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Introduction

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. A knowledge of these properties is essential for understanding the
hydrologic behavior of the wff, and is a fundamental requirement for interpreting water and
contaminant movement beneath the laboratory. The results presented here are an extension of
work by Loeven and Springer (1992), and a compilation of four earlier reports by the authors
(Rogers, 1994a, b, and ¢ Rogers and Gallaher, 1994). "

!

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

b

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

by Broxton et al. (1994a).

The core dara provide the basis for constructing ventical profiles of in situ matric suction and
hydraulic head, as wel] as profiles of porosity, moisture content, and water saturation. These
proiiles give an indication of the likely direction of hiquid water movement within the
unsaiurated zone beneath parts of Los Alamos National Laboratory.




The core data and profiles also allow estimation of equivalent vertical unsa urated hydraulic
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conductivities, and detecmination of the'trdvel um&ﬁfv&&fﬁ?s & fflﬁ&b{m %"ater."i'hg:
core-derived travel times are much slower than values dgfgﬂqu.ggtg:ggﬁgsfgggpf fecent -

tritium, Cl, and NO; contamination a few hundred feet beneath two canyons. The field-derived
values from Los Alamos Canyon are |5 to 125 times faster than the core values, and those for

samples for laboratory analysis, and the use of such results in modeling. Another consideration js
that this approach might be valid for dry locations such as mesa tops, and that the areas where
field data and core results do not correspond are limited to Sawrated canyon bottoms, where fast
paths like fracture flow might be more effective.

Tshirege Unit 1a and the Otowi Member have a large number of laboratory core analyses. The
Tsankawi/Cerro Toledo, vapor phase notch (Tshirege Unit 1a/1b contact), the surge beds beneath
Tshirege Unit 2b at Mesita de] Buey, and the Guaje Pumice Bed are all believed to be corridors
for perched water or water vapor movement, and are insu[ﬁcicntly characterized. In addition,

Puntymun and Stoker, 1988).

Geologic and Hydrologic Setting

the Jemez Mountains. The plateau is capped by rocks of the Bandeljer Tuff, an ignimbrite
crupted from the Jemez Volcanjc pile (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 pan ephemeral or intermittent. Rainfall in the Los Alamos area totals abour |8 in/yr,

[0S ]
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occurs as 1) perched alluvial aquifers in tanyon bouoms, 2) intermediare perched aquifers in

volcanic sediments and basalts underlying the Béndelicf Tuff, and 3) the maix;i %quifer :neath -

--Jvﬁu\--.'rl"‘b.ﬁ"g "

the Pajarito Plateau, within the Santa Fe Gioup and the Puye Formation, at a depth of 1200 . _

along the western edge of the plateau, and f‘L’{!l‘dng the 'c”a_xstcfn edge (Purtymun, 1995).

8i R N P

The Jemez Mountains vc;lfahic center formed along faults at the western edge of the Rio Grande
depression (Griggs, 1964). The oldest rocks discussed here are the Santa Fe Group, which are
rift-filling sediments deposited by the ancestral Rjo Grande River prior to 7 Maj(rm'llion years
before present), and interbedded basalts (Goff, et al., 1989). Construction of the Jemez volcanic
edifice began with eruption of the Tschicoma Formation dacites from 7 to 3 Ma, and
contemporaneous deposition of the Puye Formation, a series of alluvial fans shed from the
highland (Goff, et al., 1989), e e wT T S

The formation of the Bandelier Tuff began at 1.45 Ma with eruption of the Otowi Member (Goff,
et al., 1989). The Guaje Pumice Bed at the base of the Otowi Member is a pumice-faij 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 Pajarito Plateau, the Cerro Toledo interval includes both pyroclastic and
volcanogenic alluvial deposits (Goff, 1994).

