nor perched groundwater were
encountered in the borehole at its original
target depth. The drill hole was deepened to
800 ft to ensure that no basalt flow occurs
deeper than originally projected. Drilling was
terminated in gravels of the Puye Formation
at a depth of 800 ft.

Moisture contents were determined for 139
samples in LADP-4. Moisture in core and cut-
tings range from O to 23%, and the average
moisture content is 7%. Figure 7 shows mois-
ture distribution as a function of depth.

Moisture contents are somewhat elevated
(~10%) in surface soils and in the upper part
of bedrock tuffs in LADP-4. Moisture in the
tuff decreases to <6% at a depth of ~136 ft,
where a noticeable increase in moisture occurs
at the abrupt transition between devitrified
tuffs of Tshirege unit 1v and vitric tuffs of
Tshirege unit 1g; peak moisture contents
reach 23%. Moisture contents also are
elevated (~20%) in the lowermost part of
Tshirege unit 1g and in the underlying
Tsankawi Pumice Bed. Although somewhat
variable, moisture in LADP-4 generally
decreases with depth below the Tsankawi
Pumice Bed.



Preliminary Results for Boreholes LADP-3 and LADP-4

Depth from
Suftace Description
Dirt Fill and Alluvium
0 L arnweony — Drill pad filt material and alluvial material consisting
of silty sand and minor gravels
— Nonwelded to moderately welded, vapor-phase-
50 Tshirege altered ignimbrite; contains light- to medium-gray
it2 pumice apilli in a pink-gray to gray matrix; unit
uni exhibits welldeveloped fracturing. Location of this
contact based on observations by F. Caporuscio,
a2 — | ASI, Inc. {personal communication)
100 - i
TSh!rege — Nonwelded to partially weided, vapor-phase-
unit 1v altered ignimbrite; gray to chocolate-brown
pumice lapilli in a grayish-white matrix; interval
158 to 162 ft is equivalent to the "vapor-phase
150 - 58— notch” in surface exposures
f Nonwelded, vitric ignimbrite; tuff is poorly indurated
200 - Tsh_lrege — and soft; pumice lapilli are medium to dark gray
unit 1g and are fibrous; ash-rich surge beds occur at base
of unit
Tsankawi Pumice Bed of the Tshirege
Member; light-gray, clast-supported pumice
250 25351 fall deposit. Pumices average 3 ¢cm in
Cerro diameter, are fibrous, and have vitreous
T°|ed° luster; thickness 3.5 ft
Interval A e Stratified alluvial deposits consisting of reworked
0 [N tuffs derived from Cerro Toledo pumice falls and
300 - of sands and gravels derived from the Tschicoma
Formation
350
400 -
. — Nonwelded, vitric ignimbrite; poorly indurated;
Otowi contains 15 to 20% pumice clasts 2 to 5 cm in

diameter; contains 2 to 5% lithic clasts, including

250 - Member dark lavas, 0.1 to 2 cm in diameter

500
A AT
550 ;.'0':#:# - Guaje Pumice Bed; light-gray, clast-supported pumice
e fall deposit. Pumices average 1to 2 cm in diameter,
——573 ft i are fibrous, and have vitreous luster; thickness 28 ft
600 /
-~
-~
650 -
// __ Gravels in a matrix of sand, silt, and clay; gravels
Puye consist of intermediate-composition lavas; interval
700 Formatior between 700 and 80C ft has aiternating zones of
/ moist gravels and slightly moist to dry silts and sands
750 - ,.-"f ;
!
1.0.800 |

Fig. 6. Preliminary lithologic log for borehole LADP-4,
DP Canyon.
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Fig. 7. Variation in moisture content as a function of
depth in borehole LADP-4, DP Canyon.

Laboratory tritium results are not yet avail-
able for most samples taken from LADP-4.
However, initial screening of samples in the
field laboratory indicates that low-level
tritium is present in some samples. A high-
priority laboratory analysis yielded 2.15
+ 0.18 pCi/g tritium in a tuff sample collected
from the moist zone associated with the unit
1v/1g boundary at a depth of 158.6 to 160.1 ft.
This value is significantly above background
but well below the screening-action level of
820 pCi/g for tritium in soils. In general, the
tritium concentrations determined by the
field laboratory do not correlate well with
the moisture content in other parts of the
borehole.
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DISCUSSION

The alluvial groundwater in LADP-3 was
encountered despite attempts to avoid shallow
groundwater by siting the hole as far as
possible from the stream channel. Evidently,
canyon-bottom alluvial groundwaters in the
Los Alamos area can extend at least as far
laterally as their host alluvial deposits do.
Most likely, the alluvial groundwater is
confined on its sides and bottom by tuff
bedrock, but this not yet confirmed in Los
Alamos Canyon.

The chemistry of the Guaje Pumice Bed
groundwater is similar in major constituents
to that of the alluvial groundwater. This
similarity, in addition to the presence of low-
level tritium contamination, strongly suggests
a hydrologic connection between the two
perched groundwaters. Major-ion chemistries
and tritium activities of water samples
collected from monitor wells LAO-B (back-
ground) and LAO-1 as well as a spring in Los
Alamos Canyon are compared to analytical
results for LADP-3 to evaluate mixing
relationships between alluvial and Guaje
Pumice Bed groundwaters. Monitor wells
LAO-B and LAO-1 are completed in alluvium
upstream and upgradient of LADP-3 (Fig. 1).
Results of chemical analyses of groundwater
samples collected from LAO-B (Fig. 8) show
that native alluvial groundwater in Los
Alamos Canyon is a Ca*-Na*-HCO,-type
solution. This groundwater has a total
dissolved solids (TDS) content of 110 ppm.
A spring sampled in Los Alamos Canyon
north of the skating rink (Fig. 1) contains
Na*, Ca*, and HCO, as the dominant species
(Fig. 8). This spring has a TDS content of
186 ppm. Groundwater collected from LAO-1
is a Na*-Cl-HCO,-type solution (Fig. 8) and
is characterized by a TDS content of 170 ppm.
Concentrations of Na* and Cl increase along
the groundwater flow path in the alluvium
in Los Alamos Canyon (Fig. 8). These
increases result primarily from dissolution of
road salt and discharges from Laboratory
facilities and secondarily from cation
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exchange and weathering of the Bandelier
Tuff and Tschicoma Formation, which
make up the alluvial material (Longmire,
unpublished data). Groundwater samples
collected from LADP-3 are characterized by
a mixed-ion composition in which Na*, Ca?,
HCO,, and CI' are the dominant species. The
TDS content of this groundwater is 229 ppm
(Table I). LADP-3 groundwater is enriched
in Cl- and Na* relative to water from LAO-B
and the spring (Fig. 8). Groundwater within
the Guaje Pumice Bed is chemically similar
to alluvial groundwater collected from monitor
well LAO-1 (Fig. 8). This similarity in major-
ion chemistries suggests that alluvial ground-
water is recharging the Guaje Pumice Bed.

Figure 9 is a volumetric-mixing curve for the
Guaje Pumice Bed and alluvial groundwaters
that is based on the conservative species CI-.
End members for this mixing curve include
an estimated Cl- concentration for noncon-
taminated groundwater in the Guaje Pumice
Bed (3.2 ppm, 10*% molal) and an average
CI concentration (64.51 ppm, 102%™ molal) in
groundwater samples collected from LAO-1
over 25 years (1966 to 1991). Monitor well
LAO-1is located hydrologically upgradient of
LADP-3. Figure 9 suggests that ~70% of the
groundwater in the Guaje Pumice Bed is
derived from alluvial groundwater.

Figure 10 shows tritium activities observed
in alluvial groundwater (LAO-1). Tritium fluc-
tuations observed in LAO-1 probably are the
result of the sampling time, variations in
source concentration, radioactive decay, and
dispersion. Tritium occurs as tritiated water
(H3HO), and its retardation factor is equal
to unity, which makes this species an excel-
lent radioactive groundwater tracer. A calcu-
lated radioactive-decay curve for tritium
activities observed in LADP-3 (6.0 + 0.16 nCi/¢)
is also shown in Fig. 10. An estimate of
groundwater flow velocity in the vertical
direction can be calculated from Fig. 10; over-
lap of the two curves places a plausible time
of groundwater recharge from the alluvium
to Guaje Pumice Bed (325-ft depth). This
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Fig. 10. Observed tritium activities in alluvial groundwater (monitor well LAO-1) and calculated tritium decay in
Gauje Pumice Bed groundwater (LADP-3), Los Alamos Canyon.

assumes that (1) tritium concentrations
observed at LAO-1 are representative of
alluvial groundwater recharging the Guaje
Pumice Bed, (2) decreases of tritium activities
are mainly due to radioactive decay (T'? for
tritium is 12.33 years), and (3) dispersion and
evapotranspiration are insignificant. Based
on the data shown in Fig. 10, a realistic
recharge event possibly occurred in 1972,
which suggests that a minimum vertical
groundwater flow velocity, calculated for
1994, is 15 ft/year (325 ft/22 years). This calcu-
lation applies to fracture and matrix flow,
where the vertical groundwater flow velocity
is controlled by the degree of saturation, the
unsaturated hydraulic conductivity, and the
hydraulic gradient.

One hypothesis for the origin of Guaje Pumice
Bed groundwater is that infiltration occurs
at several points of recharge or along a line
source of recharge on the canyon bottom.
Surface water and alluvial groundwater, the
likely sources of recharge, may reach the
Guaje Pumice Bed as porous media flow
through local zones of saturation (Fig. 11).
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Given the relatively low moisture content
(10 to 15%) in the upper part of the Otowi
Member (Fig. 5), it is unlikely that LADP-3
penetrated a zone of recharge. These mois-
ture contents represent ~25% saturation in
tuffs containing 40 to 50% porosity. Ground-
water movement at these low saturation
levels could occur only if the smallest pores
in the tuff are interconnected. It is possible
that recharge occurs upstream of LADP-3 or
that the recharge pathways are tortuous and
poorly characterized by individual boreholes.

