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The Unsaturated Hydraulic Characteristics
of the Bandelier Tuff

by
David B. Rogers and Bruce M. Gallaher

Abstract

This report summarizes the physical and unsaturated hydraulic properties of the
Bandelier Tuff determined from laboratory measurements made on core samples
collected at Los Alamos National Laboratory. We fit new van Genuchten-type
moisture retention curves to this data, which was categorized according to member of
the Bandelier Tuff and subunit of the Tshirege Member. Reasonable consistency was
observed for hydraulic properties and retention curves within lithologic units, while
distinct differences were observed for those properties between units. With the
moisture retention data, we constructed vertical profiles of in situ matric suction and
hydraulic head. These profiles give an indication of the likely direction of liquid
water movement within the unsaturated zone and allow comparison of core-scale and
field-scale estimates of water flow and solute transport parameters. Our core-derived
transport velocities are much smaller than values estimated from tritium (3H), CI,
and NO3~ contamination found recently in boreholes. The contaminant tracer-derived
transport velocities from Los Alamos Canyon are 10- to 100-times greater than core-
derived values found for the Otowi Member, and for Mortandad Canyon, 1300- to
5000-times greater than core-derived values for that borehole. The significant
difference found for Mortandad Canyon suggests that fracture or other fast-path
transport may be important there. The relatively small difference between observed
and predicted velocities at Los Alamos Canyon may mean that vadose zone transport
there occurs by unsaturated matrix flow.

Introduction

This report summarizes the physical and unsaturated hydraulic properties of the Bandelier Tuff,
determined mainly from laboratory measurements made on core samples collected from
boreholes at Los Alamos National Laboratory. A knowledge of these propertiesis essential for
understanding the hydrologic behavior of the tuff, and is afundamental requirement for
interpreting water and contaminant movement beneath the Laboratory. The results presented here
are an extension of work by Loeven and Springer (1993) and a compilation of four earlier reports
by the authors (Rogers, 1994a, 1994b, 1995; Rogers and Gallaher, 1995).



We determined new moisture retention curve fits from retention data collected under contract by
Daniel B. Stephens & Associates, Inc., Albuquerque, New Mexico, and for the crushed tuff data
of Abeele (1979, 1984). We have determined van Genuchten-type fits (van Genuchten, 1980) for
most of the available retention data using the program RETC (van Genuchten et al., 1991).

This report contains a summary of the available laboratory hydraulic data, the new retention
curve fits, and vertical profiles of hydraulic properties (e.g., moisture content, porosity, hydraulic
head, and matric suction). The data are divided according to member of the Bandelier Tuff, with
the Tshirege Member further subdivided according to the correlation of Baltz et al. (1963). The
canyon-bottom alluvium and weathered Tshirege Unit 1a are treated as separate lithologic units.
The weathered Tshirege Unit lais essentially canyon-bottom alluvium.

Tshirege Unit 1aand the Otowi Member are represented by a large number of laboratory core
analyses. The Tsankawi/Cerro Toledo sequence, vapor-phase notch (Tshirege Unit 1a/lb
contact), the surge beds beneath Tshirege Unit 2b at Mesitadel Buey, and the Guaje Pumice Bed
are insufficiently characterized; these units are all believed to be significant corridors for water
movement, whether by unsaturated flow related to higher saturation, flow of perched water, or
water vapor flux. In addition, properties for the underlying and probably even more
heterogeneous basalts and Puye formation are lacking, with the exception of afew test results
from water supply wells (Purtymun, 1984; Purtymun and Stoker, 1988).

Most of the core data comes from boreholes at TA-54 and in Mortandad Canyon. The Bandelier
Tuff is generally more welded towards the vol canic source at the west, so the lack of geographic
coverage isamajor limitation of this data set. The data also provide limited vertical continuity of
coverage at most sites; often only a portion of the lithologic section is represented. For the most
part, the hydraulic properties and retention curves within each lithologic unit are somewhat
similar, with differences in properties between units. Some units, such as the Tshirege Unit 1a
and the Tsankawi/Cerro Toledo, show awider variability, perhapsin the first case due to large
sample size and in the second to a diverse lithology. These patterns in hydraulic properties
support the division of the Bandelier Tuff into eight separate hydrogeological units as described
by Broxton et al. (1995a).

The core data provide the basis for constructing vertical profiles of in situ matric suction and
hydraulic head, as well as profiles of porosity, moisture content, and water saturation. These
profiles give an indication of the likely direction of liquid water movement within the
unsaturated zone beneath parts of Los Alamos National Laboratory.



The data described here can be used as a basis for comparison of core-scale and field-scale
estimates of water flow and solute transport parameters. The saturated permeability measured at
large scale may be much greater than that measured for small samples, due to lithologic
heterogeneities, as well as to the presence of faults or fractures. The core data and profiles alow
estimates of effective vertical unsaturated hydraulic conductivities, and thus estimates of the
travel times and velocities of infiltrating water. The core-derived travel times are much greater
than values determined from the presence of recent 3H, CI—, and NO3~ contamination found in
boreholes afew hundred feet beneath two canyons. The tracer-derived values from Los Alamos
Canyon are 10 to 100 times faster than the core values, and those for Mortandad Canyon are
1300 to 5000 times faster.

These |ast observations regarding travel times raise questions about the utility of collecting core
samples for laboratory analysis, and the use of such results in modeling. This approach might be
valid for dry locations such as mesas. The areas where tracer data and core results do not
correspond may be limited to the vadose zone beneath some saturated canyon bottoms. In these
latter locations, fast paths such as fracture flow might be a more effective transport mechanism.

Geologic and Hydrologic Setting

Los Alamos National Laboratory islocated in Northern New Mexico on the Pgjarito Plateau,
which extends eastward from the Jemez Mountains. The plateau is capped by rocks of the
Bandelier Tuff, an ignimbrite erupted from the Jemez volcanic center (Griggs, 1964). The
plateau is semiarid, with ponderosa forest at higher elevations giving way to pifion-juniper as
elevation decreases. The plateau is separated into finger mesas by canyons, which contain
riparian vegetation and streams that are for the most part ephemeral or interrupted. Rainfall in the
Los Alamos areatotals about 18 in./yr, and varies greatly with elevation (Griggs, 1964; Bowen,
1990).

The Jemez Mountains volcanic center formed along faults at the western edge of the Rio Grande
depression (Griggs, 1964). The oldest rocks discussed here are poorly consolidated sands, clays,
and gravels of the Santa Fe Group, which are rift-filling sediments deposited from about 20 to 7
Ma (million years before present) (Goff et al., 1989). The volcanic highland west of the
Laboratory is underlain by the Tschicoma Formation, which consists of a series of overlapping
dacitic domes erupted from 7 to 3 Ma. Contemporaneous erosion resulted in vol canic sediments
being shed eastward from these highlands, forming broad alluvial fan deposits of the Puye
Formation (Goff et al., 1989).



The formation of the Bandelier Tuff began at 1.61 Ma (lzett and Obradovich, 1994) with
eruption of the Otowi Member. The Guaje Pumice Bed at the base of the Otowi Member isa
pumice-fall deposit, which was followed by nonwelded surge bed and pyroclastic flow deposits
(Goff et al., 1989; Purtymun, 1995). After deposition of the Otowi Member, the Cerro Toledo
Rhyolites were erupted. Beneath the Pgjarito Plateau, the Cerro Toledo interval includes both
pyroclastic and volcanogenic alluvia deposits (Goff, 1994).

The eruption of the Tshirege Member at 1.22 Ma (1zett and Obradovich, 1994) resulted in
formation of the Valles Caldera atop the Jemez Mountains (Goff et a., 1989). The Tsankawi
Pumice Bed is an air-fall deposit that lies at the base of the Tshirege Member. This pumice
deposit was again followed by surge bed and pyroclastic eruptions (Goff et al., 1989). The
Tshirege Member underlying the Pajarito Plateau consists of severa distinct flow units, which
differ in degree of welding and fracturing. Within individual flow units, welding is greatest to the
west, near the volcanic source. Numerous correlation schemes have been derived for the
lithologic subunits of the Tshirege Member, as discussed below.

Groundwater beneath the Pgjarito Plateau occurs as (1) perched alluvial groundwater in canyon
bottoms, (2) intermediate perched groundwater in the Guaje Pumice Bed and in volcanic
sediments of the Puye Formation and intercalated basalts underlying the Bandelier Tuff, and (3)
the main aquifer beneath the Pgjarito Plateau, within the Santa Fe Group and the Puye
Formation, at a depth of 1200 ft along the western edge of the plateau, and 600 ft along the
eastern edge (Purtymun, 1995).

Sour ces of Data

Hydrologic property data are available for core samples from 21 boreholes; samples from a pit at
TA-21 (Nyhan, 1979); and for crushed tuff mined from an outcrop near the entrance to TA-53.
The crushed tuff properties were determined in the laboratory (Abeele, 1979; Stephenset al.,
1994a) and from a caisson experiment (Abeele, 1984). Table 1 lists the data source for each
sample, along with some comments on the type of moisture retention data that were obtained.
The borehole locations are shown in Figures 1 and 2.

Lithologic Assignments

The lithologic units encountered by the boreholes are given in Table 2, along with the
generalized hydrologic setting for each borehole. The lithologic data were obtained from logs of
R. H. Gilkeson (personal communication, 1994), Stoker et al. (1991), and Purtymun (1995).



The various lithologic correlation schemes used for the Tshirege Member of the Bandelier Tuff
are shown in Figure 3. The correlation used for the Tshirege Member in thisreport is that of
Baltz et al. (1963) and Purtymun and Kennedy (Figure 2 in 1971), because most of the lithologic
assignments for the boreholes were done by W. D. Purtymun according to this scheme. Purtymun
(p. 193 in 1995) further subdivided Unit 3 at TA-16 into four subunits. There is some uncertainty
about the correlation of Unit 3 from this areato other parts of the Laboratory (part of Purtymun’s
Unit 3 could be Unit 4; D. E. Broxton, personal communication, 1995). For boreholes 54-1001,
-1002, -1003, and -1006, the Tshirege unit assignment according to the correlation of Vaniman
and Wohletz (1990) and Vaniman (1991) is also given. For these boreholes, the Tshirege unit
assignments for the scheme of Baltz et al. (1963) were inferred from Purtymun and Kennedy
(Figure2in 1971).

Except for boreholes 54-1001, -1002, -1003, and -1006, no distinction is made between the
Tsankawi Pumice Bed and the Cerro Toledo interval (the use of either term implies both units).
In most cases the two units were not distinguished when logged. The Tsankawi Pumice Bed is
rarely more than 2 ft thick in most places, so there must be a considerabl e thickness of Cerro
Toledo deposits in these boreholes (D. E. Broxton, personal communication, 1995).

Hydraulic Data Presentation

Table 3 gives the types of laboratory data available for each of the samples. Appendix A
summari zes statistics of the hydrologic data for each member of the Bandelier Tuff, and for each
unit of the Tshirege Member. Appendix B lists the individual core data by lithologic unit, and
Appendix C lists the data for each well. The retention curvesfor al of the core samples are
plotted in Appendix D. Appendix E shows histograms and probability plots of bulk density,
porosity, and saturated hydraulic conductivity for each member of the Bandelier Tuff, and
Tshirege Units 1aand 3. Histograms and probability plots are not presented for other lithologic
units due to the small number of hydraulic data. Appendix F gives unsaturated hydraulic
properties computed for each core, arranged by well.