The eruption of.thc Tshirege Member at 1.12 Ma resulted in formation of the Valles Caldera alop
the Jemez Mountains (Goff, et al., 1989). The Tsankawi Pumice Bed is an air-fall deposit that
lies at the base of the Tshirege Member. This was again followed by surge bed and pyroclastic
eruptions (Goff, et al., 1989). The Tshirege Member underlying the Pajarito Plateay consists of
several distinct flow units, which differ in degree of welding and fracturing. Numerous

correlations have been derived for the lithologic subunits of the Tshirege Member, as discussed
below,

Sources of Data

Hydrologic property data are available for core samples from 21 wells, samples from a pit at TA-
21 (Nyhan, 1979), and for crushed tuff from laboratory samples (Abeele, 1979) and a caisson
experiment (Abeele, 1984). Table | lists the data source for each sample, along with some
comments on the type of moisture retention data that were obtained. The well locations are
shown in Figures | and 2.




(personal cbnununichxioh.' 1994). Stoker elal ‘( l§91). and Purtymun (19953).

The various lithologic correlation schemes used for the Tshirege Member of the Béndelicr Tuff
are shown in Figure 3. The correlation used for the Tshirege Member in this report'is that of
Baltz et al. (1963) and Purtymun and Kennedy ( 1971, Figure 2), because most of the lixhologic
assignments for the wells were done according 10 this scheme by W. D, Purtymun. For wells 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 wells, the Tshirege
unit assignments for the scheme of Baltz et al. (1963) were inferred from Purtymun and Kennedy
(1971, Figure 2). o :

All of the moisture retention data for each sample are included on the accompanying 3.5 inch
computer disk. The disk is in Macintosh format, and contains tab-delimited text files. Table 4
provides a cross-reference between the wel] or Sample name and the disk file name. Two
additional files on the disk include al] of the hydraulic data which forms the basis of the
accompanying tables. One of the files is sorted by lithologic unit, the other by well or sample
name.




¥ suction is the valye required to drain the first pore
(Jury et af., 1991). In the Capillary region the moisture content decreases with incrcasing suction,
as incrcasingly smaller pores are drained. Water in the adsorption region is heid onto the soj]

Van Genuchen Retention Curve Formula

The Unsaturated hydrayjjc curve parameters (hay we derived for the samples are summarized in

the accompanying rap|es (Appendices A, B, 2nd C) anqg figures. The parameters fol|ow from van
Genuchten’s formulation of the moisture characteristic curve (vap Gcnuchten. 1980):

-~ _e-
680 —L (1)
95'6( ‘\' \’
{ I +]eey] }
with @ effective Saturation,
6 volumetrie moisture content,
6, residual mojsture conteny,
85 (also noted ag Bsa1) saturated moisture content of effective porosity,
1% matric suction

&N vap Genuchten fitting paramete:s
M = i-1/N.
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- < 10% less thap the porosity. Thus the Saturate moisture content is related (o the effective

porosity, which Bear (1972 defines aS'the’ratio of the vojume of interconnécted pores io the total
rock or soil volume, '

There is some debate among soil physicists concerning the physical meaning of the residua)
Saturation (8,), for which there are three interpretations:

2)Bisa fitting parameter as defined by vap Genuchten ( 1980) (equation | )- Van Genuchten et
al. (1991, P. 5) state thar “Forma] Y. 6 may be defined as the water content at which both d6/dh
and K g0 10 zerp when h (y) becomes large. The residual water content js an extrapolated

According {0 summary (apjes presented by van Genuchten e al. (1991, Tables 3 ang 4), coarse
soils (sand ang loamy sand) have mean 6, vajyes around 2 to 6%, Clays and silty clays have
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produce a curve with a gradual transition in moisture content as suction increases above the air

entry value, giving a clay o silt-like retention curve. COarse Sbil's'l'ii\'r;li}‘gveﬂi‘:?nré;tf N values.
around 1.5 10 2.7 for sand and loamy sand. Clays and silty clays have average N values of about
.1 (van Genuchten et al,, 1991, Tables 3 and 4).