Alternatively, faults, fractures, and joints
crossing the canyon floor may act as prefer-
ential pathways for recharge that reaches the
Guaje Pumice Bed (Fig. 11). Where present,
these structural features may act as conduits
that allow groundwater to bypass unsatur-
ated rocks before spreading laterally in
permeable stratigraphic units. The Guaje
Mountain fault, which is projected to cross
Los Alamos Canyon in the vicinity of TA-2, is
an example of a structural feature that may
act as a conduit for recharge of perched systems
beneath the canyon floor.









Preliminary Results for Boreholes LADP-3 and LADP-4

The discovery of Guaje Pumice Bed ground-
water shows that surface water can infiltrate
to substantial depths in the unsaturated zone
beneath the large canyons of the Pajarito
Plateau. Although the presence of the Guaje
Pumice Bed perched groundwater raises
questions about potential transport through

the unsaturated zone, it is important to note
that 600 ft of unsaturated Puye Formation
separate the Guaje Pumice Bed ground-
water from the main aquifer (Fig. 13). In
addition, tritium levels in LADP-3 are below
EPA drinking-water standards and likely
would be diluted further if these groundwaters
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Tshirege Member ":”:”:”:”:”: .
g MRS Elev.6755 ft Otowi 4
Cerro Toledo 6808  [fFerhie (approx.)
6798 LT T T Elev.6627 ft
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Fig. 13. Summary of subsurface geology in the vicinity of TA-21. Otowi 4 geology is summarized from Stoker
etal. (1992). Intermediate-depth perched groundwater in LADP-3 and Otowi 4 are ~600 ft above the main aquifer.
Guaje Pumice Bed groundwater in Los Alamos Canyon does not extend as far north as LADP-4 in DP Canyon.
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entered the main aquifer. Additional bore-
holes planned for the area around TA-2 and
TA-41 should penetrate to the depth of the
Guaje Pumice Bed groundwater. These bore-
holes will provide important information
about the lateral extent of the Guaje Pumice
Bed perched groundwater and will help iden-
tify the source of tritium and groundwaters.

As specified in RFI work plan, LADP-3 was
completed as a monitoring well when ground-
water was encountered in the Guaje Pumice

65 ft

Otowi

Bed. The monitoring well was completed with
2-in. PVC inside a temporary ODEX casing,
which was subsequently removed. Estimated
thickness of the perched zone is 5 to 7 ft, and
the well is screened from 326 to 316 ft.
Figure 14 shows details of the completed
monitoring well. Future plans for the moni-
toring well include installation of a continuous
groundwater-level monitoring transducer and
groundwater sampling on a quarterly basis.

<— | ocking Cap
<+— 14.75-in. Hole

Cement

8.625-in.-o0.d.
Permanent Casing

— 2-in. PVC pipe

Member

232 ft

308 ft

328 ft TN TN NN NN
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-

seal (3"-3.5" nominal per
side)

;r— Granular bentonite annular
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apart (annular seal = 2.5"-
3" nominal per side)

£d_ 10 ft Screen (20/1000-in. slots)
q  from 316 to 326 ft

: — 13 ft Sand (10/20 Colorado

silica) from 314 to 327 ft

1 a3 hydrated bentonite (327

to 350 ft

Fig. 14. Completion of LAPD-3 as a monitoring well (prepared from data provided by J.C. Newsom and

E.D. Davidson, Jr.).
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DP Canyon. Data are not yet available for
determining if tuffs in LADP-4 and DP Spring
are hydrologically connected, but the occur-
rence of tritium at both locations suggests
that such a connection might exist.

One hypothesis for the origin of tritiated
groundwater at DP Spring is that it is derived
from alluvial groundwater in DP Canyon,
which becomes slightly contaminated as it
flows past a source or sources associated with
industrialized areas of TA-21 (Fig. 15).
Shallow groundwater is unusual in a canyon
of this size whose headwaters are on the
Pajarito Plateau. Runoff into DP Canyon is
probably augmented by diversion of surface
water into the canyon from extensive paved
areas in the canyon's headwaters. Alluvial
groundwater commonly emerges in the
stream channel as isolated small pools and
short stretches of intermittent surface-water
flow in the middle reaches of the canyon. East-
ward, DP Canyon becomes steeper, narrower,
and deeper as the stream cuts downward
through welded-tuff bedrock. Stream allu-
vium is thinner and more discontinous in this
part of the canyon because short, intense sum-
mer thunderstorms tend to scour sediments
from areas where the stream gradient is high.
Surface flow is intermittent in this portion of
the canyon. Because DP Spring is perennial
and the stream channel is dry for much of
the year, water storage probably occurs within
stream alluvium—particularly in the middle
reaches of the canyon where alluvial deposits
are thickest. Downcanyon, where alluvium is
thin and discontinuous, some water storage
may occur in fractures.

An alternative hypothesis for the origin of the
tritiated groundwater at DP Spring is that it
derives from a perched groundwater body
located beneath DP Canyon (Fig. 15). No
perched water was encountered in borehole
LADP-4 in the middle reach of the canyon,
but relatively high moisture contents and low-
level tritium contamination occur along the
Tshirege unit 1v/1g boundary. This boundary
is ~30 ft above the point where DP Spring
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emerges in DP Canyon. As noted above, this
body may be a preferential pathway for the
lateral movement of groundwater or water
vapor. Perhaps borehole LADP-4 missed a
perched groundwater body in the middle
reach of the canyon or perched groundwater
occurs beneath one of the mesas adjacent to
the canyon.

Two boreholes will be drilled in DP Canyon
as part of future ER studies. These boreholes
will provide additional information about the
source of tritium at DP Spring and possible
hydrologic connections between DP Spring
and tritium source areas at TA-21.

CONCLUSIONS

Two geologic characterization boreholes were
drilled at TA-21 between August 30 and
December 17, 1993. These boreholes were
drilled to determine if perched groundwater
occurs beneath Los Alamos and DP Canyons
and to characterize the major hydrogeologic
units at TA-21. This report has presented
preliminary geologic and hydrologic data
collected from these boreholes.

Borehole LADP-3 in Los Alamos Canyon
encountered two perched groundwater zones.
The upper zone is likely part of the canyon's
alluvial groundwater and its occurrence in
this borehole shows that these shallow
groundwaters can extend at least as far
laterally as their host alluvial deposits do.
Moisture data for the borehole shows that this
upper groundwater is divided into two distinct
zones of saturation. Guaje Pumice Bed
groundwater occurs at a depth of 325 ft.
A water sample of this deeper perched zone
contained 6.0 + 0.16 nCi/¢ of tritium, which is
above regional background for surface water
but well below the drinking water standard
of 20 nCi/#4. Preliminary analyses for low-level
137Cs and Pu isotopes failed to detect these
constituents. Mixing calculations suggest that
~70% of the groundwater in the Guaje Pumice
Bed is recharge from alluvial groundwater.
Additional analyses are being conducted to






FLUORESCEIN DYE EXPERIMENT AT DP SPRING
AND SEWAGE OUTFALL

by

A. Adams, J. DeMuth, D. Counce, and F. Goff

Fluorescein dye was released into DP Canyon and one of its
tributaries to determine if tritium in the water at DP Spring is
supplied all or in part by tritiated effluent released from the
sewage outfall on the east end of TA-21. DP Spring and three
canyon sampling sites downgradient of the sewage outfall were
sampled on a regular basis for 60 days after the dye was
released. The fluorescein dye was found in all three canyon
sampling sites but was never detected at DP Spring. Chlorate,
an industrial processing chemical, is found in DP Spring but
not in the effluent from the sewage outfall or in the canyon
sample sites. In addition, water collected at the three canyon
sampling sites contains much higher concentrations of nitrate,
phosphate, and sulphate than is found in DP Spring. These
data suggest that the tritium in water at DP Spring did not

originate from the sewage treatment outfall at TA-21.

INTRODUCTION

Technical Area 21 is located on a narrow mesa
north of Los Alamos Canyon and south of
DP Canyon (Fig. 1). DP Canyon is a side
canyon that merges with Los Alamos Canyon
east of the study area. DP Spring is located
in the lower part of DP Canyon. In 1991,
water from this spring was found to contain
low levels of tritium. This study examines a
possible hydrologic connection between
DP Spring and the outfall associated with the
sewage treatment plant located on the east
end of TA-21.

TA-21 has had an interesting and complex
history of waste disposal; the site has been
used for research determining the chemical
and metallurgical properties of nuclear
materials from World War II to the present
time (Rogers, 1977; Nyhan et al., 1984; Gerety

et al., 1989; Merrill, 1990). The recovery and
purification of various types of plutonium-
bearing residues created during these efforts
has involved many industrial processes.

Tritium levels ranging from 3235 to 8915 pCi/kg
of water were found at the sewage outfall and
levels ranging from 381 to 2704 pCi/kg of
water were observed at DP Spring. A fluores-
cein dye experiment was conducted to determine
if the water at DP Spring originated from the
sewage outfall at DP site.

FIELD WORK AND ANALYTICAL
METHODS

In June 1992, 20 ¢ of fluorescein dye solution
was released directly into a small tributary
of DP Canyon just below the sewage treatment
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Fig. 1. Location map showing location of DP Spring,
the TA-21 sewage treatment outfall, and the sites of
the fluorescein dye pour and sampling.

outfall (Figs. 1 and 2). Fluorescein, easily
seen by the naked eye because of its bright
fluorescent-green color, is a harmless organic
dye that breaks down relatively quickly in
the environment (Fig. 2). Fluorescein is also
easily analyzed in the microgram-per-liter
range (Dash et al., 1983).

A solution containing 22.4 g of fluorescein dye/
1 7 of water was released into a cattail pond
just below the outfall (Figs. 1 and 2). Three
sampling sites downstream of the cattail pond
were located downgradient of the sewage out-
fall and upslope of DP Spring (Fig. 1). Site A
(Fig. 3) is 100 m downstream of the release
site. Site B is 400 m downstream of the
release point, where the canyon bottom
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intersects an old logging road. Site C was
located in DP Canyon 100 m downstream of
the intersection with the tributary canyon
and 50 m upstream of DP Spring.