All of the moisture retention data for each core sample are included on the accompanying 3.5-in.
computer disk. The disk isin Macintosh format, and contains tab-delimited text files. An
additional data column identifies moisture retention values obtained with the thermocouple
psychrometer, for cores which have them. Table 4 provides a cross-reference between the well or
sample name and the disk file name. Two additional files on the disk include all of the hydraulic
data, which forms the basis of the accompanying tables. One of the filesis sorted by lithologic
unit, the other by well or sample name.



The Moisture Retention Curve

The moisture retention curve relates the volumetric soil moisture content of unsaturated soils and
rocks to the energy state of the soil water, and has three parts (Figure 4). The air entry region of
the moisture retention curve is the portion at saturation, where a change in matric suction does
not change the moisture content. The air entry suction isthe value required to drain the first pore
(Jury et al., 1991). In the capillary region the moisture content decreases with increasing suction,
asincreasingly smaller pores are drained. Fine-grained soils have a broad range of pore sizes.
Coarser soils generally have larger pores and a narrower pore size distribution (sandy soil curve
in Figure 4), and thus have a sharper transition through the capillary region than for finer soils
(clay soil curvein Figure 4). Water in the adsorption region is held onto the soil matrix by
surface forces. The higher particle surface area of finer-grained soils gives them alarger water
content at high matric suctions (Jury et al., 1991).

The measurement of moisture characteristic curves, especialy at low moisture contents, requires
multiple laboratory techniques. Pressure plate measurements of matric suction are usually not
valid outside arange of 300 to 1500 cm, but special porous ceramic plates may extend thisto 15
bars (Jury et al., 1991). (Note that 1 bar = 1020 cm H20.) Thermocouple psychrometer
measurements of soil water potential can be made up to 70 bars, although this measurement
includes both matric suction and osmotic potential (Jury et al., 1991).

Van Genuchten Retention Curve Formula

The unsaturated hydraulic curve parameters that we derived for the sasmples are summarized in
the accompanying tables (Appendices A, B, and C) and figures. The parameters follow from van
Genuchten’ s formulation of the moisture characteristic curve (van Genuchten, 1980):

g=96_-_ 1 , (D)
Bs- 6, NM
ER

where 8 = effective saturation (volume percent),

® = volumetric moisture content (volume percent),

O = residua moisture content (volume percent),

Bs = (alsonoted as Ost) saturated moisture content or effective porosity (volume
percent),

¢ = matric suction (centimeters, positive if unsaturated),

o, N= van Genuchten fitting parameters (per centimeter and dimensionless,
respectively), and

M = 1-1/N (dimensionless).



Van Genuchten et al. (p. 5in 1991) state that "6, and B in this study are viewed as being
essentially empirical constantsin soil water retention functions of the type given by [Equation
(1)]." They note that, due to trapped or dissolved air, the saturated moisture content may be 5%
to 10% less than the porosity. Alternatively, the saturated moisture content may be related to the
effective porosity, which Bear (1972) defines as the ratio of the volume of interconnected pores
to the total rock or soil volume.

There is some debate among soil physicists concerning the physical meaning of the residual
saturation (By), for which there are the following three interpretations:

1. 6y isequivaent to afew monolayers of water bound to the soil grains by adsorption, or
water that is held by surface forces rather than acted on by gravity, and corresponds to the
moisture content below which the fluid phase becomes discontinuous and the fluid-phase
permeability is zero (Luckner et al., 1989; van Genuchten et al., 1991);

2. By isafitting parameter as defined by van Genuchten (1980) [Equation (1)]. Van Genuchten
et a. (1991, p. 5) state that "Formally, 6, may be defined as the water content at which both
db/dy and K go to zero when ) becomes large. The residual water content is an extrapol ated
parameter and hence may not necessarily represent the smallest possible water content in a
soil. Thisis especialy true for arid regions where vapor phase transport may dry out soilsto
water contents well below 6,."; or

3. 6, isthe lowest moisture content obtainable under natural conditions.

According to summary tables presented by van Genuchten et al. (Tables 3 and 4 in 1991), coarse
soils (sand and loamy sand) have mean 6, values around 2% to 6%. Clays and silty clays have
average 6 values of about 6% to 9%.

The van Genuchten parameters a and N control the shape of the moisture retention curve. The
parameter o multiplies the matric suction in Equation (1), and has the effect of moving the
retention curve up and down along the suction axis. A larger a gives the same moisture content
at asmaller value of suction [Equation (1)], thus lowering the retention curve towards smaller
suction values. Coarse soils have larger mean a values, around 0.11 to 0.14 cmr1 for sand and
loamy sand. Clays and silty clays have average a values of 0.01 to 0.03 cmrl (Tables3and 4 in
van Genuchten et al., 1991).



The parameter N controls the slope of the retention curve: large N values lead to a more sand-
like retention curve (Figure 4), for avery large change in moisture content with a small changein
suction above the air entry suction (van Genuchten et al., 1991). Smaller values of N produce a
curve with agradual transition in moisture content as suction increases above the air entry value,
giving aclay- or silt-like retention curve. Coarse soils have larger mean N values, around 1.5 to
2.7 for sand and loamy sand. Clays and silty clays have average N values of about 1.1 (Tables 3
and 4 in van Genuchten et al., 1991).

Unsaturated Hydraulic Conductivity

The values of unsaturated hydraulic conductivity are extremely low, and therefore laboratory
measurement generally requires long time periods. Thisis especially true for conventional steady
state methods, where up to ayear may be required to achieve steady state flow for asingle
measurement (Conca and Wright, 1992). The lower laboratory limit for unsaturated hydraulic
conductivity measurement is about 109 cm/sec (Conca and Wright, 1992).

The unsaturated hydraulic conductivity graphs discussed below extend to 10-22 cm/sec, in order
to show the grouping of the curves. Hydraulic conductivity valuesin this region have uncertain
physical meaning, however. Consider the average linear velocity (v) of fluid flow through a
porous medium, given by:
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where q = specific discharge or Darcy flux (centimeters per second) and
0 volumetric moisture content (dimensionless, 0< 0 < 1).

For saturated conditions, 8 in Equation (2) is the porosity.

For aporosity of 50%, under saturated conditions, and a unit hydraulic gradient (steady state
gravity flow, where specific discharge equals hydraulic conductivity; Jury et a., 1991), a
hydraulic conductivity of 10-10 cm/sec implies afluid travel distance of 6.3x10-3 cmin ayear.
This distance would be 10 times larger for a moisture content of 5%, but it is still quite small.
The empirical formulas for hydraulic conductivity and the retention curve were not intended for
use at such low moisture content values, where "it’s all speculation, because the physicsis out
the door" (M. Th. van Genuchten, personal communication, 1994). At low moisture contents,
vapor flow may be the dominant mode of water transport (Luckner et al., 1989).



Empirical Determination of Hydraulic Conductivity
One empirical expression for the unsaturated hydraulic conductivity (K) is:
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where Kg=  (asonoted as Kt) saturated hydraulic conductivity (centimeters per
second) and
M = 1-1/N (dimensionless).

This equation uses Mualem’s (1976a) empirical formula for unsaturated hydraulic conductivity
as implemented by van Genuchten (1980).

The retention curve parameters tabulated here use the restriction M = 1-1/N, which gives
aconvenient expression [Equation (3)] for the unsaturated hydraulic conductivity (van
Genuchten, 1980). For several cores from boreholes 54-1001, -1002, -1003, and -1006 (Tshirege
units 1b, 2a, and 2b), the van Genuchten fit at high saturation values was unsatisfactory. Another
curve fit using independent N and M values was somewhat better for moisture contents near
saturation (see individual retention curvesin Appendix D). Van Genuchten et a. (1991) indicate
that this parameterization always gives the best fit to the retention data but does not provide a
convenient form for the unsaturated hydraulic conductivity function. While adding more
parameters improves the curve fit, it may not increase understanding of the underlying process,
or yield a better extrapolation beyond the observed data. The use of more parameters may
provide a better functional form for uses such as modeling, however.

Satistical Distribution of Hydraulic Conductivity

Tables A1 through A20 contain the range of values for both Kt and log Kt because saturated
hydraulic conductivity islognormally distributed for large data sets (de Marsily, 1986; Jury et al.,
1991; Gelhar, 1993). Note that the mean and standard deviations for normal and lognormal
distributions are not simple log transforms of each other (p. 280 in Jury et a., 1991). Variables
such as hydraulic conductivity are positive definite (values less than zero are not physically
possible) and have alarge coefficient of variation (standard deviation divided by mean). These
variables cannot be normally distributed, because some values of the distribution must then be
negative (Jury et a., 1991). A lognormal distribution has no negative values; thus porosity and
bulk density may also have lognormal distributions.



Several different statistical means are useful in estimating the effective (or average) saturated
hydraulic conductivity that applies to flow through heterogeneous media. For two-dimensional
flow through a mediawith lognormally distributed permeability, the effective permeability is
equal to the geometric mean Ky, where In Ky = E(In K) (p. 82 in de Marsily, 1986). E(x) isthe
expected value of the random variable x. The harmonic mean permeability Ky, where /Ky, =
E(V/K), isaso given in the tables for each lithologic unit. The harmonic mean conductivity
represents the effective hydraulic conductivity for flow perpendicular to strata of differing
permeability, and the arithmetic mean is the effective hydraulic conductivity for flow parallel to
such strata (de Marsily, 1986). The harmonic mean is more strongly affected by small values
than the arithmetic mean. For parallel flow through mediawith spatially varying hydraulic
conductivity, the effective hydraulic conductivity lies between the harmonic and arithmetic mean
hydraulic conductivity (de Marsily, 1986).

Data Quality Considerations
Limitations of Geographic and Lithologic Coverage

Individual units within the Bandelier Tuff show a great variation in welding from east to west,
which certainly exerts agreat influence on bulk density, hydraulic conductivity, and other
hydraulic properties. It isimportant to remind the reader that the conclusions presented here,
regarding hydraulic properties both within and between lithologic units, reflect the limitations of
geographic data coverage (Figure 1). For example, only one complete set of data are available for
Tshirege Unit 3 (and possibly Unit 4), and this is from the western part of the Laboratory, where
the units are likely to be more welded. At any one location, there has not been a systematic
collection of hydraulic properties throughout the Bandelier Tuff, except at TA-54 and in
Mortandad Canyon. In the latter case, drilling began on the canyon floor, so the upper part of the
section is not represented. Some lithologic units that may have particular significance for
hydrologic transport are the surge beds at the base of Tshirege Unit 2b, the vapor-phase notch
between Tshirege Units 1aand 1b, the Cerro Toledo sequence, and the Tsankawi and Guaje
Pumice Beds. Core samples are difficult to obtain from these units because the rock layers may
be either thin or poorly consolidated.

Moisture Retention Measurements at Low Saturation

In most cases, Daniel B. Stephens & Associates, Inc., provided van Genuchten fits for their
reported retention data. However, areevaluation of these parametersis called for: they make the
following observations regarding their pressure plate measurements of matric suction vs. water
content in samples having relatively large pores (p. 2 in Stephens et al., 1992a):
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"These samples often do not come to equilibrium at high tensions. Therefore, the data show an
unrealistically large change in water content between the 15-bar pressure plate measurement and
the 18-bar psychrometer measurement. The a and N values were determined on the entire data
set for every sample to determine consistency of analysis. For greatest physical accuracy, the best
choice would be use of pressure plate datato 1 bar plus use of the psychrometer data.”