Unsaturated Hydraulic Conductivity

The laboratory measurement of unsaturated hydraulic conductivity is difficult and time
consuming, due 1o extremely low values. This is especially true for conventional steady state
methods, where up to a year may be required to achieve steady state flow for a single
measurement (Conca and Wright, 1992). The lower laboratory limit for unsaturated hydraulic
conductivity measurement is about 10-9 cmysec (Conca and Wright, 1992).

The unsaturated hydraulic conductivity graphs discussed bejow extend i0 10-22 emy/sec, in order
to show the grouping of the curves. Hydraulic conductivity values in this region have uncenain
physical meaning, however. Consider the average linear velocity of fluid flow through a porous
medium, given by:

<l
L[]

Di<

with v the specific discharge or Darcy flux.
For saturated conditions, § in equation 2 is the porosity.

For a porosity of 50%, and a unit hydraulic gradient (specific discharge equals hydraulic ‘
conductivity), a hydraulic conductivity of 10-10 cmysec implies a fluid travel distance of 6.3x10-3
cm in a year. This distance would be 10 times larger for a moisture content of 5%, but is stjll

quite small. At such Jow hydraulic conductivity values and mojsture contents “it's all

specuiation, because the physics is out the door” (M. Th. van Genuchten, personal

communicaticn, 1994), and vapor flow may be the dominant mode of water transport (Luckner et
al., 1989).

Empirical Determination of Hydraulic Conducti viry

The unsaturated hydraulic conductivity can be obtained from the expression:

wih K, (also noted as K,,) saturated hydraulic conductivity.




This equation uses Mualem’s (519764) empirical formuja for unsaturated hydrautic conductivity,
e . - m e .- . O i o~ o C -y
as jmglcmcn;eg by van Genuc_h'ten (1980). s sers myrisnslortisnict, o wibbiiirncs WA SENET.

X ¢ .,.o oo i g K N
: O S USRI PR »”WWWM%MW*
The retention curve parameters tabulated here use the restriction M = 1-1/N, which gives

a convenient expression (equation 3) for the uxis;tﬁr;tcd hydraulic conductivity (van Genuchten,
1980). For several cores from wells 54-1001, 2, 3, and 6, (Tshirege units Ib, 2a, and 2b) the van

variation (standard deviation divided by mean) cannot be normally distributed because some
values of the distribution wil] be negative (Jury e al., 1991). A lognormal distribution has no
negauve values:; thus porosity and bulk density may also have lognormal distributions.

to flow through heterogeneous media. For two-dimensional flow through a media with
lognormally distributed permeability, the average permeability is equal to the geometric mean
Km. where In Km = E(In K) (de Marsily, 1986, P- 82). The harmonic mean permeability K ,,
where 1/Kn, = E( 1/K), is also given in the tables for each lithologic unit. The arithmetic mean

conductivity, the average hydraulic conductivity lies between the harmonic and arithmetic mean
hydraulic conductivity (de Marsily, 1986).
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Moisture Retention Measurements ar Low: Saturation - - - RO

“"These samples often do not come o equilibrium at high tensions. Therefore, the data show an
unrealistically large change in water conten; between the 15-bar pressure plate measurement and
the 18-bar psychrometer Mmeasurement. The o and N values were determnined 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 data 10 | bar plus use of the psychrometer data.”

Figure 5a shows an example of a moisture retention data set just described. Some of the pressure

plate data apparently have not come to equilibrium above 0.5 bar (510 cm), when compared (o
the psychrometer value at 3x} 0% cm.

Several of the moisture retention data sets lack psychrometer neasurements (Table 1). One
Consequence of the lack of psychrometer values for some moisture retention data sets is that only

showr by solid black circles. Equilibrated pressure plate and psychrometer points are shown by
open circles. The saturated moisture content (2ffective porosuty) is plotted at an artificial suction
value of 0.1 cm, 50 that it will appear on a log scale. The van Genuchten curve fits determined by
the authors (solid line) and by D. B. Stephens and Associates (dashed line) are displayed. In
some cases additional curve fits are plotted, for ¢xample 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 is indicated on each plot.




psychrometer values).