The samples were collected by two different
procedures. Those for the fluorescein dye
experiment were collected unfiltered in 60-m/
plastic bottles, rushed to the laboratory, and
analyzed for anions only. Another set of
samples, collected for a regional surface and
groundwater study, were analyzed for tritium,
stable isotopes, and a complete suite of major
and trace elements using procedures described
in Tryjillo et al. (1987).

RESULTS AND DISCUSSION

Site A was sampled before the fluorescein dye
reached the site and was resampled 1 hr after
the fluorescein dye arrived (Table 1; samples
DP91-1 and DP91-3). From the time of the
release until the sampling program was
completed, the fluorescein dye was noted in
every sample collected from sites A, B, and
C; however, fluorescein was never found at
DP Spring. The plot of fluorescein dye concen-
tration vs time (Fig. 4) shows that the dye
reached each of the sampling points down-
stream of the cattail pond. We were unable
to sample site C for nearly 3 weeks—that part
of the channel remained dry because of light
rainfall and small fluid releases into the
sewage outfall. However, DP Spring flows
yeararound, and samples were collected from
the spring while site C remained dry.

As the fluorescein dye experiment was being
conducted, the presence of chlorate (C10,) was
detected in the water samples collected from
DP Spring. This anion is not found in natural
groundwater, but is formed by secondary
reactions from specific industrial chemicals
such as bleach, chloric acid, or perchloric acid.
In his report on waste disposal practices at
TA-21, Merrill (1990) specifically mentions
the perchlorates as a waste-stream chemical
disposed of during past activities.
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TABLE L

CHEMICAL ANALYSES OF SELECTED ANIONS AND FLUORESCEIN DYE IN SAMPLES

FrROM DP CanyoN AND DP Springs

Sample Description Date Temp. B Br BrO3 Cl ClO3  Fluorescein F [oF} NO» NO3 pH PO4 S04
Number °C mg/kg mgkg mgkg  mg/kg  mgkg ug/kg mgkg mgkg mgkg mgkg (field) mgkg mg/kg
REGIONAL SAMPLES

PP-1 DP Spring 05/30/90 8.4 <0.06 <0.05 - 39.5 - 1.88 - 578 - 117 145
PP-2 DP Spring 08/10/90  10.0 053 <0.05 - 24.7 - - 1.73 - <0.05 3.41 - 1.1 101
PP-4 DP Spring 09/06/90  16.0 0.1 <0.05 21.1 1.69 <0.05 2.45 1.16 9.23
VA-345  DP Spring 05/14/91  11.4 <0.02 003 <02 119 0.78 - 1.26 - <0.05 4.29 58 047 118
VA-346  OQutfall at TA-21  05/15/91  12.3 0.1 0.09 -- 51.7 <0.05 -- 1.6 083 179 6 18.7 34.3
VA-363  DP Spring 06/26/91 8 <0.02 002 <02 76 0.43 1.37 <0.05 3.64 58 0.6 9.88
VA-364  DP Spring 07/11/91 8.4 0.01  <0.02 52.8 0.21 - 1.53 - <0.02 4.35 58 0.62 8.93
TRACER EXPERIMENT

DP91-1  Site A 06/19/91 20 0.6 0.09 - 75.5 <01 <0.05 1.54 - <0.02 706 6.5 16.6 24.9
DP91-2  DP Spring 06/19/91 9.3 0.05 0.02 - 78.3 0.39 <0.05 1.4 - <0.02 5.22 58 064 112
DP31-3  Site A after dye  06/19/91 20 0.15 0.03 30.1 16100 1.41 0.7 53.4 -- 14.6 53.4
DP91-4  DP Spring 06/20/91 9.3 <0.02 0.02 - 76.1 0.42 <0.05 1.38 <0.02 4.93 5.5 068 111
DP91-5 DP Spring 06/21/91 89 <0.02 0.02 70.7 0.37 <0.05 1.38 - <0.02 3.96 58 064 10
DP91-6  DP Spring 06/22/91 9 <0.02 0.02 71.8 0.42 <0.05 1.37 <0.02 4.25 - 0.65 9.98
DP91-7 Site B 06/22/91  16.8 0.16 0.03 - 36.9 <0.05 0.1 1.81 <0.02 0.06 6.5 6.5 29.7
DP91-8  DP Spring 06/23/91 7.9 <0.02 0.02 = 72.6 0.39 <0.05 1.37 - <0.02 4.25 6.5 0.66 9.92
DP91-9  DP Spring 06/24/91 8 <0.02 0.02 735 0.44 <0.05 1.34 - <0.02 4.35 58 0.67 9.81
DP91-10 DP Spring 06/25/91 8 <0.02 0.02 74.6 0.45 <0.05 1.39 - <0.02 1.17 6 0.42 9.84
DP91-11  DP Spring 06/26/91 8 <0.02 0.02 - 75.5 0.44 <0.05 1.44 <0.02 1.65 5.8 0.47 9.79
DP91-12 DP Spring 06/28/91 8.1 0.02 0.02 - 76.6 0.46 <0.05 1.37 - <0.02 1.27 58 0.46 9.49
DP91-13 DP Spring 06/30/91 86 <0.02 0.02 - 77 0.45 <0.05 1.36 -- <0.02 1.92 58 0.52 9.44
DP91-14 Site B 06/30/91 0.13 0.04 -- 28.2 <0.05 0.16 0.99 <0.02 <005 - 8.6 33.8
DP91-15 DP Spring 07/01/91 7.9 <0.02 0.02 - 77.2 0.45 <0.05 1.4 = <0.02 2.01 58 0.55 9.41
DP91-16 DP Spring 07/03/91 82 <0.02 0.02 72.9 0.38 <0.05 1.38 - <0.02 2.45 55 0.55 9.5
DP91-17 DP Spring 07/05/91 8.7 <002 <002 <02 60 0.29 <0.05 1 ~<0.2 <0.02 1.7 6 0.53 8.69
DP91-18 DP Spring 07/07/91 8 <0.02 <0.02 <02 59.9 0.27 <0.05 1.16 -- <0.02 219 5.8 0.54 9.37
DP31-19 DP Spring 07/09/91 8 <0.02 <0.02 <02 58.7 0.28 <0.05 1.14 - <0.02 1.67 5.8 0.49 9.49
DP91-20 Site C 07/09/91 <0.02 <0.02 <02 6.89 <0.05 0.29 0.22 <0.02 0.91 0.13 3.23
DP91-21 DP Spring 07/11/91 84 <0.02 <002 <02 50.9 0.18 <0.05 1.2 - <0.02 1.97 58 0.61 8.28
DPg91-22 DP Spring 07/12/91 8 <0.02 <0.02 <02 50.8 0.22 <0.05 1.09 - <0.02 1.1 55 0.51 8.48
DP91-23 DP Spring 07/15/91 8.1 <002 <002 <02 53.4 0.21 <0.05 1.15 <0.02 1.15 5.5 0.61 8.69
DP91-24 DP Spring 07/17/91 8.2 <002 <002 <02 53.4 0.22 <0.05 1.05 -- <0.02 1.25 5.8 0.57 8.48
DP91-25 DP Spring 0719/91 8.6 <0.02 <0.02 <0.2 54 0.21 <0.05 1.07 -- <0.02 2.24 55 0.61 8.48
DPg91-26 Site C 07/19/91 - 0.06 <002 <D2 15.5 <0.05 0.07 0.56 <0.02 1.47 - 0.07 6.06
DP91-27 Site B 07/19/91 = 03 <0.02  <0.2 21 <0.05 0.21 2.03 - <0.02 6 = 489 4456
DPg1-28 Site A 07/19/91 018 <0.02 <02 41 <0.05 30.2 1.12 <0.02 619 - 6.38 798
DP91-29 DP Spring 07/22/91 9.1 <002 <002 <02 491 0.14 <0.05 1.08 <0.02 1.81 55 0.69 7.94
DP91-30 Site C 07/22/91 <002 <002 <02 12.7 <0.05 <0.05 0.57 -- <0.02 <0.05 - <0.05 3.7
DP31-31  DP Spring 07/24/91 9 0.02 <002 <02 37.8 0.11 <0.05 1.49 <0.02 2.22 6 0.71 7.47
DP91-32 DP Spring 07/26/91 9.6 <0.02 0.02 <02 34 0.08 <0.05 1.69 <0.02 1.28 6 0.68 8.85
DP91-33 Site C 07/26/91 <0.02 <002 <0.2 159 <0.02 0.07 0.69 - <0.02 0.02 58 0.17 4.78
DP91-34 Site B 07/26/91 - 013 <002 <02 31.7 <0.05 6.8 1.39 <0.02 1.51 6 55 48.1
DP91-35 Site A 07/26/91 0.09 0.02 <02 33.4 <0.1 28.8 1.27 <002 261 6 9.1 46.2
DP91-36  DP Spring 08/01/91 94 <0.02 0.02 <02 33.1 0.04 <0.05 1.62 - <0.02 2.95 - 083 117
DP91-37 DP Spring 08/05/91  10.4 <0.02  <0.02 = 28.1 0.03 <0.05 1.77 <0.02 <0.05 6 0.74 7.79
DP31-38 DP Spring 08/07/91  10.6 <0.02 <0.02 29.5 <0.02 <0.05 1.75 - <0.02  <0.05 6 0.69 9.89
DP91-39 DP Spring 08/09/91  10.5 <0.02  <0.02 - 27.9 <0.02 <0.05 1.78 - <0.02  <0.05 5.8 069 108
DP91-40 DP Spring 08/12/91 109 <002  <0.02 28.6 <0.02 <0.05 1.66 <0.02  <0.05 5.8 069 105
DP91-41 DP Spring 08/16/91  11.5 <0.02  <0.02 30.1 <0.02 <0.05 1.66 -- <002  <0.05 6 0.72 9.62
DP91-42 Site B 08/16/91 0.14 0.04 -- 30.5 <0.02 1.01 1.67 - <0.02 0.35 6 10.5 9.15
VA-383  DP Spring 05/18/92 95 <0.05 <0.02 - 105 <0.1 - 1.23 -- <0.02 1.84 6.5 0.48 1041

“Analyses by PE. Trujillo and D. Counce, Geology / Geochemistry Group EES-1, Los Alamos National Laboratory.