Figure 5(a) shows an example of one of the moisture retention data sets just described. Some of
the pressure plate data above 0.5 bar (510 cm) apparently have not come to equilibrium when
compared to the psychrometer value at 30,000 cm.

Several of the moisture retention data sets lack psychrometer measurements (Table 1). One
consequence of the lack of psychrometer values for some moisture retention data setsis that only
4 of 10 data sets for borehole P-16, TA-16 (Stephens et al., 1988) are considered reliable in the
dry range [e.g., Figure 5(b)]. In light of the problems with equilibration of the pressure plate data
(described above), the dry portion of the retention curve in Figure 5(b) is probably not accurately
defined by the moisture retention data.

For the individual retention curves shown in Appendix D, the moisture retention data are
indicated by circles. Those pressure plate retention points judged not to have equilibrated are
shown by solid black circles. Equilibrated pressure plate and psychrometer points are shown by
open circles. The saturated moisture content (effective porosity) is plotted at an artificial suction
value of 0.1 cm, so that it will appear on alog scale. The van Genuchten curve fits determined by
the authors (solid line) and by Daniel B. Stephens & Associates, Inc., (dashed line) are displayed.
In some cases additional curve fits are plotted, for example with variable van Genuchten (1980)
parameters M and N, rather than the usual restriction of M = 1-1/N. The in situ moisture content
for the sample isindicated on each plot by asolid vertical line.

The Residual Moisture Content

For the cases where moisture retention data for the Bandelier Tuff included psychrometer values,
the residual moisture content (8;) determined with RETC was generally between 0% and 5%. We
take this to be areasonable range for 6, in the Bandelier Tuff, and have omitted from the
summary results presented here most curves with 6, greater than 10%. Most of these lacked
psychrometer values and are poorly defined in the dry portion of the retention curve, as discussed
above. The measurements for boreholes LL C-85-14, -15, and -22 (Stephens et al., 1991c) are an
exception to this. These retention curves lack psychrometer measurements, but the pressure plate
measurements in the dry region appear to have equilibrated.
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The determination that 8, for the Bandelier Tuff lies between 0% and 5% is consistent with
moisture retention data for sand presented by Mualem (1976b), and for coarse grained soilsin the
summary tables of van Genuchten et al. (1991). We consider sand to be appropriate for
comparison to the Bandelier Tuff because the pore sizes of sand and tuff may be equivalent, and
the shape of most of the tuff retention curves resembles those of soils with anarrow pore size
distribution, i.e. sand (Figure 4) rather than clay or silt (Jury et al., 1991).

Some soil physicists question whether such low saturation values (between 0% and 5% ) can be
obtained under natural conditions. M. D. Ankeny (Daniel B. Stephens & Associates, Inc.,
personal communication, 1994) noted that |aboratory measurements on tuff samples at the lowest
moisture contents (~0% to 5%) were obtained after the samples were dried on the laboratory
counter (in Albuguerque) at room temperature and humidity. The low values we obtained for 6,
are a'so consistent with field moisture contents observed in the Bandelier Tuff at TA-54 (Kearl et
al., 1986a and b; R. H. Gilkeson, personal communication, 1994; B. M. Gallaher, personal
communication, 1994). The question remains as to whether vapor-phase rather than liquid-phase
transport has dried these rocks to a water content below 6, as defined above by van Genuchten et
al. (1991).

Comments on the Bendix Data

We consider the moisture retention data reported by Bendix Field Engineering Corporation
(Kearl et al., 1986a and b) to be incomplete (an exampleis given in Figure 6). These data cover
only asmall portion of the saturation range, typically 50% to 100%. The data were obtained
using a centrifuge, and the samples disaggregated at the highest speeds, preventing retention
measurements at lower saturation values (p. 39 in Kearl et al., 1986a). Kearl et al. (1986a and b)
concluded that their lowest moisture-content-data point represented the residual saturation, ;. In
light of the limitations of their measurement techniques and the evidence provided by subsequent
work (presented here and by Loeven and Springer, 1993), this conclusion appearsto be
unwarranted. The conclusions reached by IT Corp. (p. 4 in 1987), regarding the nature of liquid
flow beneath Material Disposal Areas (MDA) G and L, TA-54, are based on the Bendix data and
may also be unwarranted.

Some of the Bendix porosities (Kearl et al., 1986a and b) are extraordinarily high (up to 75%).
The porosities are of uncertain value, due in part to the methods of sample collection. The
Bendix core samples were subsampled from split spoon cores, and samples were prone to
disaggregation during subsampling (p. 35 in Kearl et al., 1986a; A. K. Stoker, personal
communication, 1994). The samples were repacked for laboratory analysis. It isdifficult to
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accept that reliable porosity measurements as high as 75% were made on repacked,
disaggregated samples. As discussed below, the Bendix porosities are significantly higher than
those obtained by Daniel B. Stephens & Associates, Inc. The latter values are supported by
reasonable agreement with separate calculations of porosity based on bulk density measurements
and an assumed particle density. No bulk density values are provided in the Bendix reports.

We consider the data of Daniel B. Stephens & Associates, Inc., to be the most reliable, due to the
uniformity of their analysis procedures and the self consistency and compl eteness of their data
Set.

Discussion of Hydraulic Data

Tables A1 through A20 present summaries of the statistics for bulk density (pyp), saturated
moisture content (or effective porosity, Os), field saturation (S), saturated hydraulic
conductivity (K<), log K, and the van Genuchten parameters residual moisture content (6y), a,
and N for each member or subunit of the Bandelier Tuff and the canyon-bottom alluvium. (The
two crushed data sets are not included here.) The tables are divided in two ways. The data are
presented for each member of the Bandelier Tuff, with the Tshirege Member divided into
subunits. For each member or subunit having data from more than one source, tables present
summaries both of all data and only of data obtained by Daniel B. Stephens & Associates, Inc.
As can be seen from Tables A4 and A 16, the additional data consist of 24 hydraulic conductivity
values for Tshirege Unit 3 (Nyhan, 1979) and 20 values for Bsx and Kyt for the Tshirege Units
13, 1b, 23, and 2b (Kearl et a., 1986a).

Figures 7 through 13 summarize the ranges of pp, B4, 10g Kz, and the van Genuchten
parameters a, N, and 6, for each member or subunit of the Bandelier Tuff and the canyon-bottom
alluvium. The results are discussed below.

Appendix E shows histograms and probability plots for bulk density, porosity, and log Ky for
the Bandelier Tuff as awhole, for each member of the Bandelier Tuff, and for Tshirege Units 1a
and 3. If the data are normally distributed, they will plot as a straight line on a probability plot.
For lognormally distributed data, the log of the datawill plot as a straight line. Discontinuitiesin
the plot may suggest the presence of more than one population within the data set, or that the
data fit another type of distribution (Isaaks and Srivastava, 1989).

The comparison of hydraulic properties both within and between lithologic unitsis limited by the
sparse geographic coverage of the boreholes.
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Hydraulic Property Functions

Figures 14 through 22 are composites of al moisture characteristic and unsaturated hydraulic
conductivity curves for each member of the Bandelier Tuff, with the Tshirege Member divided
into units.

Except for Tshirege Unit 3 (Figure 15), the retention curves for each unit of the Tshirege
Member (Figures 15 to 20) show afairly good grouping, as do the unsaturated hydraulic
conductivity functions. Recall that there is some uncertainty about the correlation of Unit 3 from
this areato other parts of the Laboratory (D. E. Broxton, personal communication, 1995), and
that the TA-16 moisture retention data sets lack psychrometer values, casting doubt on their
reliability. In addition, the tuff at TA-16 islikely to have greater welding, asit is closer to the
source.

The variability of the curves between units (which may be ascertained by comparing Figures 15
through 20) is in keeping with the alternating welded and nonwelded nature of the Tshirege
Member. The variation in physical properties discerned from outcrops, along with other
observations, led Broxton et al. (19954) to divide the Tshirege Member beneath TA-21 into five
separate hydrogeological units. These hydrogeological units correspond to Tshirege Units 1a, 1b,
23, 2b, and 3.

The curves for the Tsankawi/Cerro Toledo Member (Figure 21) show the greatest scatter, partly
dueto alarge variation in porosity. Thisis probably due to the diverse lithology of this unit,
which is composed of pumice, ash, and fluvial deposits (Goff, 1995; Broxton et a., 1995a).
Broxton et al. (1995a) divided the Tsankawi and Cerro Toledo interval beneath TA-21 into two
separate hydrogeological units. Finally, curves for the Otowi Member (Figure 22) show the
tightest grouping of the three members of the Bandelier Tuff. This grouping is consistent with
the uniform nonwelded character observed for the Otowi Member by Broxton et al. (1995a),
prompting their designation of this as one hydrogeological unit.

Bulk Density

The bulk density data (Figure 7) come from reports by Daniel B. Stephens & Associates, Inc.
Tshirege Unit 3 shows the highest bulk density values. The Unit 3 data come from beneath MDA
P, TA-16. The large difference in bulk density between Unit 3 and other units may reflect the
fact that TA-16 isin the western part of the Laboratory, where flows are more welded. Purtymun
(1995) describes Units 3c and 3d of the Tshirege at MDA P as being moderately welded (these
may be Unit 4, D. E. Broxton, personal communication, 1995). On the other hand, no other
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Tshirege Units are represented by the data collected at MDA P, and at any one location,
lithologic observations of welding strongly indicate that the bulk density for Unit 2 will be
significantly greater than Unit 3 (D. E. Broxton, personal communication, 1995).

The median bulk density decreases with depth through the Tshirege. Note that thereis afairly
steep gradient of median bulk density across units 3, 2b, 2a, and 1b.

The bulk density probability plots for the Tshirege Unit 1a, the Tshirege Member, and the
Bandelier Tuff (Figures E2, E3, and E6) show a discontinuity at about the 90th percentile, while
the histograms suggest that the data are approximately normally distributed. If the log of bulk
density is plotted for these units (not shown), the curves are more linear, but still show a slight
discontinuity. The bulk density histogram for the Tsankawi is suggestive of a bimodal
distribution, and the probability plot for the Tsankawi (Figure E4) shows agap at about the 30th
percentile. The probability plot for the Otowi (Figure E5) is strongly linear except for the highest
value.

Porosity

Thereisvery little variation in mean porosity values throughout the Bandelier Tuff (Figure 8).
The mean value for the Tshirege is 49%, and 47% for the Tsankawi and Otowi. Tshirege Units 3,
13, and the Tsankawi show the highest variation in porosity. These statements are based on the
data obtained by Daniel B. Stephens & Associates, Inc. Figure 8 shows the high Bendix porosity
values for comparison (Kearl et al., 1986a). Note the large variation in maximum porosities
between the Bendix and Stephens et al. data for Tshirege Units 1b, 2a, and 2b (Tables A5
through A10, Figure 8).