3
The determination that 6, for the Bandelier Tuff Jies between 0 and 5% s consistent with
moisture retention data for sand prcschzcd by Mualem ( 1976b), and for coarse grained soils in 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~t'uff may be equivalent, and
the shape of most of the wff retention curves resembles those of soils with a narow pore size
distribution, i.e. sand (Figure 4), rather than clay or silt (Jury et al,, 1991).

Some soil physicists question whether such Jow Saturation values (between 0 and 5% )can be
obtained under naturaj conditions. M. D. Ankeny (D. B. Stephens and Associates, personal
communication, 1994) noted that laboratory measurements on tuff samples at the lowest
moisture contents (~0to 5%) were obtained after the samples were dried on the laboratory
counter (in Albuquerque) at room lemperature and humidity. The low values we obtained for 6,
are also consistent with field moisture contents observed in the Bandelier Tuff a TA-54 (Kearl et
al, 1986aand b: R. H. Gilkeson, personal communication, 1994; B. M. Gallaher, personal

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 example is given in Figure 6). These data cover
only a small portion of the saturation range, typically 50 to0 100%. The data were obtained using
a centrifuge, and the samples disaggregated at the highest speeds, preventing retention
measurements at jower saturation values (Kear] et al., 1986a, p- 39). Kearl et al. (1986a and b)
concluded that their Jowest moisture content data point represented the residual saturation, 8. In
light of the limitations of their measurement techniques, and the evidence provided by
subsequent work (presented here and by Loeven and Springer, 1992). this conclusion appears 1o
be unwarranted. The conclusions lreachcd by IT Corp. (1987, p. 4), regarding the nature of liquid

}




flow beneath Material Disposal Areas (MDA) G a.?-dwl-"a; -4, are basedon the Bendix data,
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Some of the Bendix porosities (Kearl et al., 19862 and b) are ;xzraordinnrily high (u's‘ to75‘}c)
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 (Kear| et al., 19862, p. 35; A. K. Stoker, personal
communication, 1994). The samples were repacked for laboratory analysis. It is difficult to
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

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 repons.

Discussion of Hydraulic Data

Tables A ] thron.}gh A20 present summaries of the statistics for bulk density, saturated moisture
content (effective porosity), field saturation, Ksar. log Kgq, and the van Genuchten parameters ¢t
N. and 8, for each member or subunit of the Bandelier Tuff and the canyon bottom alluvium,
(The two crushed samples 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

1b. 2a, and 2b (Kear] et al., 1986a).

Figures 7 through 13 summarize the ranges of bulk density, porosity, log K. and the van
Genuchten parameters ¢, 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 K, for
the Bandelier Tuff, each member of the Bandelier Tuff, and Tshirege Units 1a and 3. If the data

are normally distributed, they will plot as a straight line on a probability plot. For lognormally
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Hydraulic Property Functions* - ’ TR
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Fxguﬁ:s lz‘t.hrough 22 are composites of a)j Mmoisture characteris;jc and unsaturageq hydrauljc
conductivity curyes for each memper of the Bandelje, Tuff, with the Tshirege Member divided
1nto units, : )

Member (Figures 15 to 20) show a fairly good &rouping, as do the uasaturated hydraulic
conductiviey functions. The yariability of the curves between unirs is'in keépihg With the
alternating welded and nonwelded Rature of the Tshirege Member, whic led Broxton et al.

which is compnised of Pumice, ash, and fluvia] deposits (Gofr, 1994 Broxton et al., 19943).
Broxton e; al. (} 9942) divided the Tsankaw; and Cerro Toledo interval ingo tWO separate
hydrogcological units beneath TA-2), Finally, curves for the Otow; Member (Figure 22) show
the tightest 8rouping of the three members of the Bandeljer Tuff. This js consistent with the
uniform nonwejded character observed for the Otow; Member by Broxton etal ( 19943a),