As is seen in Table 1, almost every sample
collected at DP Spring contains trace amounts
of chlorate; however, samples collected at the
sewage outfall and at sites A, B, and C
contain no chlorate. Figure 5 shows a plot of
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chlorate vs time (in days). Chlorate concen-
trations at DP Spring increased until July,
when summer rains flushed and diluted the
concentration of the chlorate anion. By
August, the concentrations of chlorate anion
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Fig. 5. Plot of chlorate concentrationvs time (in days) at DP Spring. Note that chlorate was not detected at sites
A, B, and C.

116






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

REFERENCES

Dash, Z.V., Murphy, H.D., Aamodt, R.L.,
Aguilar, R.G., Brown, D.W., Counce, D.A.,
Fisher, H.N., Grigsby, C.O., Keppler, H.,
Laughlin, A.W., Potter, R.M., Tester, J.W.,
Truyjillo, P.E., and Zyvoloski, G., 1983, Hot dry
rock geothermal reservoir testing: 1978
to 1980. In G. Heiken and F. Goff (eds.),
Geothermal Energy from Hot Dry Rock,
J. Volcanol. Geotherm. Res. 15, 59-99.

EPG, 1993, Environmental Protection Group,
Environmental Surveillance at Los Alamos
during 1991, Los Alamos National Laboratory
report LA-12572-ENV.

Gerety, M., Nyhan, J., and Oliver, R., 1989,
History and geophysical description of
hazardous waste disposal area A, Technical
Area 21, Los Alamos National Laboratory
report LA-11591-MS, 90 pp.

Goff, F. Shevenell, L., Gardner, J. N., Vuataz,
F-D., and Grigsby, C. O., 1988, The hydro-
thermal outflow plume of the Valles Caldera,
New Mexico and a comparison with other
outflow plumes, J. Geophys. Res. 93(B6),
6041-6058.

Meeker, K., Goff, F., Gardner, J.N., Trujillo, PE.,
Counce, D., 1990, Environmental sampling
and mud sampling program of CSDP core hole
VC-2B, Valles Caldera, New Mexico,
Los Alamos National Laboratory report
LA-11759-OBES, 41 pp.

Merrill, E.S., 1990, History of Waste Disposal
at Technical Area 21 1943-1978, Los Alamos
National Laboratory document, Group EES-15,

19 pp.

118

Nyhan, J.W., Drennon, B.J., Abeele, W.V,,
Trujillo, G., Herrera, W.J., Wheeler, M.L.,
Booth, J.W., and Purtymun, W.D., 1984,
Distribution of radionuclides and water in
Bandelier Tuff beneath a former Los Alamos
waste disposal site after 33 years, Los Alamos
National Laboratory report LA-10159-LLWM,

51 pp.

Rogers, M.A., 1977, History and environmental
setting of LASL near surface land disposal
facilities for radioactive waste Areas A, B, C,
D, E, F, G, and T, Los Alamos Scientific Labor-
atory report LA-6848-MS, Vol. 1, 55 pp.

Shevenell, L., Goff, F., Vuataz, F., Trujillo,
PE., Counce, D.,Janik, C.J., Evans, W., 1987,
Hydrogeochemical data for thermal and
nonthermal waters and gases of the Valles
caldera-southern Jemez region, New Mexico,
Los Alamos National Laboratory report

LA-10923-OBES, 100 pp.

Trujillo, PE., Counce, D., Grigsby, C.O., Goff, F.,
and Shevenell, L., 1987, Chemical analysis
and sampling techniques for geothermal fluids
and gases at the Fenton Hill laboratory,
Los Alamos National Laboratory report
LA-11006-MS, 84 pp.

US DOE, 1981, Formerly utilized MED/AEC
sites remedial action program: Radiological
survey of the site of a former radioactive
liquid waste treatment plant (TA-45) and the
effluent receiving areas of Acid, Pueblo, and
Los Alamos Canyons, Los Alamos, New

Mexico, Los Alamos National Laboratory
report LA-8890-ENV, 251 pp.



e,

‘ - * s : 4 N ey B Qmt Mesa top soils: soils developed in
s — . . _,M/‘,*—»\ e -—._—-_:/ﬂ:;;\: . -, ‘.,"\- . = iy SN N \,\/,'.. s [ % -, e, !‘y :—»..\ ﬁ.:::: ‘.t":u..,, e S ,.;z«y " ™ 5 3 . - o o ' W 5 » o - i e \C \—-—V\,—\ - f ' ., ¢ e win / / ":fn " .‘ o t’» g . :,,;'*"ﬂ:ﬁ,'::"ﬁ g ; :‘ Af’ g .,m':’,;-f"’ "‘m.q o, m esa op SOI s, .SO| s eve pe
- (N, e ANE S %09 [ N NS S N U/ i N Ve g e R g e oA e S 8 e i (T e L ————— R weathered Bandelier Tuff, loess, and
- Bames i g T ! N . el = J ' o o .

(Aizosams A - Geologic Map of TA-21, Los Alamos National Laboratory ‘ 2 o

- PR o, - 1, . = - . - "
ARt N ) -, - o - ) " b .

' : BN = = " : S e alluvium on mesa tops; includes small

s 1S Rt 5

e

o . ; e R — T ™ ' e N i L e N\ . - jt e, - e g . ' " ‘ ; : e S / R i R g : e e e e L - B
- ,,m'..,..,.,,.....umrfg . . -5 ; N ™, T I e == - Y Py g — n_*\* s et gl | RO g ’ o . ) ";, way o X T e s e, e - Ly 7 ] . N o - ”"f}* M:, e ;‘ iy /( < e ' 00 f;/j \: \ ' ' d o } - °“ o fmzfu‘";: ——— - e . - bedrOCK Outcrops'
g = ; \ ™ R, o ) N o, 3 " - 8 g St g A > i - e ey o et - / o }:{:. i ey g """‘"-.ww““;w R " i .
:,,. @ / 7, . ' X N s e i . : G P AN —" iy ) L e N > A ) / ' o i : ' f X /. A \ e ° . - P ” ;}” o N{f > :] Qtc Talus and Co"u\"um;-s]ope wash and rock
T (LA — NS “,\'“’*“‘"f\.gﬂ.m““w.; Ty - N e NN = e o S e e - P LY e, N ' N S ey A\ NN - . e AN fall from local sources; includes small
“ P NN > } o T2 —— T | _ (& = RN =N\ SN ~ N =N ,_ : l - \\ N ' - LT N\ e ’ e N T landslides, small alluvial fans, and small
oot : o, £L - o~ _ : " : Z = : - NAY . ' ) N " e ¢ - -a 4 Ve patches of alluvium on canyon sides.

PR AT i\\a«—\ (5] O \%\ ) ’ A =\ e = SN NS " NN AN | S S e AT o - ‘ e s N & Qal Alluvium; stream deposits of gravel,
% 2 o A S S AL —_ T ) N e —— , e\ A\ (7 o ) e — P e - e : - L e sand, silt, and clay in valley bottoms.

3{9 s 3 o '
; “k 1 Qoal Terrace Gravel; older alluvium that lies
% mﬂ along margin of DP Canyon.

AT

g, > o - - . . ) i o . ; o et - e y 5 2 5 . . g G S, g . P . -

(m""' . ~ -mmmnmmnnmuum;;;n}hmmummum
i R S ot gm0 iy,

n
g Oy,

g

i
E

o, ™,

N

.nnmnnmunnm;il_l"mn"
iy

p—
o g iy

nu,,”n] Iy,

ll|[i'~.

iy

]

— 2 o
i

20| : £ e T - e e———— — e % N : - : N P =L YA , ) ) : e, — TThwae oo | ------- Tshirege Member, Bandelier Tuff -------

] »m—""“"“‘""""‘"m”"“hwmm».\‘ 2 : S S : ; . . . ) . . ' - . » v ) ) J f m 2 werseneenens
g ! " P s = : . - 2 w o R | N - - i | ’ . . . VA 5 A ’ . - "
N ON e LT TN e N aa—— ——— N s - . SN ~ AV [ ( VI L) N TS \" Qbt-3 Unit 3; cliff-forming, nonwelded to
I 7T} T T — NPTt =y S—we = . ' =) PN AN VRV = N e partially welded ignimbrite; combined
i s i L , ==\ s = AN 4 - \/1/ ) LS S /j ) / — with nonwelded Unit in east side of
o i, : e 1 54/ : N~y L 3‘ map area.

3 » E /"J . i ", —'7"“’:::'l:::m"""""mum 5 N“'JTTi’r‘:’ﬂ‘:;::;:;:;;;;:;ﬂu:;:m";;‘%mmm E ol ‘ ', i - i \ 3 '”": e . - - " ) . - If -
ﬂ:/“’ SR \ 4 M "'“""""-w-um..“;.";;;;;;mf;, x} ; g e ) Ll AN NS - /’ . . .
i - e P pd P e == NN N o LA - Vel N - L « 17 Qbt-nw Slope-forming, nonwelded unit; jagged
" e " o TE Ty S / . = /W/m / 209 R \ o - N T N . e N . _ qontaCt l"!es Show appr (_)leat_e e_aStern
e o . S Ny N SR NV - o e | S N f A ' ' ‘ limit of unit, combined with Unit 3 in
: N , : v : AL e N [y ) east side of map area.

Qbt-2 Unit 2; cliff-forming, partially to
moderately welded ignimbrite.