The porosity probability plots for the Tshirege Unit 1a, the Tshirege Member, and the Bandelier
Tuff are somewhat concave upwards (Figures E2, E3, and E6), while the histograms indicate that
porosity is approximately normally or lognormally distributed. If the log of porosity is plotted
(not shown), the probability plots are nearly linear. The histogram for the Tsankawi (Figure E4)
appears bimodal, and the porosity probability plot shows a gap at about the 70th percentile. This
corresponds to the gap in the bulk density plot at the 30th percentile: the high porosity samples
have low bulk densities. The porosity probability plot for the Otowi (Figure E5) shows a strong
discontinuity at the 50th percentile, which is not seen in the bulk density plot.
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Saturated Hydraulic Conductivity

The values of log Ky are shown in Figures 9 and 10 for the Stephens et al. data and for the
complete data set. Figure 10 repeats Figure 9, except that the minimum, maximum, and median
for the entire data set are indicated. Note (Figure 9) that there is a steep decreasein log K
across units 2b, 2a, and 1b. Tshirege Unit 2b and the Tsankawi Member appear to have the
highest hydraulic conductivity values; Tshirege Unit 1b the lowest.

The hydraulic conductivity values of Nyhan (1979) for Tshirege Unit 3 at TA-21 (Table A3) are
significantly lower than those found by Daniel B. Stephens & Associates, Inc., (Stephenset al.,
1988) at TA-16 (Table A4). This could be due to differences in laboratory methods, or could
indicate a variation of Unit 3 between the two locations.

Thelog K4 probability plots for the Tshirege Unit 3, the Tshirege Member, and the Bandelier
Tuff (Figures E1, E3, and E6) appear roughly linear, while the histograms indicate that Ky is
approximately normally or lognormally distributed. These distributions all have discontinuities,
however, particularly at the 90th percentile. The probability plots for the Tshirege Unit 1a and
the Otowi (Figures E2 and E5) are linear at the center, but not at the high and low values. The
histogram for the Tsankawi (Figure E4) appears to be nearly flat.

Van Genuchten Parameters

The van Genuchten parameters a, N, and 8, for each member of the Bandelier Tuff and each unit
of the Tshirege member are plotted in Figures 11 through 13. The values of a (Figure 11) are
plotted on alog scale due to their variation over several orders of magnitude; o may be
lognormally distributed. The aluvium, Tshirege Unit 1a, and the Tsankawi have the highest
mean a values; these units generally have the lowest suction values at a given moisture content.
Nonetheless, these mean a values fall in the range described by van Genuchten et al. (1991) for
claysand silty clays.

Tshirege Units 2a and 2b have the highest median N values (Figure 12). Units 2a and 1b show a
large difference in this parameter, as do Units 3 and 2b. Most of the N valuesfall in the range
given by van Genuchten et al. (1991) for sand and loamy sand.

For the residual moisture content (6y), Figure 13 shows that Tshirege Units 3, 2b, and weathered
Unit 1a have higher mean values. The mean and median residual saturation values for the entire
Tshirege are 2.1% and 0% (Table 18). These values fall at the low end or below the range given
by van Genuchten et al. (1991) for sand and loamy sand. Recall that we eliminated many of the
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retention fits with 8, above 10%; most of these retention data sets lacked psychrometer
measurements at |ow moisture contents.

Crushed Tuff Data

The hydrologic properties of crushed tuff are of interest because it is used, for example, to fill
and line waste disposal pitsat MDA G, TA-54. Two analyses of crushed tuff moisture retention
data are presented here. All of the crushed tuff came from the quarry at the entrance to TA-53,
which isin Tshirege Unit 3 (J. W. Nyhan, personal communication, 1995). The hydraulic
properties for each crushed tuff data set are included in Table B-1; the individual moisture
retention functions are shown in Figure D-19. Figure 23 shows the combined moisture retention
and unsaturated hydraulic conductivity functions.

According to Abeele (p. 4 in 1984), the crushed tuff "can best be described as consisting mostly
of silicic glass and having a grain size distribution close to that of silty sand.” For the caisson
experiment, the fill material was passed through a 12.5 mm screen.

The first crushed tuff samplein thisanalysisis aspecia case (Figure D-19). It is a composite of
laboratory pressure plate measurements (Abeele, 1979) and tensiometer and neutron moisture
probe measurements from alarge-scal e instantaneous moisture profile caisson experiment
(Abeele, 1984). The moisture content ranges for the two data sets are complementary; neither
moisture retention data set alone produces a reliable solution from RETC. Note that Abeele
(1979, 1984) gives two values of K g for the crushed tuff (Table B-1). Both conductivity
functions are shown in Figure 23.

The second crushed tuff sampleisaconventional anaysis by Daniel B. Stephens & Associates,
Inc. (Stephens et al., 19944).

Van Genuchten et al. (pp. 27-29 in 1991) report two retention and hydraulic conductivity curve
fitsfor Abeele' s (1979, 1984) crushed tuff data. Their fits also used the retention data from both
the caisson and pressure plate experiments, as well as the hydraulic conductivity data from the
caisson experiments. In thefirst fit, they allow B« to be a free parameter, with aresult of 6 =
33.20%. For the second fit, they use a "measured value" of B = 33.08%. However, Abeele lists
the value of By for the crushed tuff as 40% (p. 3 in Abeele, 1979; p. 3in Abeele, 1984).
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Hydrologic Properties Profiles

Figures 24 through 34 are hydrologic property profiles for boreholes having a large enough
number of cores. The top plot shows the saturation, porosity, moisture content, and residual
moisture content; the lower plot shows head and in situ suction values (note that the head values
are less than zero, and that the negative of the suction is plotted). The in situ suction values are
determined from the following rearrangement of Equation (1) using the in situ moisture content:
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The head values are determined from the formula:
H=z-y , 5)

where H = hydraulic head (centimeters),
z = elevation head, or depth (centimeters, positive upwards, datum is ground
surface), and
Y = matric suction (centimeters, positive if unsaturated).

Thein situ effective saturation [Equation (1)], suction, head, and in situ hydraulic conductivity
[Equation (3)] are tabulated in the two hydraulic properties data files on the accompanying disk,
and in Appendix F. Theindividual head and suction values must be regarded as having an
unknown degree of uncertainty related to experimental errors and other uncertaintiesin the
retention curves, but consistency within an individual profile, and comparison with psychrometer
data (see below) gives confidence in the general patterns described here.

Cafada del Buey

The alluvium in Caiada del Buey is generally dry, except for discharge water from water supply
well PM-4 (Purtymun, 1995). For borehole CDBM-1 (Figure 24), saturation increases from the
surface down to the Tsankawi/Cerro Toledo sequence, and falls off somewhat below this level.
Head values also increase with depth from the surface to about this horizon, and then fall off with
increasing depth. The head gradient profile for CDBM-1 suggests that the direction of liquid
water flow is both upwards and downwards away from the higher-saturation zone at the Cerro
Toledo. Note that the suction profile for borehole CDBM-1 isfairly uniform below about 50 ft;
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the head profile is dominated by the elevation term. The profiles for CDBM-2 (Figure 25)
contain too few points for analysis.

TA-53, Mesita de los Alamos

Several boreholes have been drilled to monitor moisture conditions beneath the surface
impoundments at the Los Alamos Meson Physics Facility (TA-53) on Mesita de los Alamos
(Purtymun, 1995). Datafor borehole AB-6 (Figure 26) indicate a saturation of about 90% near
the base of Tshirege Unit 2b. The head values decrease uniformly with depth, suggesting
downward liquid water flow below 40 ft.

Potrillo Canyon

Potrillo Canyon contains mostly dry alluvium, and has discontinuous stream flow (Becker, 1991,
Purtymun, 1995). Borehole PC-4 (referred to as POTO-4 by Purtymun, 1995) was drilled at the
upstream end of an area where stream flow was observed to infiltrate into the alluvium, with
little flow beyond (Becker, 1991). Borehole PC-4 has a zone of nearly 90% saturation at the base
of the Weathered Unit 1a (Figure 27). Saturation falls off below this depth, with only a slight
increase in the Tsankawi Pumice, and remains constant at about 40% in the Otowi. In spite of the
high saturation zone at the base of the Weathered Unit 1a, the hydraulic head decreases nearly
monotonically with depth, as the elevation term dominates over suction. Thisindicates
downward moisture movement beneath Potrillo Canyon.

Mortandad Canyon

Mortandad Canyon has received treated liquid radioactive waste discharges from the TA-50
treatment plant since 1963. At about the location of boreholes MCM-5.1 and MCM-5.9A,
surface flow isintermittent. Storm water discharge may extend beyond this location, but has not
left the Laboratory property (i.e. reached borehole SIMO-1) since observations began in 1960
(Stoker et a., 1991). Perched water in the alluvium seldom extends much beyond a point
halfway between MCM-5.9A and SIMO-1 (Baltz et al., 1963; Purtymun, 1975).

The profiles for Mortandad Canyon borehole SIMO-1 (Figure 28) indicate no moisture buildup
at the Tsankawi/Cerro Toledo sequence, but show an increase within the Otowi Member at the
base of the borehole. A similar increase within the Otowi was noted by Stoker et al. (1991) for
boreholes MCM-5.9A (Figure 30) and borehole MCM-8.2. The dry portions of the three
retention data sets for borehole SIMO-1 are unreliable, so no head or suction values are shown.
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Two zones of high saturation occur in Mortandad Canyon borehole MCM-5.1 (Figure 29): at the
base of the canyon-bottom alluvium, and at the top of the Tsankawi/Cerro Toledo sequence. For
this borehole and for MCM-5.9A, Daniel B. Stephens & Associates, Inc., (Stephens et al., 1991a)
provided Richards thermocouple psychrometer potential measurements at the in situ moisture
content (Figure 29). While these values are unreliable at moisture contents near saturation
(Stephens et al., 1991a), the head values cal culated from them agree well with the head
calculated from the retention curves, except for afew points. The head values that depart most
from the psychrometer head curve (i.e. at 54 and 82.5 ft) come from cores with low in situ
moisture contents and retention curves that are poorly defined in the dry portion (Figures D10
and D11). Below adepth of 10 ft, the hydraulic head decreases uniformly with depth, indicating
downward flow of water beneath the canyon floor.

The data for borehole MCM-5.9A again show a buildup of saturation at the top of the
Tsankawi/Cerro Toledo sequence (Figure 30). Moisture content and saturation increase with
depth in the Otowi Member, as noted by Stoker et al. (1991). Although a dlight reversal in head
occurs within the Tsankawi, suggesting the possibility of upward flow from this unit, the general
trend for the borehole again indicates downward flow of water beneath the canyon floor. The
psychrometer head value at 105 ft may be unreliable because of the high saturation at this depth
(89%), causing it to deviate from the retention curve-derived head value.

MDA P, TA-16

MDA Pisalandfill located on the canyon wall above Cafion de Valle at TA-16. Borehole P-16
was drilled on the mesa south of the landfill, away from the canyon rim (Purtymun, 1995). No
saturation was found in any of the 30 test holes drilled near the landfill, 9 of which were located
above the stream channel at the base of the canyon rim. The stream in this section of the canyon
has a small flow due to discharge from an industrial outfall located upstream of MDA P
(Hickmott and McCann, 1995).

Borehole P-16 (Figure 31) includes the only Tshirege Unit 3 (possibly Unit 4) retention data
measurements. Because of the lack of psychrometer values, the retention curves are not well
defined in the dry range, so the head and suction values at depths with low moisture content are
unreliable (i.e., between 12 and 26 ft). There is a high saturation zone at the top of Unit 3d.
Ignoring the low moisture content zone between 12 and 26 ft, the data appear to show a
downward decrease of head, hence downward flow of water.
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MDA L, TA-54, Mesita del Buey

TA-54 at Mesitadel Buey includes the low-level radioactive waste disposal facility (MDA G)
and a chemical waste storage facility (MDA L). These disposal areas occupy a mesa between
Canada del Buey and Pgjarito Canyon, which contain interrupted streams (Purtymun and
Kennedy, 1971).