Purtymun (j 995) describes Units 3¢ and 3d of the Tshirege a5 being moderately welded. The
median bujk density decreases with depth through the Tshirege. Note that there js a fairly Steep

The bulk density Probability pjots for the Tshirege Upip la, the Tshirege Member, ang the
Bandeljer Tuff (Figures E2,E3, and E6) show a kink at aboy the 90th Percentile, while the
histograms appear 3pproximately normg| If the log of bulk density js plotted for these units (not
shown), the Curves are more linear, but sijj) show a slight kink. The bulk density histogram for
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the Tsankawj is Sugsestive of a bimodaj distribution; and the’probability plot for the Tsankawi

B

) - . ) o U T %: - ..l.\-’“_' .
* (Figure Eq) shc#gga_ 8ap at about the 30}h;per_cemileh‘5é"ﬁ“nbszﬂitf plot Tor the Otowi (Figure

o S ! . ‘ TR GyTm monge
T ES)is Strongly linear except for the highest value, ..axg89% 30 oo tten y *

Porosiry

for comparison (Kearl et al., 1986a). Note the large variation in maximum porosities between the
Bendix and Stephens data for Tshirege Units Ib, 2a, and 2p (Tables 8 through 13, Figure 8).

set. Figure 10 repeats Figure 9, except that the minimum, maximum, and median for the entire
data set are indicated. Note (Figure 9) thay there is a Steep decrease in log Ksa across units 2b,
2a, and Ib. Tshirege Unit 2b and the Tsankawi Member appear 1o have the highest hydraulic
conductivity vajues: Tshirege Unit 1b the lowest. L

The hydraulic conductivity values of Nyhan (1979) for Tshirege Unit 3 o TA-21 (Table 7) are
significantly lower than those found by D. B. Stephens and Associates (1988) ar TA. 16 (Table
6). This could be due to differences in laboratory methods, or could indicate a variation of Unit 3

The log K, probability plots for the Tshirege Unit 3, the Tshirege Member and the Bandelier
Tuff (Figures ] £3, and E6) appear roughly linear, while the histograms appear to be
approximately normal or lognormal. These distributions aJ| have kinks, however, Particularly a
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the 90th pcrce_n.tilq..'_rhe‘grobabﬂux plots for the Tshirege Unit !a’aﬁd the Otowi (Figures E2 and
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Van Genuchien Parameters

The van Genuchten parameters a, N, and 6, for each member of the Bandelier Tuff and each unit
of the Tshirege member are plotted in Figures 11 through 13. The values of & (Figure 11) are
plotted on a log scale due to thejr variation over severa] orders of magnitude; a may be

mean a values, leading to the lowest suction values at a given moisture content. Nonetheless,
these mean o values fall in the range described by van Genuchten, et al. (1991) for clays and

e e -

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

Genuchten, et a). (1991) for sand and loamy sand. Recal] thay we eliminated many of the
retention fits with 8, above 10%; most of these retention data sets lacked psychrometer
measurements at low moisture contents.

Crushed Tuff Dara

¢xpeniment, the fill material had passed through a 12.5 mm screen.

14
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The first crushed tuff sample in this analzéx_‘svg &sp&gal ‘gesg{ﬁgym D-19). 1t is a composite of
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probe measurements from a larg scale instantaneous moisture profile caisson experiment; A . o -

(Abecle, 1984). Neither moisture retention data set alone produces a reliable solution from

RETC. Note that Abeele (1979, 1984) gives two values of Ksat for the crushed wiff (Table B-1).
Both conductivity functions are shown in Figure 23,

The second crushed tuff sample is a conventional analysis by D. B. Stephens and Associates
(1994a).