:L L /7 Nl— - =~ =T == - “ : ; - : : , —— : N : , : T e Qbt-1 Unit 1; nonwelded to partially welded
ara . Ry : . = St = : - o < : - =~ iy T . e —— e \ . e - - - o ¥ ] . - = L
, Sy ek N - ~—0b - S - 7 SN e, , P e et — — N = : " e , - . ignimbrite; vapor-phase notch occurs
- <\ :“ . =iy = NG AV : el e e 90— \ N X e . in this unit and vapor-phase alteration
- P IR —__Jf ~ B e e, s mm e ~om =54 = : - = P _ i : =y ' : : = ,. e T ‘ is WIdesp_r ead _abOVG this feature; .
; e 2 . o - D 3 . = SN - _ e ; 5 TN e T B e : Tsankawi pumice fall at base of Unit 1.

"
s
mm

Py

‘""‘E g

£ R
g

| 3
umnmwl O
i o sy, Sy =

3

N yals

P .

LI=LlsEls.

3,

o
L — wuﬂillili(l!llllﬂll!HIIIHI!HIIHHHII?&::'gh

ditn, e,
—

T

o
"

o
e

M e
u

SR

ity
ity gy,
lmm‘nllmn, :::"""mumm.
Wty
"

il it :
e L
s =

. m o
i s
R ]

L
ity
LI
i

ut

@ S

g
"

—

i 5 : - g
L L) : 2 - | i
- e AT

iy %”""'lmm,,,,s?

Mty
LU
iy,

o
mnmummnnm
i

g

i g

||ll|muummm::::?"'llum,
Wt

u""m“ummuuu

an .. . g .. —

t " ™ - - ’ . . \. 4 - -

V 2 : - 3 s . ¥ . " - ' . . . v
¢ . iy 1 A - e . .

T : i . 7 : s -~ : Wity iy, , “ - .

ik ] : : iy g = =, ANY ’ - o

. o - oo iy i 0 N ! A Y g ) ) . 3 r y

ET e PN - 5 ? : : - - il g 5 - ) - " /

it

,\)

oo

th

ol

S B,

)
o
g, ity

_“Inumk

R,

E . . . e / 5 = R . » i ity
< e . AN 0 S, e B z
2 — - - > ; : e . X . ) mmmnmumm...,,,, g

i P e
Ll "‘%"m.wﬂl '“l“:p‘“

i
Wi

\ = : : - e e ——— = Qct Cerro Toledo interval; equivalent in time

_ ! ™ N N — = : S to Cerro Toledo Rhyolite; pumice fall

ol | = g . : 5 = ‘ . . - - i, | e » y : N =—— = : deposits interbedded with Puye-like
= F ———g . E= : \ S et ‘ iy o ‘ — R e " ‘ ' e fluvial gravel, cobble, and boulder deposits.

Qbo Otowi Member, Bandelier Tuff; slope-forming
nonwelded ignimbrite; undivided.

Qls - Partially-detached landslide blocks
Contact
Contact - approximate

Contact - concealed; contact between Qct and Qbo
shown by continuous dotted line. The

i iy,
i kL .
3 i . ~ : 5 3 3 . L - i { iy
i ! : : : e = s - g : : il o i 1,
S : . £ g . o Sl BT
Mgy,
iy
Wi

i
n""""l-u,,
iy

i
hyy
g g
g Uit
L Mg gy i
e Wit :
Fli gl i
e
e ' &

B Lt I e

d g N e —— = - N ) == =So 1T F T e = T Ee— concealed contact between the base of
HW%W ==g BT ~~pil ESSS g = = \ ’ , ‘ x Sipd = . R, — - . ' L = - M, B , = Qbt-1 and Qct is too irregular and too
LU TS T “‘ggﬁ 'u-.;..n e = - e : —"-r{. E . . - - : - - ) . covered tO ShOW on thls map-

T s { ] L. ity

J— ..ﬂ___,‘_,\ ; M\m e HH,,,. \*m:,ﬁ.““:;g‘"w \m "‘i;;.lmmmmmllIlnnli“" " . g ; ol . . .. ", - : = : " t V ‘ ‘ ' n » - ‘ s : ;V % VV ¥ - ‘ o ' ~ ' : 3 Sy 3 = ’ ey SEs : g ~ - = e i X : % : i e - = . _

T \ ; S T K e A e S o e 4 s s * - : : = ~ PN - o . : ; : G L o= ! Y - Fti % | ! - » L o ‘ g k J | - ' k i - : imi

— = - S - s sl w7 BAOR=ZS NS - ( ; ~~ 4 : ] 1 , o — , A, I, L ; [AAZ] Limit of Map

e e e T 7 . o : e 7 ' - = = e 1/1, 3/16 - Color Photo of cliff face; left number is roll,
: - i — : : = ~ ' right number is frame

C-7- Black and White photo of critiical outcrop.

% Proposed and Existing TA-21 RFI Borehole
-O-  Existing Well

T\“““'-
iy,

il

i

- ot 3 1 i 4 3 35 R e : oy i - N - . PR Py 3 B i i - e . 3 e - s o 5 - Lo > s X — « - Y AN - " = . > . . : i
Uty - + = - - —— . % — . < A » : B " & ) L IR - -
Mty ; N : h Yy i ! v’ A ; S - o . - - - - - &k - % - E /s b ' = . 35 i e - , ; 2 , he y i ! - y
3 -, 4 Ny —— .
3 e, ——— P

gy

Cross Section Line; reduced cross sections
shown in Fig.1 of Goff (this report)

ity -
Iy

Innn\mm =
e

g,
Wi

it

ity
S

g
"
" g, e
iy
§J.; R

-
lﬂlm\lmmmxumunuumlm

State Plane Coordinate System, New Mexico Central Zone.

e 1983 North American Datum

Zrl L o — I
e, s e |
g iy H ’“mn..numeﬁ;"

i

g,

y 7 LT
e o T
- P o

LT o
D"
LT i LT

ity g i
; o S
i ity

' g .
| ‘Illlﬂlvllllm!lllml

7100

Grid provides NM State Plane coordinates in feet.
Grid interval, in feet: 1000
o . Feet per inch on map = 350

g . g . F; p T, & o - . - -
e B S _ . ) - o - . / - g s ™, ] % . » oo e : i
0 i Wit N """""!n ™ - P . - / R - ) . o .. ., - y - o - . - . | - S - . ., =
- LT e e iy T - - B ~ - il ~ " . - e o . - e, e,
I SN _ ‘ NN - ST s N R < - _ s S g — S . - SCALE 1:4200

fo

.
iy i,
Mg i -
[r— iy
L —
LI

0 107 214 321 428

METERS
0 350 700 1050 1400

] 7 . , 1 - S - FEET
i _ ] . R | ) LN . - : _ = =\ N TR ) B - T = > B s NOTICE: The information on this map is provisional. Feature locations are dependent on scale
T~ - : ‘ — ; W/ i ' g S, —_— AN : A > 00 . g e e am:gmbologyandtheiraccuracy may not have been confirmed. Los Alamos National Laboratory
N - ; e === 54 boundary

iy LT H ; d \ } H H H =~ o,
lluunm.,,‘ "“‘if!{gnr.; r— . ., . ! H H H oy ¥, - -~ T N,
g : )

i, ; E ’ , , ; ) = S ey ooy BT S, N o A - ——— - o isbased on leglal description established in 1985. Other boundary, structure and
L — — i : P SN ., " S T ey i i - T P et g e utliity data are from Los Alamos Natlonal Laboratory Englneering Division and Los Alamos
~ i ; 1 / / . g N N p i 3 - % e : T - - o = /§ - : : : County Utility and Engineering Departments. Contour &a are Los Alamos National

i . ; - e T o e . Laboratory Environmental Restoration Project aerial survey, September, 1991.

LTI

iy R,
g T iy

l "

g

iy, i,
, ity - ity
T T
R g

iy

My,
"

i

3 5 ;
i
iy i l,:"'r::'fﬂ'lrxnvu..., gy 7

LT

‘ "

Wity ity
iy

B s (1 . :
.
tilllllllll iy umm"“"

} i p . 7 Y- B -: y ke y - / ‘ E . . -l = , o’ : = = : — i B N ) ' . .
ﬂj\ s S . SN A , | = = — — : 1. g | S University of California
- ' ' Los Alamos National Laboratory

3 7 T, . i
S S, o : e =} ’ ‘ S . . e .
S ————— AR it T i " . Eal‘th and EnVIron mental SCIenCGS DlV'Slon
e . ' N/
E= ‘
Bt

=
"

N ~

Ny . | ’

L - . H i,
y iy,

I
g

i o
. ”ﬁ;nmm iy
g

FI M AD Facility for Information Management, Analysis and Display

I L i —-——— ‘ pe ~ g FIMAD is the electronic data repository for the Environmental

i | | E oy th \ ] = Restoration Project at Los Alamos National Laboratory.
Produced by: Marcia Jones
Date: May 15, 1995 FIMAD Plot ID: G103279

’ R g

T
7

o o .
'y =) .
g L W

s - e -
/ 1 s - : H o 1 0 Ly
e e . . ; i £ ] e . ! i, QEF
%' T — T . g Pt — T e T 7 T,
m R . 7 £ Vil T s ] -~ i A 3

i Laay
e

1 .

7
B e
=
ey

IS

ae g M
— M,y " -~ g £
5 ! ’"""lm, Il"""n ] N i P o 3 " " ity
Uy, My i “ - s T : i | - e
My ] I g 1 R i : . o

LN
S ., N H ki 2 -

| Geo;ogy Mapped in 1992 by Fraser’Goff and teve Reneau

FIMAD Plot ID: G103279 156 May 95




PLATE2

Broxton, Heiken, Chipera, and Byers

LITHOLOGIC DESCRIPTIONS FOR MEASURED STRATIGRAPHIC SECTIONS OF BANDELIER TUFF AND CERRO TOLEDO DEPOSITS AT TA-21

STRATIGRAPHIC SECTION OU-1106-STRAT3

LA-12934-MS
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escripti

Nonwelded, light pink-tan, vapor-phase altered
ignimbrite, consisting of 20-25% chocolate-brown, 1-3-
cm-long, equant pumices in light pinkish-gray matrix;
relict pumice textures well preserved; ~1% lithic clasts
including moderately-welded Otowi Member clasts up to
4 ¢m long and light-gray to chocolate-brown 1 to 2-¢m-
long brown lava clasts; sample collected at top of
uppermost cliff-forming unit.