WEells 54-1001, -1002, and -1006 (Figures 32, 33, and 34) are all from MDA L, TA-54, on
Mesitadel Buey (D. J. Krier, R. H. Gilkeson, and V. L. Trujillo, persona communication, 1994).
The boreholes were drilled at angles, so both down hole depth and true vertical depth are
indicated in the figures. The moisture profilesfor al boreholes show higher moisture content at
the vapor-phase notch and the Tsankawi/Cerro Toledo. The moisture content just above the
vapor-phase notch level shows an increase with depth. The increase of moisture content is not as
strong just above the Tsankawi/Cerro Toledo, and within this unit the moisture content is quite
variable. This could be the result of varying hydrologic characteristics due to the diverse
lithology of this unit, which is composed of pumice, ash, and fluvial deposits (Rogers and
Gallaher, 1995; Broxton et al., 1995a).

For borehole 54-1001 (Figure 32), the suction and head values determined from the van
Genuchten curve fit for the sample at depth 68 ft appear to be too low (~12,000 and 13,500 cm
respectively) in comparison to a value we estimated from the psychrometer data presented by
Daniel B. Stephens & Associates, Inc., (Stephens et al., 1994b) (see Figure D16). Both values are
indicated on the head plot.

The profiles for boreholes 54-1001, -1002, and -1006 show |ow moisture contents, high suctions,
and low head valuesin the upper part of Unit 2a. This horizon is associated with extremely low
field moisture contents of about 1%, which are seen throughout both MDA G and MDA L in
moisture profiles obtained in 1986 by Bendix Field Engineering Corporation (Kearl et al., 1986a
and b). The low moisture zone may be related to pyroclastic surge deposits at the base of Unit 2b
(Gallaher et al., 1994). The surge beds are known from earlier studiesto be related to preferential
migration of vapor-phase 3H from disposal shafts (Purtymun, 1973).

The hydraulic head increases below the depth of the surge beds (the top of Unit 2a), indicating
upward flow of liquid water within the mesa. Gallaher et al. (1994) hypothesized that the surge
beds have higher air permeability than surrounding units of the Bandelier Tuff, and the mesaiis
dried out at this horizon by increased external air circulation through the mesa sides. Thisdry
zone created by water vapor removal would therefore constitute a natural barrier to downward
migration of liquid wastes beneath disposal areas at TA-54.
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Summary of Vadose Zone Water Movement Beneath the Pajarito Plateau

In summary, most of the canyon-bottom and mesa hydraulic head profiles suggest that
downward flow of water occurs beneath the ground surface. The exceptions are apparent upward
flow above the Tsankawi/Cerro Toledo sequence in the upper 50 ft beneath Cafiada del Buey
(CDBM-1), in Mortandad Canyon (MCM-5.9A), and the possibility of upward flow from above
the Tsankawi/Cerro Toledo sequence, up to the base of Tshirege Unit 2b, within Mesita del Buey
at TA-54 (54-1001, -1002, and -1006). These observations suggest that the Tsankawi/Cerro
Toledo sequence may provide a pathway for lateral movement of water by unsaturated flow.

In Situ Permeability and Travel Times

The Bandelier Tuff hydraulic property data provide a basis for comparison of core-scale and
field-scale estimates of water flow and solute transport parameters. For highly faulted or
fractured media, the saturated permeability measured at large scale may be three orders of
magnitude greater than that of small samples (Neuzil, 1986). Similarly, for crystalline rocks,
field-scale (e.g. pump test) measurements of saturated permeability are three orders of magnitude
greater than laboratory measurements, again due to fractures (Brace, 1980). Bethke (1989)
observed that, due to lithologic heterogeneities, fractures, and faulting, regional-scale saturated
permeabilities for sedimentary basins can greatly exceed small-scale measurements. For
unsaturated flow, differencesin core- and field-scale permeability measurements might reflect
the importance (at larger scale) of saturated fracture flow.

The unsaturated hydraulic conductivity functions that we determined for the Bandelier Tuff can
be used to estimate the in situ unsaturated hydraulic conductivity by making use of thein situ
moisture content values. Combining the in situ unsaturated hydraulic conductivity values for a
borehole provides a means of estimating the effective unsaturated hydraulic conductivity or the
travel times that apply to water flow through the Bandelier Tuff. Estimates of these travel times
and effective unsaturated hydraulic conductivity values are the subject of the next section.
Following that, we compare the effective unsaturated hydraulic conductivity estimates to tracer
evidence. The core-derived hydraulic conductivity estimates are much lower than values inferred
from the movement of recent 3H, Cl—, and NO3~ contamination found a few hundred feet beneath
two canyons.

Empirical Unsaturated Hydraulic Conductivities
Appendix F tabulates in situ unsaturated hydraulic conductivities for each core, calculated from

Equation (3) using the K ¢, van Genuchten parameters, and in situ moisture content. The
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arithmetic, geometric, and harmonic mean of the in situ unsaturated hydraulic conductivities for
each well, based on the valuesin Appendix F, arelisted in Table 5, along with the depth range
for the cores. In calculating the means, the core conductivity values are not depth-weighted, but
are treated as a random sample from within the depth interval. Where a sufficient number of
coresis present for a borehole, the mean conductivity values are given for the individual
lithologic units.

Moisture content variations exert a strong deterministic effect on the distribution and range of in
situ (unsaturated) permeability values, so ordinary statistical arguments regarding distribution of
the mean saturated permeability must be modified (Gelhar, 1993). The possible significance of
the various permeability means was discussed in an earlier section (see " Statistical Distribution
of Hydraulic Conductivity," pp. 9-10). The harmonic mean conductivity represents the effective
vertical hydraulic conductivity for flow perpendicular to layered strata of varying permeability
(de Marsily, 1986). It is strongly affected by the smaller hydraulic conductivity values, which
generally reflect the lowest water contents.

Table 6 lists the arithmetic, geometric, and harmonic means of the average linear fluid velocities
for the coreslisted in Appendix F. The average linear velocity calculated with Equation (2)
assumes a unit hydraulic gradient, or steady state gravity flow, where specific discharge equals
hydraulic conductivity (Jury et al., 1991). The "mean average linear velocity” is henceforth
referred to as the "mean velocity." Again, the individual velocity values are not depth-weighted,
but are treated as a random sample in calculating the mean vel ocity values. The harmonic mean
velocities range from about 4 times the harmonic mean unsaturated hydraulic conductivitiesin
the relatively moist tuff beneath canyon bottoms (e.g., Mortandad Canyon), up to 50 to 150 times
greater for the dry tuff beneath TA-54.

Table 7 gives the travel times applicable to the depth intervals represented by coresin Table 6
calculated from the three different mean vel ocities. For the purpose of comparison, the travel
times are given as years required to travel 1 cm. The calculation assumes a unit hydraulic head
gradient, and uses the respective mean fluid velocities from Table 6:

unit travel time = 1/v = (6/q) = &/(-Kdh/dl) , (6)
where v =  mean (average linear) fluid velocity (centimeters per second),
0 = volumetric moisture content (dimensionless, 0< 06 <1), and

dh/dl

hydraulic gradient (dimensionless, assumed to equal 1).
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The mean in situ unsaturated hydraulic conductivities (Table 5) and velocities (Table 6) are
extremely low, and imply that the unsaturated Bandelier Tuff may have a permeability in the
same range as saturated clays (Table 2.2 in Freeze and Cherry, 1979).

Note that the hydraulic conductivities and vel ocities described here are not measured, but depend
on an empirical formulation for unsaturated hydraulic conductivity (Mualem, 1976a). These
values would not apply if fast flow paths exist. The use of these values presumes that fluid flow
only occurs through the unsaturated rock matrix.

Tracer Evidence for In Stu Travel Times

Contaminants of recent origin have been found in boreholes beneath two canyon bottoms at L os
Alamos National Laboratory. The fluid transport vel ocities estimated from the presence of these
contaminant tracers are significantly greater than core-based velocity estimates. This observation
callsinto question whether fluid transport through the unsaturated Bandelier Tuff occurs by
unsaturated matrix flow or, alternatively, through fractures. The higher tracer-derived velocities
also raise questions about the validity of using core-derived hydraulic conductivities to model
fluid flow beneath the Laboratory.

Two boreholes recently drilled beneath Mortandad and L os Alamos Canyons revealed
concentrations of 3H, Cl—, and NO3~ that exceed background values (Stoker et al., 1991; Broxton
et a., 1995b). The presence of these contaminantsis due to industrial operations conducted at
Los Alamos National Laboratory since the mid-1940s, and provides an upper limit on the time
required for water to infiltrate through the Bandelier Tuff. While infiltration of 3H through the
vadose zone beneath the canyon bottom could occur partly in the vapor phase, the ionic species
Cl~and NO3~ move only with the liquid phase.

Mortandad Canyon Tracer Velocities

The TA-50 radioactive liquid waste treatment plant at Mortandad Canyon began disposing of
effluent with elevated levels of contaminants, including 3H, CI—, and NO3~, in 1963.

M easurements taken in 1961, before the TA-50 plant became operational, showed that the
aluvial groundwater concentration of Cl~was 5-11 mg/L, and the concentration of NO3~ was 0-
3 mg/L (Baltz et d., 1963). By 1990, the alluvial groundwater concentration for Cl~ was <0.5-34
mg/L and the NO3~ concentration was 60-310 mg/L (Stoker et al., 1991).

The concentrations of 3H, Cl—, and NO3~ (Figure 35) observed at depths of up to 200 ft beneath
Mortandad Canyon (Stoker et al., 1991) suggest much shorter travel times through the Bandelier
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Tuff than those predicted from core data. Borehole MCM-5.9A (Figure 35) penetrated 38 ft of
alluvium, 60 ft of Tshirege Unit 1a, 20 ft of the Tsankawi/Cerro Toledo sequence, and 76 ft of
the Otowi Member (Stoker et al., 1991). Analysis of cores for Cl—, NO3™, and 3H shows
concentrations of these contaminants well above the 1961 alluvial groundwater levels, and
suggests that the contaminants have propagated down to respective depths of about 100, 150, and
190+ ft over aperiod of 27 years (Stoker et al., 1991).

L et us assume that the travel distance is from the bottom of the aluvium, at 38 ft. For NO3™, the
observed (maximum) unit travel time based on tracer evidence (over 27 years, from 38 ft to a
depth of 150 ft) would be 7.9x10-3 yr/cm. This compares with a predicted 41 yr/cm for the
Tshirege Unit 1a (from Table 7, using the harmonic mean velocity), and a predicted 10 yr/cm for
the entire borehole MCM-5.9A. The observed and predicted fluid velocities are compared in
Table 8. The observed (minimum) velocity implied by the NO3~ datais 4.0x10-6 cm/sec, while
the predicted (harmonic mean) velocity for the Tshirege Unit 1lafrom Table 6 is 7.8x10-10
cm/sec. The predicted velocity for the entire borehole is 3.1x10-9 cm/sec. The low velocity value
for the Tshirege Unit 1a (compared to the velocity for al units encountered in the borehole)
results from the very low unsaturated hydraulic conductivities of afew cores with low moisture
contents.