Van Genuchten et al. (1991, pp. 27-29) report two re;émion and hydraulic conductivity curve
fits for Abeele’s ( 1979, 1984) crushed wff 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 the first fit, they allow Ogar to be a free paraxhete;, with a result of Bsar =
33.20%. For the second fit, they use a “measured value” of 8, = 33.08%. However, Abeele lists
the value of 8, for the crushed tuff as 40% (Abeele, 1979, P. 3; Abeele, 1984, p- 3).

Hydrologic Properties Profiles

Figures 24 through 34 are hydrologic propenty profiles for wells 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 sit suction values. The in situ suction values are
determined from a rearrangement of equation |, using the in situ moisture content:

M=é—! “-IJ ()

The head values are determined from the formula:

L

L
8

H=z-v )
with H hydraulic head (cm)
z elevation head, or depth (positive upwards)
W matric suction (positive if unsaturategd).

The in situ effective saturation (equation 1), suction, head. and in situ hydraulic conductivity
(equation 3) are tabulated in the two hydraulic propenties data files on the accompanying disk,
and in Appendix F. The individual head and suction values must be regarded as having an
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For well CDBM. (Figure 24), sanre

well CDBM. | js fairly uniform below about 50 £ ; the head profije is dominated by the elevatjon
term. The profiles for CDBM:-2 (Figuire 25) contain too feyy points for analysis,

Two zones of high saturatjop Occur in Montandag Canyon we| MCMSs. | (Figure 29): g the base
of the canyon bottom alluvium, and 4 the top of the Tsankawi/Ccrro Toledo Sequence. For this
well and MCM35.94 Stephens ( 1991a) provideqd Richards thcrmocouple Psychrometer potentia}

o
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with low in situ moisture contents and retention curves that are poorly.defined in the dry portion ,.'
(Figures D10 and D11). Below 10 ft., the bydraulic }iead decreases uniformiyivitt depth, 53 h
indicating doivn'\vg;d flow of '.\;\"‘a;’gr bcri‘eath the cgn,yg_xl floor..yun 3t FLRER b A MRS b
The data for well MCM5.9A again show a buildus of :srai:ir;tioki at the';op”ot".tlh: Tsaﬁkawi/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 slight reversal in head occurs within 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 js quite variable. This could be the resulr
of varving hydrologic characteristics, due to the diverse lithology of this unit, which is comprised
of pumice, ash, and fluvial deposits (Rogers and Gallaher, 1994; Broxton et al., 1993a).

For well 54-100] (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 em respectively)
'n comparison to a value I estimated from the psychrometer data presented by Daniel B. Stephans

and Associates (1994) (see Figure D16). Both values are indicated on the head plot. ,

The profiles for wells 54-1001, 1002, and 1006 show low moisture contents, high suctions, and
iow head values in 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

. |
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The low moisture zone may:be related i3 pyrociastic s rge deposits at fﬁc base of Unit 2p .
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(Gallaher et al., 1994), The surge beds dfe known from earliet studies o o related to preferentia]. *
migration of vapor-phase tritium from disposal shafis (Purtquq, 1973). - Coe e

profiles obtained in 1986 by Bendix Field x-:ngineen'ngc@rpo’;‘a@ﬁgcém’ét'ﬂ.; %%Eﬁa and b).
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zone created by water vapor removal would therefore constitute a natural barrier to downward
nugration of liquid wastes beneath disposal areas at TA-54.

In summary, most of the canyon bottom and mesa top hydraulic head profiles suggest thay
downward flow of water occurs beneath the ground surface. The exceptions are apparent upward
flow in the upper 50 ft. beneath Cafiada de| Buey (CDBM:-1), above the Tsankawi/Cerro Toledo
sequence in Mortandad Canyon (MCM5.9A), 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).