N Ided to partially-welded, cliff-forming, light-gray,
vapor-phase altered ignimbtite; contains ~15% medium-
gray, relict pumices, 1 to 2 cm long, in a light-gray ash
matrix; 2 to 6% lithic clasts including moderately-
welded Bandelier Tuff (1 to 6 cm long) and brown to
black lavas (<2 cm long).

Nonwelded to partially-welded, cliff-forming, light-gray,
vapor-phase altered ignimbrite; medium gray-brown
relict pumices are typically 1 to 3 cm long, in a light-gray
ash matrix; 1to 2% chocolate-brown to reddish-brown
lava lithic clasts,1 to 3 cm in diameter.

Nonwelded, clif-forming, light-gray, vapor-phase

ltered ignimbrite, contains ~15% brownish-gray relict
pumice lapilli and bombs, 2 to 4 cm in diameter (a few
up to 10 cm), in a crystal-rich ash matrix; 1 to 2% lithic
clasts, consisting of pinkish-brown to dark-gray lavas,
up 6 cm in diameter.

<@—Base of upper clifi-forming section.

Nonwelded, slope-forming, light-gray, vapor-phase
altered ignimbrite, with sparse pumice lapilli and bombs
in a crystal-rich ash matrix; ~1% lithic clasts, consisting
of gray dacitic lavas.

~fThiszone is a terrace, with the tuff weathering into fow,
soft mounds. It is cross-cut by mostly vertical fractures

with a conjugate pattern. Some fractures are filled with
calcite and detritus; fillings are 2 to 4 cm thick.

Nonwelded, slope-forming, fight-gray, vapor-phase
aitered ignimbrite, with sparse (<5%) pumice lapilli and
bombs, <1 ¢m long; light gray, relict pumices have
sugary texture; matrix is is made up of mottled, pinkish-
tan to light gray ash and phenocrysts; ~1% lithic clasts,
fonsis‘ling of both poorly-phyric and porphyritic gray
lavas.

<@~ Top of vertical cliff section.

Cliff-forming, pinkish-gray, vapor-phase aftered
ignimbrite; pumice lapilli are small (<1 cm) and make
up «<5% of the rock; paucity of pumices makes
compaction difficult to estimate, but these tuffs are
probably moderately to densely welded; rare lithic
clasts; sample collected at notch where intermittent
stream drops into lower BV Canyon.

Massive, partially- to moderately-welded, cliff-forming,
light- to medium-gray, vapor-phase altered ignimbrite;
contains ~20-30% partly flattened, medium-gray
pumice lapilli, 0,5-12 em long; aspect ratios are 1:1 fo
6:1; white to light-gray, fine-grained, ash matrix; <1%
greenish-gray lithic clasts, 2 to 4 cm in diameter; cliff-
forming tuff with well-developed fractures.

The cliffs have well-developed, near-vertical joints
spaced at intervals of 2to 4 m.

4

Massive, partially- to moderately-welded, cliff-forming,
light-purple, vapor-phase altered ignimbrite; contains
~25% partly flattened, medium-gray pumice lapilli, 0.5-
5 ¢m long; aspect ratios are 2:1 to 6:1; white to gray,
fine-grained, ash matrix; <<1% lithic clasts; cliff-
forming tuff with well-developed fractures.

Base of vertical cliff. Section above offset 35 m to the
west for better access.

M , moderately-welded, reddish-orange, vapor-
phase altered ignimbrite; pumice lapill occur in
swarms, making up 10-30% of the tuff; pumice lapilli
and bombs are somewhat flattened, with aspect
ratios of 4:1 to 6:1; pumices are replaced by vapor-
phase minerals and have a sugary texture; lithic
clasts make up ~1% of tuff; sample taken at break in
slope between cliffs; the break in slope is iregular
and step-like.

Nonwelded, light-purple, devitrified ignimbrite; ~30%
relict, non-compacted, gray to light-purple pumice
lapilli, 0.5 to 3 cm long, in a light-gray to pinkish,
crystal-rich, ash matrix; ~1% gray lava lithic clasts,
0.5-7 cm long.

Nonwelded, white, devitrified ignimbrite; ~30-35%
relict, purplish-gray, pumice lapilli and bombs, 0.5 to
8 em long, in a matrix of 40% phenocrysts and
altered shards; although many pumice clasts are
elongate, there is no compaction or welding; ~2%
gray, equant lava lithic clasts, 0.5-2 cm long; case-
hardened and pock-marked outcrops (with holes up
t00.5 m in diameter) have orange weathered
surfaces.

Vapor-phase notch. See Table Ili and
Fig. 4 in this report for detail of lithologic
changes across the vapor-phase notch.

Nonwelded, orange-pink, vitric ignimbrite; coarser
pumice bombs, up to 14 cm long, are scattered through
the coarse ash-lapilli matrix; pumices make up about
50% of the tuff; lithic clasts of dark-gray to reddish lava
fragments make up about 1% of the tuff.

Nonwelded, peachy-orange, vitric ignimbrite; pumice
bombs and lapilli occur in swarms at this level; <1%
fava lithic clasts, 3-5 cm long; case-hardened and
pock-marked outcrop surfaces.

Color grades from a peachy-orange above to light gray
below.

Nonwelded, light-gray, vitric ignimbrite, consisting of
~30% pumice lapilli and bombs in a coarse ash matrix;
pumices range in size from 0.5 to 8.0 cm long; matrix
consists of ash and abundant phenocrysts of quartz
and sanidine; <1% lava lithic clasts.

Weathered surfaces are pale-orange and pock-marked.

Fine-grained surge, made up of coarse ash; coarsens
upwards into pumiceous ignimbrite; wave-lengths of
about 4 m.

Tsankawi Pumice Bed; 60% clast-supported pumice lapilii {Imm-
6em) and 40% coarse ash; two distinct pumice falls, e lower 0.6
 thick and the upper 0.1 m thick, separated by a 5-cm-thick, fine-
grain, ash bed; 1-2% gray and red lava lithic clasts.

Nomally-graded, matri j, ffa

soil at top.

y-graded, clast-supported, pumice fallout deposit,

dod. tri 4 t1fa
y-gr .

Clast-supported, erystal-rich, pumice fallout deposit.. -

M , jsh-tan, iff forms channel
contains 0.1 to 2 cm, rounded, pumice dasts in sandy/silty matrix;
1 to 2% porphyritic black lava fithics; soif developed at top of unit.

Clast-supported, aphyric, pumice fallout deposit; overain by ash beds.
Complex 564 of e hith A

deposited in apping ot is that pinch out
taterally; largely made up of medum-grained tutfaceous
ck and tuff includes focal, clast-
boulder deposits made up of ded i lava
clasts up to 1 m in diameter.

Interval is covered by colluvium.

Well-bedded, white to light-gray, normally- and
reversely-graded tuffs; contains at least 7 distinct
depositional subunits 8 to 33 cm thick; lighter-colored
{uffs are composed of 40% aphyric pumice lapilli in an
ash matrix; darker tuffs contain up to 50% lithic clasts
of aphanitic lavas and petlite in an ash matrix;
uppermost bed is a clast-supported pumice fall at
least 0.3 m thick, with pumices 1 to 4 cm in diameter.

The lower slopes of Los Alamos Canyon are largely
covered by colluvium and talus from the cliffs above.

Slope-forming, vitric, nonwelded, medium-orange
ignimbrite; contains ~10% pumice clasts, 3-6 cm long;
pumices contain ~10% felsic phenocrysts; matrix
made up of ~70% vitric ash, 10 to 15% 0.5-1.5 cm-
long pumice lapilli, and 5-10% lithic clasts; lithic clasts
are 0.1 to 1 em in diameter and consist of subangular,
equant, light gray and black dacites.

The lower part of the Otowi Member of the Bandelier
Tuff is covered with colluvium and the base is not
exposed.

Stratigraphic section OU-1108-STRAT3 begins on the west side of a small stream drainage located on the north side Los Alamos Canyon,
south of MDA V. The first outcrop is approximately 5 m above the stream level in Los Alamos Canyon at state plane coordinates 491295 ft
eastand 1773751 f north. The section follows the east side of lower BV Canyon. In upper BV Canyon, the section crosses the gently sloping
canyon floor and ascends the uppermost cliff-forming unit {Tshirege unit 3) at the south end of MDA V. The uppenmost sample in this section
is located at state plane coordinates 491072 fteast and 1774411 ft notth. Elevation of i hi shown in p th note that
most contacts in the Tshirege Member are gradational.

10195-B

STRATIGRAPHIC SECTION OU-1106-STRAT2

Thickness from

Description

Top of uppermost clif-forming unit; nonwelded, white,
vapor-phase altered ignimbrite; similar to tuffs described
below; pumices are light-gray and medium-brown; these
outcrops are overlain by disturbed soils on mesa top.

Cliff top is highly fractured. Many of the fracture blockd
have been moved slightly, but are in place
stratigraphically.

Cliff-forming, nonwelded, white, vapor-phase altered
ignimbrite; description similar to samples #22 and 23
below; pumices are 1 to 6 cm long; ~1% lithic clasts,1 to 3
cm in diameter.

Cliff-forming, nonwelded, white, vapor-phase altered
ignimbrite; similar to tuffs described below; pumices are 1-
1o 6-cm-long; ~1% of dark-gray lava lithics, up to 7 cmin
diameter.

Cliff-forming, nonwelded, white, vapor-phase altered
ignimbrite; relict pumice lapilli are 1 to 3 cm long and show
no compaction; white ash matrix; abundant (~20%) felsic
phenacrysts; <1% of 1- to 4-cm long, datk-gray, porphyritic,
lava lithic clasts; one isolated, 15 x 8 cm welded Otowi
Member lithic clast; base of uppermost cliff-forming unit.