The (minimum) fluid velocity values calculated from the NO3™~ measurements are much larger
than the predicted vel ocity values estimated from the laboratory core data. The tracer values are
about 5000 times larger than the (harmonic mean) core-derived value for Tshirege Unit 1a, and
1300 times larger than the core-derived value for the entire borehole. This suggests that
infiltration beneath M ortandad Canyon may occur by other means than vertical unsaturated flow
through the rock matrix. Some possible alternatives include saturated flow through fractures or
infiltration farther upstream followed by lateral flow within the Tsankawi/Cerro Toledo interval.
V apor-phase flow may be responsible for the degper movement of 3H, especially below the
Tsankawi/Cerro Toledo interval.

Los Alamos Canyon Tracer Velocities

Preliminary results from the drilling of borehole LADP-3 in Los Alamos Canyon lead to similar
tracer-based travel time values. The borehole penetrated 65 ft of alluvium and 243 ft of the
Otowi Member (Broxton et al., 1995b). 3H (5.5 nC/L) and high Cl~ concentrations (46.8 mg/L)
were found in perched groundwater at 325 ft in the underlying Guaje Pumice Bed. The
contaminant source history in Los Alamos Canyon is not as well defined as for Mortandad
Canyon, but alower limit on the fluid velocity can be inferred by using the 50-year period since
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the beginning of Laboratory operations. (Another time estimate may be the 38-year history of the
Omega West Reactor, which has apparently been leaking tritiated cooling water into the alluvium
since it began operation in 1956.) L et us assume that the travel distance is from the bottom of the
alluvium, at 65 ft. Thisyields a maximum unit travel time of 6.3x10-3 yr/cm (over 50 years, from
65 ft to a depth of 325 ft), close to the Mortandad Canyon value for borehole MCM-5.9A. The
corresponding minimum observed velocity is 5.0x106 cm/sec (Table 8).

Core data are not available for borehole LADP-3, but we can compare this minimum observed
velocity value to predicted values for the Otowi Member (Table 6) from three other canyon-
bottom boreholes (at in situ moisture contents). The predicted (harmonic mean) velocities
through the Otowi Member are 5.1x108 cm/sec at CDBM-1, 3.9x10-7 cm/sec at PC-4, and
2.4x10°7 cm/sec at MCM-5.9A. The observed (minimum) velocity from LADP-3is 10 to 100
times greater than the predicted values. The discrepancy between observed and predicted values
may be less for the Otowi Member than for the Tshirege Member at MCM-5.9A because of the
generally higher moisture contents of the Otowi.

The one or two order-of-magnitude difference between observed and predicted fluid velocities at
borehole LADP-3 may not be significant. The unsaturated hydraulic conductivity values
presented here for the Otowi Member are only empirical estimates, and may also have significant
error due to variations in moisture content and rock properties. The Otowi Member beneath Los
Alamos Canyon appears to have about the same volumetric moisture content as the other
locations cited: 12% to 24% in LADP-3 (estimated from gravimetric moisture contents of 10% to
20% (Broxton et al., 1995b), by assuming a bulk density of 1.2 g/cm3). This compares to
volumetric moisture contents of 9% to 16% at CDBM-1, 12% to 15% at PC-4, and 18% to 23%
at MCM-5.9A.

A second borehole, LAOI(A)-1.1, penetrated the Guaje Pumice about 3500 ft upstream from
LADP-3. This borehole was drilled within the Guagje Mountain fault zone and also found perched
water in the Guaje Pumice, but the 3H concentration was at background levels (P. A. Longmire,
personal communication, 1995). LAOI(A)-1.1 was drilled about 1000 ft downstream from the
Omega West Reactor, which appears to have been leaking tritiated cooling water for up to 40
years. The lack of 3H in the Guaje Pumice at this upstream borehole, together with the relatively
small difference between the tracer and the core-derived fluid velocities at LADP-3, suggest that
transport through the Otowi Member beneath the alluvium in Los Alamos Canyon could be
occurring by unsaturated flow alone. In this case, it might not be necessary to call upon fractures
or faults for accelerated fluid transport.
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Conclusions

The results of this study suggest that in general, the moisture retention curves are similar within
individual lithologic units. Hydraulic properties, such as bulk density and K<, appear to differ
significantly between units. These conclusions could be an artifact of limited geographic
coverage, however. The Tshirege correlation of Baltz et al. (1963) appearsto serve as agood
basis for dividing the Tshirege Member of the Bandelier Tuff into hydrogeological units as was
done by Broxton et al. (1995a). The Tsankawi Pumice Bed, Cerro Toledo Interval, and the Otowi
Member make up three additional hydrogeological units.

The core data provide the basis for constructing vertical profiles of in situ matric suction and
hydraulic head, which give an indication of the likely direction of subsurface liquid water
movement. The canyon-bottom and mesa hydraulic head profiles suggest that generally
downward flow of water occurs beneath the surface of the Pgjarito Plateau. However, exceptions
are the apparent upward flow above the Tsankawi/Cerro Toledo sequence beneath Caiada del
Buey and in Mortandad Canyon. Upward flow is aso possible above the Tsankawi/Cerro Toledo
sequence up to the base of Tshirege Unit 2b within Mesitadel Buey at TA-54. These
observations suggest that the Tsankawi/Cerro Toledo sequence may be a significant pathway for
lateral movement of water by unsaturated flow. Upward flow within the mesas and beneath
canyon bottoms would have significant implications for isolating waste storage facilities from
ground and surface water.

The core data allow estimates of effective vertical unsaturated hydraulic conductivities and
theoretical estimates of the travel times and velocities of infiltrating water. The results can be
used as a basis for comparison of core-scale and field-scal e estimates of water flow and solute
transport rates. The core-derived travel times predict much slower transport than the travel times
estimated from the presence of recent 3H, CI—, and NO3~ beneath Los Alamos and Mortandad
Canyons. In the case of Los Alamos Canyon, however, the observed travel times are only 10 to
100 times greater than those predicted from core measurements. Due to potential uncertaintiesin
estimated unsaturated hydraulic conductivities, and variations of lithologic properties, this
velocity difference does not rule out the possibility that vadose zone transport beneath Los
Alamos Canyon occurs exclusively by unsaturated flow.

These canyon bottoms have perched alluvial groundwater systems, and may be a source of
recharge to the main aquifer. In some canyons, the presence of relatively large amounts of water
may facilitate downward water movement along fast paths such as saturated flow along faults
and fractures. In other canyons and beneath the generally dryer mesas, the saturated conditions
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that facilitate transport through fractures may not occur, and the use of core-derived travel times
for modeling might be appropriate.

Remaining Questions and Further Study

The following gquestions remain concerning the mechanisms controlling flow through the
unsaturated zone beneath the Pajarito Plateau and data needs for predicting the movement of
moisture and contaminants:

1. Isthe approach of estimating hydraulic properties from laboratory analysis of small cores and
use of these valuesin groundwater flow models valid? The results from Mortandad Canyon
suggest that, below canyon bottoms with perched alluvial groundwater systems, use of core
valuesis not appropriate. The results from Los Alamos Canyon may not rule out the use of core-
derived values.

2. Isthe use of core-derived properties valid in some locations, such as the dry mesas and canyon
bottoms, but not beneath some saturated canyon bottoms where fast paths, such as fracture flow,
might be a more effective transport mechanism?

3. Isthe use of laboratory core results and modeling methods valid, but do we lack enough data
to completely represent flow within the lithologically heterogeneous system?

4. Do we need more laboratory measurements of core properties? What is the next step?

One basic problem with this data set is the limited geographic distribution of the boreholes,
which frustrates both attempts to develop spatial trends for hydraulic properties for each unit, and
to relate conclusions to the differing hydrologic settings of mesas or canyon bottoms. The well
locations are biased towards the northeastern portion of the Laboratory, where units of the
Bandelier Tuff are thinner and less welded. Tshirege Unit 3 is poorly represented (but is
represented at both eastern and western ends of the Laboratory), and Unit 4 may not be
represented at all. In addition, most of the cores have been collected either beneath saturated
canyon bottoms or on Mesitadel Buey. Thereis aneed for more data to define the vertical and
horizontal variation of hydraulic properties, in particular (1) east-west changes (such as welding)
related to distance from the eruption source and (2) vertical changes at particular locations to
clarify local contrasts between lithologic units.

A large body of core data exist for the Tshirege Unit 1a and the Otowi Member, but may not
adequately reflect the areal variations that could occur within these units. The Tsankawi/Cerro
Toledo sequence, the vapor-phase notch (Tshirege Unit 1a/1b contact), the surge beds beneath
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Tshirege Unit 2b at Mesitadel Buey, and the Guaje Pumice Bed are insufficiently characterized.
These strata are all possible corridors for significant water movement by unsaturated flow, or for
perched water or water vapor movement. In addition, properties for the underlying and probably
even more heterogeneous basalts and Puye formation are lacking, with the exception of afew
hydraulic test results from water supply wells (Purtymun, 1984; Purtymun and Stoker, 1988).

Given additional core analyses as described, it may be that the usefulness of these data for
interpreting the hypothesized fast-path infiltration beneath canyon-bottom alluvial groundwater
systems s limited. Other types of studies, along the lines of work done by Purtymun et al. (1989)
or Stoker et al. (1991), could shed more light on the mechanisms of infiltration. If vapor transport
beneath dry mesalocations, such as Mesita del Buey, has a significant effect on water movement,
further investigations to understand this phenomenon are required.
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Tables

Table 1. Data sources and quality of Bandelier Tuff hydrologic property data.

Well/ Sample Reference Commentst
CDBM-1 Stephenset a., 1992b (1)
CDBM-2 Stephenset a., 1992b (1)
AB-6 Stephens et al., 1991b  (2); 1 of 5 retention curves unreliable
AB-7 Stephens et al., 1991b  (2); 2 of 2 retention curves unreliable
SIMO-1 Stephens et al., 1991b  (2); 3 of 3 retention curves unreliable
PC-42 Stephens et al., 1992a (1); 13 of 24 initial moisture values measured, 4 of 24
retention curves unreliable
MCM-5.1 Stephenset al., 1991a (1); 1-5 of 12 retention curves unreliable
MCM-5.9A Stephens et al., 1991a (1); 1-4 of 8 retention curves unreliable
TA-16, P-16 Stephenset al., 1988  (2); 6 of 10 retention curves unreliable
LLC-85-14 Stephens et al., 1991c  (2); dry part of retention curves appearsreliable
LLC-85-15 Stephens et al., 1991c  (2); dry part of retention curves appearsreliable
LLC-86-22 Stephens et al., 1991c  (2); dry part of retention curves appearsreliable
TA-21 Nyhan 1979 samples from pit near adsorption bed 1, MDA T
LLM-85-01 Kearl 1986a retention data lack low 0 values
LLM-85-02 Kearl 1986a retention data lack low 0 values
LLM-85-05 Kearl 1986a retention data lack low 0 values
LGM-85-06 Kearl 1986a retention data lack low 0 values
LGM-85-11 Kearl 1986a retention data lack low 0 values
54-1001 Stephenset a., 1994b (1)
54-1002 Stephenset a., 1994b (1)
54-1003 Stephens et al., 1994b  (1); 4 of 6 retention curves unreliable
54-1006 Stephenset al., 1994b  (1); 1 of 5 retention curves unreliable

Crushed Tuff 1
Crushed Tuff 2

Stephens et a., 1994a
Abeele 1979, 1984

D
(2); combination of pressure plate (Abeele, 1979) and
caisson (Abeele, 1984) data

1 Comments: (1) some pressure plate data> 1 bar not equilibrated, (2) no psychrometer values, so dry

part of moisture retention curves may be poorly constrained.
2 Referred to as POTO-4 by Purtymun (1995).
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Table 2. Lithologic coverage and hydrologic setting of Bandelier Tuff
hydrologic property samples.