“This part of Tshirege Member on gently-sloping bench is
mostly covered with colluvium.

Massive, slope-forming, nonwelded, vapor-phase aftered
ignimbrite; white matrix contains light-gray to white relict
pumice clasts; pumices have sugary texture due to vapor-
phase crystallization; rare lithic clasts.

Top of cliff is a 20-m-wide, gently-stoping ledge partly
covered by colluvium.

Massive, jointed, moderately- to densely-welded, light- to
medium-gray, vapor-phase altered ignimbrite; similar to

tuffs below; flattened, medium-gray to gray-brown pumices
with aspect ratios of 5:1 to 10:1; matrix is pinkish-tan; no
visible lithic clasts.

Massive, jointed, cliff-forming, moderately- to densely-
welded, light- to medium-gray, vapor-phase altered
ignimbrite; similar to tuffs below; flattened pumices with
aspect ratios of 5:1 to 10:1; relict pumices filled with coarse
vapor-phase minerals; matrix is white to light-purple; ~20%
phenocrysts.

Massive, jointed, cliff-forming, moderately- to densely-

welded, light- to medium-gray, vapor-phase altered

ignimbrite; gray relict pumices usually <1 cm in diameter

with aspect ratios of 6:1 to 7:1; matrix is light-gray with
purplish hue; ~20% phenocrysts; only rare lithics; weathered
surfaces have dark-orange patina.

Base of steep cliff section

1,

Nonwelded to partially- 1, white, vapor-phase altered
ignimbrite; gray relict pumices with sugary interiors due to
vapor-phase alteration; <1% lithics.

Massive, vapor-phase altered, nonwelded, white ignimbrite;
medium-gray relict pumices 1 to 3 cm long; no lithics
observed; break in slope with ledge above this location.

Nonwelded, white, vapor-phase aftered ignimbrite; dark,
blue-gray, relict pumices with coarse vapor-phase
crystallization in their interiors; tubutar structure of pumices
destroyed; matrix is white; <1% of ~1 cm brown lava lithics.

Nonwelded, white, devitrified ignimbrite; conspicuous
chocolate-brown relict pumices 0.5 to 1.5 cm long; pumices
occur in swarms; cliff face is pockmarked due to selactive
erosion of soft pumices; matrix has yellowish hue; <1% of
0.5 to 2 cm dark-gray phyric lava lithics; sample #14 is in
middle of distinctive white zone above vapor-phase notch.

Above the vapor-phase notch, pumices are completely
devitrified, leaving pseudomorphs of the original clasts;
relict pumice clasts are light-gray to brown in a light pink to
light-brown matrix; pumice structures such as tubular
vesicles are well preseved despite afteration; pumices are
softer than the matrix, preferentially eroding to form
pockmarked zone 3-4 m thick.

Break in slope at resistant ledge which forms the base of

the vapor-phase notch; nonwelded ignimbrite, composed of

30-40% pumice lapitl, 2-5 cm long; lithic clasts are 1-2 cm
fong, light-gray to dark brown lava clasts; at the lip of the
ledge where sample #12 was collected, most pumice clasts
are still glassy; sample #13 was collected in center of notch
where pumices are largely crystallized to an assemblage of
alkai feldspar and cristobalite, although some are still

glassy.

Nonwelded, crange, vitric ighimbrite; pumices mostly 3-7
cm long; 1-3% of 1 to 4 cm reddish-brown to dark-brown
lithics; incipient devitrification in tuff matrix.

Nonwelded, orange-pink, vitric ignimbrite; pumices mostly
2-7 em.long and make up 35-50% of the tuff; <1% of 0.5to

— _..2.cm lithics; base of more resistant outcrops; outcrop
surfaces cut by large holes weathered out from behind a 2-5

mm-thick duricrust.

Nonwelded, white to slightly pink, vitric ignimbrite; pumices

mostly 1-3 cm long; 15-20% phenocrysts of mainly sanidine

and quartz; «1% of 0.5 to 2 ¢m lithics.

Nonwelded, white, vitric ignimbrite; pumices mostly 1-2 cm
long; <1% lithics,

Nonwelded, white, vitric ignimbrite; pumices up to 10 cm
long; in matrix of coarse crystal-rich ash; pumices make up
10 40% of the tuff; <1% dark-brown and gray lava fithics, up
to 2 cm long.

Nonwelded, pinkish-orange, vitric ignimbrite; pumice lapilli
are 3-6 cm long, in an ash matrix; ~1% dark-brown to black
fava lithics, 0.5 to 5 cm fong.

This interval is mostly covered by colluvium.

Nonwelded, light-gray to white, vitric ignimbrite; small but
abundant phenocrysts (~15%); pumices are mostly 0.5 to
1 cm in length, largest are 5 cm; <1% dark brown to biack,
2-5-mm-long lava clasts.

Base of Tshirege Member, including the Tsankawi Pumice
Bed, is not exposed because of colluvial cover.

Clast-supported cobble-boulder conglomerate; contains
~80% Tschicoma lava clasts and 20% Otowi clasts; clasts
mostly 8 to 15 cm across, rarely up to 50 cm; clasts are
rounded.

Stratified tuffaceous sequence; includes very fine-grained ash bieds, clast-
supported purnice f‘auout, and tuffaceous sandstones; mostly aphyric or

poorly phyric py ; vatiable lithic

Lapifli tuff, ~2% phenociysts; pumices mostly 0.25to0 1 om.

ou Sample #
Base of Section -1106-STRAT2-
m @ (QUA106STRAT2)
110 (7103) =25 »=
- 350
105 _] :
24 pm
Tshirege
unit 3
100 .
95 _|
220
(7051)
— 300
90
Tshirege
nonwelded
unit
21
85 |
(7018}
20
80
- 250
75 -]
Tshirege
unit 2
18 g
70 .
65 17™ ‘
— 200
(6943 !
60 _| 16 ™
55 _
15 >
Tshirege
unit 1v
50 —
14
— 150
45 .
(6889) __ .. .
12™
40—
11 ™
35+ 10 >
9
L~ 100
30 — Tshirege
unit 1g
8 »
25 _
7 »
20~
6 pm
- 50
15_| |
Z
5 w30
7
(~6762) S
7
10 - ¥ " _;3_‘
Cerro ) e
Toledo
Interval 4 »
| 30
(6763
LI 2
Otowi
Member
1
0 (67449

Colluvi ing Cerro Toledo deposits..
Massive tuffacecus sandstone; ~20 em thick; up to 15% lithics.
Clast-supported conglomerate made up of dark-gray fava cobbles, 1 to

27 om in diameter, in a tuffaceous sand and gravel matrix; thickness is
0.25m here, but varies laterally.

- Topof Otowi Member. -
’ \ Dacite boulder- and cobble-bearing colluvium, obscuring

ing the Otowi Member

Nonwelded, pale-orange, vitric ignimbrite; pumices are 1 to
4 cm long; lithic clast content is <1 %, consisting of black to
dark brown iavas, <1 ¢m long; minor alteration of matrix to
clays.

Nonwelded, pale-orange, vitric ighimbrite; pumices are 1 to
2 .

cirlong; and-rarely Up to 8-cm-long; lithic clast contentis

3 - 5 %; consisting of black to dark brown lavas, 0.5- 3 cm
fong; sanidine and quartz phenocrysts (<0.5 mm), no
visible mafic minerals; pumice lapilli are glassy, but there is
minor alteration of the matrix to clays.

The lower part of the Otowi Member is covered with colluvium
and the base is not exposed.

Stratigraphic section OU-1106-STRAT2 begins west of the easternmost secutity fence for TA-21 in Los Alamos Canyon. The lowemmost sample
is located at state plane coordinates 493824 ft east and 1773226 ft north. The uppemast sample is focated south of Building 209 on the mesa top

atstate plane coordinates 493871 ft eastand 1773676 ft north. Elevation of

in the Tshirege Member are gradational.

tacts shown in p note that most contacts

EAST

STRATIGRAPHIC SECTION OU-1106-STRAT1

Thickness frpm
m) (@)

115 = (7036") Top of the section near water tank; nonwelded, light-
—34E - gray, vapor-phase altered ighimbrite; pumices are
medium-gray and stand out in contrast to the white to
light-gray ashy matrix; lithic clasts are rare.

Sample #
{OU-1106-STRAT1-) criptio

Nonwelded, light-gray, vapor-phase altered ignimbrite;
e Slight (<1% } but noticeable increase in lithic clasts

from tuffs below; lithic clasts made up of porphyritic

lavas probably derived from the Tshicoma Formation.

33 =
110

- 350

Tshirege

unit 3 32 - Nonwelded, light-gray, vapor-phase altered ignimbrite,

light gray, tubular pumice lapilli are <1 cmto 9 cmin

105 length; no lithic. clasts observed.

The tuff is highly fractured, with fractures having dips of
70°-80°; fractures are oriented N-S and NBO°W and are
coated with clay and caliche.

Nonwelded, white, vapor-phase altered ignimbrite;
pumices make up as much as 30% of the tuff in
discontinuous pumice swarms; pumices are typicalty
3 to 10 cmin diameter; lithic clasts are extremely
rare, lower part of uppermost cliff-forming section.

| o
100 = s

(6978)

Massive, slope-forming, nonwelded, white, vapor-phase
altered ignimbrite; tuff is poorly indurated and soft;

30 »- pumice lapilli are white and difficult to distinguish from

95 —| Tshirege

. nonwelded e
unit | <@ Nonwelded ignimbrite
. (6963)

fe00 <«@— Break in slope

Massive, moderately-welded, pinkish-gray to pink,
vapor-phase altered ignimbrite; near top of nearly-

- vertical cliff-forming section; 10-30% relict pumice lapili
are present as pumice swarms; relict pumices have
sugary texture; pumice clasts range from <1 to 14 cm
long; matrix consists of 50% phenocrysts and 50%
altered pyroclasts; contains trace, small lava lithic
clasts; grades upsection into partialiy-welded and
nonwelded ignimbrite.

29 g

<@ Moderately-welded ignimbrite.

~— Massive, partially-welded, pinkish-gray, vapor-phase
altered ignimbrite, with 15-20% gray purnice lapilii 0.5-
6.0 cm long.
Smaller relict pumice clasts are partially-welded, larger
clasts are not; gradational change in welding over a few
meters upsection from this point; lower part of nearly-
vertical cliff-forming section.

| «@— Relict pumice clasts are subhorizontal, but not
g compacted.

Nonwelded, vapor-phase altered ignimbrite, consisting
of 15-20% relict pumice pyroclasts (1.5-5 ¢m long) in a
—  natrix of relict shards and phenocrysts (quartz,
idine, and rare py ); there is a subtle change in
color from light-gray tuff below to light-gray tuff with a
pinkish hue at this level; no visible lithic clasts.

28
85 ~

Tshirege
unit 2
80 27 >

ash in matrix; has trace of gray, aphyric tuff fithies. o

A 1 to 1.5-m wide fracture zone consists of N7OW-trending
fractures that are mostly vertical; horizontal fractures are also
common; fracture apertures are typically 1 to 2 cm wide and walls
are stained orange; these fractures extend to the top of the mesa
where they are 15-20 an wide. Most are filled with clay. Conjugate
fractures dip 0° to 70°.

250

(6910)

26

N20W, vertical fractures form a 0.3-m-wide zone, With
anastomosing <0.5 cm-wide cracks with two generations of il
{calcite on fracture walls and center filled with infiltrated [?] clay).

75

Similar to description below; nonwelded, white,

.. vapor-phase altered ignimbrite; size of relict pumice
clasts continues to decrease (most are <1 cm long)
relative to tuffs below; light-gray relict pumices are
o‘ften difficult to differentiate from matrix; rare lithic
clasts.

70 -

Similar to description below; nonwelded, white, vapor-
phase altered ignimbrite; light-gray, relict pumice

. Clasts are smaller (1-2 cm long, with rare 5-8 cm long
clasts) than below; matrix is chalky white; sparse
(<0.5%), 0.5 cm-long black lava lithic clasts.

24 »»
65 —

Tshirege
unit 1v

. 200

Similar to description below; nonwelded, white,
devitrified ignimbrite; increasing vapor-phase
alteration upsection; relict pumice textures are less
- distinct with pumnices grading from light-brown below
to light-gray here; pumice clasts are mostly <3 cm
long, ranging from 1 to 5 cm; matrix is light-gray to
w]h‘gg <1% lithic clasts, 2-5 cm diameter, gray lava
clasts.

55 7

Nonwelded, white, devitrified ignimbrite, with light-
brown relict purnice clasts in light-gray matrix; relict
- pumices have a sugary texture and refict vesicles;
matrix is crystal-rich; rare lithic clasts of lavas <1 cm
in diameter; this part of the section is a cliff former.

21 =
50 T

Vapor-phase notch; lowermost well-developed ledge
in section; hard, pock-marked, pinkish-orange,
nonwelded Iignimbrite; small amounts (<5%) of glass

. are left in the cores of pumice lapilli; the rest of the tuff
is altered to a sugary texture, but has good relict
textures of pumice clasts. Orange coloration
disappears ~2 m above the ledge, grades into white,
altered tuff; some irregular zones of orange coloration
penetrate the white tuff,

—150 6812

20

Nonwelded, orange, vitric ignimbrite; incipient
L. devitrification affects matrix, but larger pumice clasts
are glassy; lithic clasts are rare (<<1%); at this level,
the tuff is soft and is pitted with small caves.

18
35

Tshirege
unit 1g

L. 100 17 =
Nonwelded, light-gray, vitric ignimbrite; matrix-supported
pumice lapilli are 0.5 to 5 cm long and contain ~15 %
phenoctysts of quartz and sanidine; <0.5% lithic clasts
{mostly 1 to 5 cm-long-clasts of phenocryst-poor lavas
of intermediate compositions); color changes
gradationally to light pinkish-tan above about 2 m above
sample 17.

30

vitric igni ite; lowest 30.om.i: it with.

scattered 1-3 em long vitric pumices in coarse ash matrix
consisting of ash-size pumice, and abundant quartz and sanidine
ph up to 2 mm di <1% ic lava lithic
dlasts; grades upward into pumiceous ighimbrite.

25 . . )
Surge deposits; 21 cm of dune-like layers of fine to
coarse vitric and crystal ash.

Tsankawi Pumice Bed of the Tshirege Member; light gray, dast-
supported pumice fallout deposit with two graded subunits. The
lower subunit is 60 em thick and contains pumice lapilli up to 5 cm
in diameter. The finer-grained matrix is coarse ash. Pumices ate
angular to sub-angular and have aspect ratios of 1:1to 3:1. The
upper subunitis 13 cm thick and is similar to the lower subunit.
Lithic clasts make up 1-2% of the tuff and consist of dari-gray to
dark reddish-gray porphyiitic lavas 1 to 4 cm in diameter.

(l x
(6726)) st I
Cerro Toledo 70

Cerro Toledo interval, undivided; see text for general
A description of unit.

to X Eroded upper contact of the Otowi Member; paleo-
Interval R stream channels are cut into the Otowi Member, some
(6720) 5 A -~ are up to 3 m deep; no soil development on the Otowi
]!s]nember; g‘ips on overlying bedded sequence range from
at to 20°N.

“] = Vitric, nonwelded, pinkish-orange ignimbrite; pumice
clasts are 4 to 6 cm in diameter and are mostly equant;
rare large pumices (>20 cm) scattered throughout the
1uff, increasing in abundance up section; pumices and
the ash matrix are glassy;

1-3% dark brown to black, aphyric lithic clasts.

4
.50

15

<~ Moved 20 mto east of original section line.

Nonwelded, pumice-rich, light-tan, vitric ignimbrite;
most pumices are 1 to 3 cm long, with some upto 5

- cf lONG; pumice aspect ratios are 1:2.5; pumices are
supported in an ash matrix; 2-3% lithic clasts, upto 2
cm long, of dark-brown to black, aphyric lavas.

10 =
3 >
Otowi

Member

Nonwelded, tan, vitric ignimbrite; light gray to yellow-
orange pumice clasts up to 0.9 cm in length, with
aspect ratio of 1:1 to 3:1; pumices are glassy; 2-3% dark
brown to black, aphyric {ava lithic clasts.

N

The Otowi Member is covered with colluvium in this
interval.

C
NANRNSN
I\

DR,
olluvium

Slope-forming, nonwelded, vitric ignimbrite; pumice
clasts are 1.5 to 6 cm in diameter; containg ~5% lithic
clasts, including dark lavas, 1 to 3 cm in diameter.

(6661)

The lower part of the Otowi Member of the Bandelier
Tuff is covered with colluvium and the base is not
exposed.

Stratigraphic section OU-1106-STRAT1 begins at the base of the slope in Los Alamos Canyon in an arroyo 30 m west of the pipeline road from well
Otowd 4 to the water tank at East Gate. The lowermost sample is Jocated at state plane coordinates 498026 ft east and 1773526 ft north. The section
follows the arroyo northeastward, then goes along the bulldozer cut made for the pipeline. The uppermost sample is located at state plane
coordinates 498874 ft east and 1773570 #t north. Elevation of i shown in p th note that most contacts in the Tshirege
Member are gradational.
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Plate 3 10195-C
LA-12934-}

[ZXZ Boundary, OU

N7] Boundary, TA
Contours, 2 foot
L~~1 Contours, 10 foot
[A1 Contours, 100 foot
Fence, Industrial
Z=#]1 Fence, Security
L=+ Roads, Dirt

Roads, Paved
Road/Trail

L~~7] Storm Drain/Culvert
Permanent Structure
Temporary Structure

Qcs: Cliffs and Steep Sldpes Underlain
by Unit 3 of Tshirege Member and
Bandelier Tuff

Qoal: older alluvium along margin of
DP Canyon

Qvf: older valley fill of DP Canyon;
includes interbedded bouldery
colluvium and alluvial sands
and gravels

Qls: partially detached landslide block

[ Qal: Young Alluvium in Canyon Bottoms

[__1 Note: Blank areas include mesa-tops sail,

: Bandelier Tuff, and colluvium -

...... = —— v — Radiocarbon Sample Location; age in

— : : — thousands of years before present (ka)
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Plate 4 | -
LA-12934-MS [Z2Z] Boundary, OU
Boundary, TA
Contours, 2 foot
Contours, 10 foot
— ~ T -- | Contours, 100 foot
= [~71 Fence, Industrial
[7~#1 Fence, Security
Roads, Dirt
Roads, Paved
Road/Trail

- — ’ A1 Runoff from MDAs (arrows indicate
~ ~ ] direction)

Storm Drain/Culvert
Permanent Structure
Temporary Structure
Material Disposal Area
[__1 Qtc: Talus and Colluvium

Qcs: Cliffs and Steep Slopes Underlain
by Unit 3 of Tshirege Member and
Bandelier Tuff

Qls: partially detached landslide block

Sediment Deposition Sites Downgradient
of MDAs

[ Qal: Young Alluvium in Canyon Bottoms

[ 1 Note: Blank areas include mesa-tops soil,
Bandelier Tuff, and colluvium

(. Radiocarbon Sample Location; age in
thousands of years before present (ka)
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Plate 4 of "Geomorphic Characterization of Technical
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NOTICE: The information on this map is provisional. Feature locations are dependent on scale
and srmbolog;a/sggd their accuracy may not have been confirmed. Los Alamos National Laboratory
ary is on legal desci

bou i established in 1995. Other boundary, structure and
utility data are from Los Alamos National Laboratory Engineering Division and Los Alamos
County Utility and Engineering D nts. Contour data are from Los Alamos National
Laboratory Environmental Restoration Project aerial survey, September, 1891.
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FIMAD is the electronic data repository for the Environmental
Restoration Project at Los Alamos National Laboratory.
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