Well No. of L ocation, Hydrologic Lithologic Units Represented
Cores Setting
CDBM-1 17  Canadadel Buey, dry Tshirege 1a, Tsankawi, Otowi
CDBM-2 4 Canada del Buey, dry Tshirege 1a, Otowi
AB-6 5 TA-53, mesa Tshirege 1a, 2a, 2b
AB-7 2 TA-53, mesa Otowi
SIMO-1 9 Mortandad Canyon, wet Tshirege 1a, Tsankawi, Otowi
PC-4 24  Potrillo Canyon, dry Alluvium, Tshirege 1a, Tsankawi,
Otowi
MCM-5.1 45  Mortandad Canyon, wet Alluvium, Tshirege 1a, Tsankawi
MCM-5.9A 28  Mortandad Canyon, wet Tshirege 1a, Tsankawi, Otowi
TA-16, P-16 10 TA-16 MDA P, mesa Tshirege 3c, 3d
LLC-85-14 1 TA-54 MDA L, mesa Tshirege 2b
LLC-85-15 1 TA-54 MDA L, mesa Tshirege 2b
LLC-86-22 5 TA-54 MDA L, mesa Tshirege 1b, 2a
TA-21 24  TA-21 MDA T, mesa Tshirege 3
LLM-85-01 4 TA-54 MDA L, mesa Tshirege 1a, 1b, 23, 2b
LLM-85-02 4 TA-54 MDA L, mesa Tshirege 1b, 2a, 2b
LLM-85-05 4 TA-54 MDA L, mesa Tshirege 1a, 1b, 2b
LGM-85-06 4 TA-54 MDA G, mesa Tshirege 1a, 1b, 2b
LGM-85-11 4 TA-54 MDA G, mesa Tshirege 1a, 1b, 2b
54-1001 5 TA-54 MDA L, mesa Tshirege 1b
54-1002 5 TA-54 MDA L, mesa Tshirege 1a, 1b
54-1003 6 TA-54 MDA L, mesa Tshirege 1a, 1b
54-1006 5 TA-54 MDA L, mesa Tshirege 1a, 1b, 2b
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Table 3. Los Alamos Bandelier Tuff hydrologic property samples: types of data.

Wedll No. Bulk Insitu Kg Moisture Tran- Air Other
of density mois retention sient perme-  tests3
cores ture outflow ability

CDBM-1 17 X X X X X
CDBM-2 4 X X X X
AB-6 5 X X X X1
AB-7 2 X X X X1
SIMO-1 3 X X X X1
SIMO-1 6 X X
PC-4 13 X X X X X
PC-4 11 X X2 X
MCM-5.1 33 X X 1)
MCM-5.1 12 X X X X2 X X
MCM-5.9A 19 X X )
MCM-5.9A 9 X X X X2 X X
TA-16, P-16 10 X X X X1
LLC-85-14 1 X X X1,2 X )
LLC-85-15 1 X X X12 X @)
LLC-86-22 5 X X X12 X 2
TA-21 24 X
LLM-85-01 4 X X1 X
LLM-85-02 4 X X1 X
LLM-85-05 4 X X1 X
LGM-85-06 4 X X1 X
LGM-85-11 4 X X1 X
54-1001 5 X X X X X (2.3, )
54-1002 5 X X X X X (2,34
54-1003 6 X X X X X (2,3,4)
54-1006 5 X X X X X (2,3,4)
Crushed Tuff 1 1 X X X X (Stephens et a.) (5)
Crushed Tuff 2 - X X X (Abecle)

1 No psychrometer measurements in the dry portion of the retention curve.

2 Moisture retention by SPOC (submersible pressure outflow cell, Constantz and
Herkelrath, 1984) measurements.

3 Other tests: (1) psychrometer suction at in situ moisture content, (2) particle density,

(3) specific surface, (4) humidity/moisture content, (5) particle-size distribution.
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Table 4. Contents of accompanying computer disk containing moisture
retention and hydraulic data.

Well or Sample ID, or File Contents File Name

CDBM-1 CDBM Retent Data Txt
CDBM-2 CDBM Retent Data Txt
AB-6 AB Retent Data Txt

AB-7 AB Retent Data Txt
SIMO-1 SIMO-1 Retent Data Txt
PC-4 PC-4 Retent Data Txt

PC-4 SPOC PC-4 SPOC Retent Data Txt
MCM-5.1 MCMb5.1 Retent Data Txt
MCM-5.9A MCMb5.9A Retent Data Txt
TA-16, P-16 TA-16 P-16 Retent Data Txt
LLC-85-14 TA-54 LLC Retent Data Txt
LLC-85-15 TA-54 LLC Retent Data Txt
LLC-86-22 TA-54 LLC Retent Data Txt
TA-21 1

LLM-85-01 2

LLM-85-02 2

LLM-85-05 2

LGM-85-06 2

LGM-85-11 2

54-1001 TA-54-1001 Retent Data Txt
54-1002 TA-54-1002 Retent Data Txt
54-1003 TA-54-1003 Retent Data Txt
54-1006 TA-54-1006 Retent Data Txt
Crushed Tuff 1 Crsh Tuff Retent Data Txt
Crushed Tuff 2 Crsh Tuff Retent Data Txt

All hydraulic property data by lithologic unit
All hydraulic property data by well

Unsat Prop by Units Txt
Unsat Prop by Well Txt

1 No retention data.
2 See Kearl et al., 1986aand b.




Table 5. Mean, in situ, unsaturated hydraulic conductivities by well.

In Situ Conductivity Means (cm/sec)

Well/Unit Coredepth  Number of Harmonic ~ Geometric  Arithmetic
range (ft) cores
CDBM-1 24-189 17 3.13x1010  547x109 1.74x108
Tshirege 1a 24-64 5 9.54x1011  7.97x10'10  3.30x10°9
Tsankawi 89-94 2 1.34x108 1.59x10-8 1.89x10-8
Otowi 104-189 10 5.41x109 1.16x108 2.41x108
CDBM-2 28-68 4 3.99x1010  387x109  1.86x108
AB-6 40-150 4 5.65x10°7 5.99x106 2.95x104
PC-4 4-168 12 542x108  2.19x10°7 1.57x106
Alluvium 4-9 2 4.09x107  519x107  5.41x107
Weathered 1a 14-59 3 2.57x108 2.22x10°7 1.32x106
Tshirege 1a 64-84 2 6.87x108 6.68x10°7 6.50x106
Tsankawi 89-104 2 1.28x10°7 1.85x107 2.65x10°7
Otowi 118-168 3 5.35x108 6.40x108 8.05x108
MCM-5.1 43-107 11 541x10°9  578x108  2.31x10°6
Tshirege 1a 43-87 7 1.26x109 1.67x108  1.67x107
Tsankawi 93-107 4 3.34x108 5.05x10°7 6.16x106
MCM-5.9A 86-165 8 5.36x10-10 8.01x108 1.69x10-6
Tshirege 1a 86-95 2 1.35x10'10  7.81x1010 4.52x109
Tsankawi 109 1 - - 8.93x106
Otowi 120-165 5 4.58x108 1.99x107 9.14x10°7
TA-16, P-16 8-81 4 250x1077  8.49x107  4.40x106
LLC-86-22 54-131 5 8.92x10-13  7.13x10-11 4.74x10-9
54-1001 68-142 5 2.76x1011  2.31x1010  7.90x10-10
54-1002 92-244 5 1.86x10'11  1.13x1010 1.56x109
54-1003 102-157 2 451x1013  1.66x1012 6.10x10-12
54-1006 42-161 4 1.36x1013  1.93x1011  8.06x10-10
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Table 6. Mean, unsaturated, average linear velocities by well.

Average Linear Velocity Means (cm/sec)

Wéll/Unit Coredepth  Number of Harmonic  Geometric ~ Arithmetic
range (ft) cores
CDBM-1 24-189 17 9.47x109 5.52x108 1.43x10°7
Tshirege 1a 24-64 5 3.17x109 1.17x108 3.17x108
Tsankawi 89-94 2 1.10x10°7 1.17x10°7 1.24x10°7
Otowi 104-189 10 5.06x108 1.03x10°7 2.02x10°7
CDBM-2 28-68 4 3.50x109 3.57x108 1.56x107
AB-6 40-150 4 2.50x106 2.24x10°5 6.75x104
PC-4 4-168 12 2.74x10°7 1.10x106 4.30x106
Alluvium 4-9 2 2.01x106 2.14x106 2.28x106
Weathered 1a 14-59 3 1.06x10"7 7.50x10-7 3.22x106
Tshirege 1a 64-84 2 3.72x107  245x106  1.61x10°
Tsankawi 89-104 2 1.41x106 1.56x106 1.73x106
Otowi 118-168 3 3.87x10°7 4.73x10°7 6.06x10"7
MCM-5.1 43-107 11 8.10x10° 2.22x10°7 5.65x106
Tshirege 1a 43-87 7 5.37x109 7.88x108 4.08x10°7
Tsankawi 93-107 4 7.45x108 1.36x106 1.48x10
MCM-5.9A 86-165 8 3.08x109 3.33x10°7 5.36x10°6
Tshirege 1a 86-95 2 7.77x1010  3.02x109 1.17x108
Tsankawi 109 1 - - 2.01x10
Otowi 120-165 5 2.38x10°7 9.60x10-7 4.55x106
TA-16, P-16 8-81 4 1.19x106 3.56x10°6 1.35x10°
LLC-86-22 54-131 5 3.69x10'11  1.61x10° 2.41x108
54-1001 68-142 5 1.44x109 4.41x109 8.68x109
54-1002 92-244 5 3.56x1010  2.32x10°9 2.17x108
54-1003 102-157 2 2.88x1011  6.12x1011  1.30x10-10
54-1006 42-161 4 2.03x1011  7.36x1010  1.38x10°8
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Table 7. Calculated travel times by well.

Calculated Travel Times (yr/cm)

Well/Unit Coredepth  Number of Harmonic Geometric  Arithmetic
interval (ft) cores
CDBM-1 165 17 3.3x100 5.7x10'1 2.2x101
Tshirege 1a 40 5 1.0x101 2.7x100 1.0x100
Tsankawi 5 2 2.9x101 2.7x101 2.6x101
Otowi 85 10 6.3x101 3.1x101 1.6x101
CDBM-2 40 4 9.1x100 8.9x101 2.0x101
AB-6 110 4 1.3x102 1.4x10-3 4.7x10°
PC-4 164 12 1.2x10°1 2.9x102 7.4x103
Alluvium 5 2 1.6x102 1.5x102 1.4x102
Wesathered 1a 45 3 3.0x101 4.2x102 9.8x10°3
Tshirege 1a 20 2 8.5x102 1.3x102 2.0x103
Tsankawi 96 2 2.2x102 2.0x102 1.8x102
Otowi 50 3 8.2x102 6.7x102 5.2x102
MCM-5.1 64 11 3.9x100 1.4x10°1 5.6x103
Tshirege 1a 44 7 5.9x100 4.0x101 7.8x102
Tsankawi 14 4 4.3x101 2.3x102 2.1x10-3
MCM-5.9A 79 8 1.0x101 9.5x102 5.9x103
Tshirege 1a 9 2 4.1x101 1.0x101 2.7x100
Tsankawi 4 1 1.6x103
Otowi 45 5 1.3x101 3.3x102 7.0x103
TA-16, P-16 73 4 2.7x102 8.9x10-3 2.3x103
LLC-86-22 77 5 8.6x102 2.0x101 1.3x100
54-1001 74 5 2.2x101 7.2x100 3.7x100
54-1002 152 5 8.9x101 1.4x101 1.5x100
54-1003 55 2 1.1x103 5.2x102 2.4x102
54-1006 119 4 1.6x103 4.3x101 2.3x100
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Table 8. Observed vs. predicted fluid velocities (cm/sec).

Well Observed Velocity Predicted Velocity Source of Predicted Velocity*

MCM-5.9A > 4.0x10°6 7.8x10°10 MCM-5.9A (Tshirege 1a)
3.1x10°9 MCM-5.9A (entire well)
LADP-3 > 5.0x106 5.1x108 CDBM-1 (Otowi)
3.9x10°7 PC-4 (Otowi)

2.4x10°7 MCM-5.9A (Otowi)

* Velocities are all harmonic means of unsaturated average linear velocities, determined for
cores, from Table 6.
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Figure 1. Map of Los Alamos National Laboratory, showing locations of hydrologic properties
wells, canyons, roads, and Technical Area (TA) boundaries. The shaded areais TA-54, shownin
Figure 2. Wells LADP-3 and LAOI(A)-1.1 are discussed in the section on travel time evidence
from tracers.
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Correlation of Units within the Tshirege Member of the Bandelier Tuff
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(after Broxton and Reneau, 1994).
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Figure 4. |dealized moisture retention curves (matric suction vs volumetric moisture content) for
sandy soil and clayey soil, showing regions of the retention curve for sandy soil (after Figure
2.13inJury et a., 1991).
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Figure 5. Example moisture retention curves showing (top) moisture retention data (black
circles) which have not come to equilibrium above 0.5 bar (510 cm). The retention value at
3x10%4 cm is a psychrometer measurement. The in situ moisture content isindicated by the solid
vertical line. (bottom) Moisture retention data for a case where no psychrometer values were
obtained. Given the uncertainty with the pressure plate data near or above 1 bar (1020 cm), the
dry portion of the retention curve is probably not well defined by the P-16 17 ft data set (bottom),
leading to ahigh value of 8, = 15.5%.
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Figure 6. Comparison of moisture retention data for core from well LLM-85-01 at 30 ft (Kearl et
al., 1986a) with data for nearby Area L well LLC-85-14 at 30 ft (sample no. 8LLC-85-14,
Stephens et a., 1991c). The in situ moisture content is shown by the solid vertical line. The
Bendix data cover only a small portion of the saturation range.
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Figure 7. Statistical summary of bulk density data by member of the Bandelier Tuff and by unit
for the Tshirege Member. The bulk density data come from reports by Daniel B. Stephens &
Associates, Inc. The number of observations for each unit (n) is shown in parentheses.

50

2.

o)

0



Unit (n)

Alluvium (8)

Tshirege 3 (10) &

Tshirege 2b (5) A

Tshirege 2a (11) A & min

Tshirege 1b (8) A —H— maX

Weathered 1a(5) e me@an

Tshirege 1a (49) . meanto

Tehi 88 - - -A - - Bendix
irege (88) 2 maximum

Tsankawi (19) |

Otowi (32) |

Bandelier (139) & | A |

0 20 40 60 80 100

8 (vol %)
Figure 8. Statistical summary of saturated moisture content (porosity) data (of Daniel B.
Stephens & Associates, Inc.) by member of the Bandelier Tuff and by unit for the Tshirege
Member. The maximum porosity values from the Bendix data (Kearl et al., 1986a) are also
shown. The number of (Stephens) observations for each unit (n) is shown in parentheses.
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Figure 9. Statistical summary of log Kt data (of Daniel B. Stephens & Associates, Inc.) by
member of the Bandelier Tuff and by unit for the Tshirege Member. The number of observations
for each unit (n) is shown in parentheses.
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Figure 10. Statistical summary of log K<y data of Daniel B. Stephens & Associates, Inc. (solid
lines) and of the entire log K<y data set (dashed lines) by member of the Bandelier Tuff and by
unit for the Tshirege Member. The total number of observations for each unit (n), and the number
due to Daniel B. Stephens & Associates, Inc. (m), are shown in parentheses.
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Figure 11. Statistical summary of the van Genuchten parameter a by member of the Bandelier
Tuff and by unit for the Tshirege Member. All of the values are based on analyses of moisture
retention datafrom Daniel B. Stephens & Associates, Inc. The number of observations for each

unit (n) is shown in parentheses.
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Figure 12. Statistical summary of the van Genuchten parameter N by member of the Bandelier

Tuff and by unit for the Tshirege Member. All of the values are based on analyses of moisture
retention datafrom Daniel B. Stephens & Associates, Inc. The number of observations for each

unit (n) is shown in parentheses.
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Figure 13. Statistical summary of the residual moisture content (van Genuchten parameter 6;) by
member of the Bandelier Tuff and by unit for the Tshirege Member. All of the values are based
on analyses of moisture retention data from Daniel B. Stephens & Associates, Inc. The number

of observations for each unit (n) is shown in parentheses.
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Figure 14. Composite of moisture characteristic (top) and unsaturated hydraulic
conductivity (bottom) curves for the Alluvium.
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Figure 15. Composite of moisture characteristic (top) and unsaturated hydraulic
conductivity (bottom) curves for Unit 3 of the Tshirege Member of the Bandelier Tuff.
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Figure 16. Composite of moisture characteristic (top) and unsaturated hydraulic
conductivity (bottom) curves for Unit 2b of the Tshirege Member of the Bandelier Tuff.
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Figure 17. Composite of moisture characteristic (top) and unsaturated hydraulic conductivity
(bottom) curves for Unit 2a of the Tshirege Member of the Bandelier Tuff.
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Figure 18. Composite of moisture characteristic (top) and unsaturated hydraulic
conductivity (bottom) curves for Unit 1b of the Tshirege Member of the Bandelier Tuff.

N
o

58



ol voownl vvomd vvwd vovnd vond vl o vevd vl vowad v o ol vl vl ol ol owl o

30 40 50
0 (vol %)

Figure 19. Composite of moisture characteristic (top) and unsaturated
hydraulic conductivity (bottom) curves for Unit 1a of the Tshirege
Member of the Bandelier Tuff.
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Figure 20. Composite of moisture characteristic (top) and unsaturated hydraulic

conductivity (bottom) curves for Weathered Unit 1a of the Tshirege Member of the
Bandelier Tuff.
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Figure 21. Composite of moisture characteristic (top) and unsaturated hydraulic

conductivity (bottom) curves for the Tsankawi/Cerro Toledo Member of the Bandelier
Tuff.
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Figure 22. Composite of moisture characteristic (top) and unsaturated
hydraulic conductivity (bottom) curves for the Otowi Member of the
Bandelier Tuff.
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Figure 23. Composite of moisture characteristic (top) and unsaturated hydraulic conductivity
(bottom) curves for samples of crushed Bandelier Tuff.
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Figure 24. Canada del Buey borehole CDBM-1 core sample depth profiles of (top) saturation,
porosity, volumetric moisture content, and residual moisture content; and (bottom) head and (-)
suction at in situ moisture content.
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Figure 25. Canada del Buey borehole CDBM-2 core sample depth profiles of (top) saturation,
porosity, volumetric moisture content, and residual moisture content; and (bottom) head and (-)
suction at in situ moisture content.
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Figure 26. TA-53 borehole AB-6 core sample depth profiles of (top) saturation, porosity,

volumetric moisture content, and residual moisture content; and (bottom) head and (-) suction at
in situ moisture content.
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Figure 27. Potrillo Canyon borehole PC-4 core sample depth profiles of (top) saturation,

porosity, volumetric moisture content, and residual moisture content; and (bottom) head and (-)
suction at in situ moisture content.
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Figure 28. Mortandad Canyon borehole SIMO-1 core sample depth profiles of saturation,
porosity, volumetric moisture content, and residual moisture content.
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Figure 29. Mortandad Canyon borehole MCM-5.1 core sample depth profiles of (top) saturation,
porosity, volumetric moisture content, and residual moisture content; and (bottom) head and (-)
suction (from retention curve) at in situ moisture content and sample psychrometer head.
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Figure 30. Mortandad Canyon borehole MCM-5.9A core sample depth profiles of (top)
saturation, porosity, volumetric moisture content, and residual moisture content; and (bottom)

head and (-) suction (from retention curve) at in situ moisture content and sample psychometer
head.

70



TA-16, MDA P Well P-16

0 [ T I I I T I T I T I T I I T‘Op{SO“ |
RN I3 :
20 AA - o Tshirege
i A \ 0O Unit 3d ]
o 20 4 0 ]
c B 1
) ~ / —
S f
a 60 - A T O Tshirege |
|/ | \\ Unit 3c |
A 0 O
80 F» O o’ -
. —e— Saturation ---1--- 0 Tehir e’
. --0--Porosity --~--6, Unit%% ]
100 | . | . L . | . | . [ . L T :
0 20 40 60 80 100
Volume Percent
0 . Top Soil
20— i ]
- Tshirege -
Unit 3d .
=0
= 40 - N ]
= o e
e L I .
*8‘_ I —e— Head |
O 60 Tshirege | --0-- (-) Suction o
.~ Unit3c '
80 o--"" ]
~ Tshirege ]
- Unit3b
100 R B PR P B P T
-10000  -8000 -6000 -4000 -2000 0
Head (cm)

Figure 31. TA-16, MDA P borehole P-16 core sample depth profiles of (top) saturation, porosity,
volumetric moisture content, and residual moisture content; and (bottom) head and (-) suction at

in situ moisture content. Due to lack of psychrometer measurements to define the dry part of the

retention curves, the suction and head values at low moisture contents are unreliable.
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Figure 32. TA-54, MDA L borehole 54-1001 core sample depth profiles of (top) saturation,
porosity, volumetric moisture content, and residual moisture content (with the addition of the
core moisture data for the borehole); and (bottom) head and (-) suction at in situ moisture

content.
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Figure 33. Borehole TA-54, MDA L borehole 54-1002 core sample depth profiles of (top)
saturation, porosity, volumetric moisture content, and residual moisture content (with the

addition of the core moisture data for the borehole); and (bottom) head and (-) suction at in situ

moisture content.
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TA-54, MDA L Well 1006 (angled 24° south)
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Figure 34. Borehole TA-54, MDA L borehole 54-1006 core sample depth profiles of (top)
saturation, porosity, volumetric moisture content, and residual moisture content (with the
addition of the core moisture data for the borehole); and (bottom) head and (-) suction at in situ
moi sture content.
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Figure 35. Borehole MCM-5.9A profiles of Cl- and NO3- (top) and gravimetric moisture and

tritium (3H) (bottom). The data are from Stoker et al. (1991). The CI- and NO3- concentrations
were determined as pg/g by leaching core samples with water. The results were converted from
Mg/g to mg/L using the core gravimetric moisture content. The minimum detection limit for Cl-
was 10 pg/g, which converts to about 47—66 mg/L for a gravimetric moisture contents of 15%—

21%.
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