In Sity Permeability and Travel Times
Empirical Unsaturared Hydraulic Conductivities

Appendix F tabulates in sity unsaturated hydrauljc conductivities for each core, calculated from
cquation 3 using the Ksat, van Genuchten parameters, and in situ mojsture content. The
arithmetic, geometric, and harmonic mean in sjry unsawrated hydraulic conductivitjes for each

(unsaturated) permeability values, so ordinary statistical arguments regarding distribution of the
mean saturated permeability must be modified (Gelhar, 1993). The harmonic mean conductivity
Iepresents the vertical effectjve hydraulic conductivity across layered strata of varying
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Table 6 lists the arithmetic, geometric, and harmonic means of the average linear fluid velocities

unit trave} time = | /v = (e/v) = 9/(.th/dj) (6)
with ¥ mean average linear fluid velocity
dh/dl  hydraulic gradient (= 1).

The mean in siw unsaturated hydraulic conductivities (Table 5)and average linear velocities
(Table 6) are extremely low, and imply that the unsaturated Bandelier Tuff may have a
permeability in the same fange as saturated clays (Freeze and Cherry, 1979, Table 2.2). The
hydraulic conductivities and average linear velocities are not measured, but depend on an
empirical formulation for unsaturated hydraulic conductivity (Mualem, 1976a), and would not
apply if fast flow paths exist. The use of these numbers presumes that fluid flow occurs through
the rock matrix.

Field Evidence jor Travel Times

Several boreholes drilled recently beneath Monandad and Los Alamos Canyons revealed
concentrations of tritium, Cl, and NOj that exceed background values. The presence of these
contaminants is due 10 industrial operations conducted at Los Alamos National Laboratory since
the mid 1940's, and provides an upper limit on the time required for water to infiltrate through
the Bandelier Tutf. Infiliration of tritium through the vadose zone beneath the canyon bottom
could occur panlv in the vapor phase, but Cl and NO;3 move only with the liquid phase.




(Baltz et al., 1963). By 1990, the alluvial aquifer concentration for Cl wag <0.5-34 mg/l and the
NOj3 concentration was 60-310 mg/1 (Stoker etal., 1991]),

The concentrations of tritium, Cl, and NO; (Figure 35) at depths of up 10 200 fi. beneath
Monandad Canyon (Stoker et al, 1991) Suggest much shorter travel times through the Bandeljer

For NOj3, the implied fravcl time based on field evidence would be 5.9x10°3 yr/em, compared to
41 yr/em for the Tshirege Unit 1a (from Table 7, using the harmonijc mean average linear
velocity), and 10 yr/em for the entire well MCM5.94. The average linear velocity implied by the
NO;3 data is 5.4x10-6 cm/sec (5.6 fu/yr), while the harmonic mean average linear velocity for the
Tshirege Unit 12 from Table 6 is 7.8x10°'0 cmysec (8. 1x10-4 f/yr), and 3.1x10°9 crysec
(3.2x10-3 fuyr) for the entire well. The lower Tshirege Unit 1a average linear velocity value js 1
result of 1) the few low unsaturated hydraulic conductivities, which result from low moisture
contents, and 2) lower van Genuchten N values for the Tshirege than the Otowi, which results in
lower unsaturated hydraulic conductivities at a given moisture content.

The average linear velocity values inferred from the NO;3 dara are larger than the velocity values
determined from the laboratory core and in situ moisture content valyes, The field values are
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“'underlying Guaje Pumice Bed at 325 ft. The contaminant source history, in Los Alamos Canyon K

is not as well defined as for Mortandad Canyon, but a lower fimit on the fluid velocity can be '

determined by using the 50 year period since the beginning of laboratory operations. This yields
a maximum unit travel time of 5. 1x10°3 yr/em, close to the Mortandad Canyon value for well
MCMS.9A. The corresponding minimum avcrag:c linear velocity is 6.3x]0-6 cm/sec (6.5 fuyr).
This compares with (harmonic mean) average linear velocities (hro'ugh the Otowi Member
beneath canyon bottoms of 5.1x10-8 cm/sec (5.3x10-2 fi'yr) at CDBM-1. 3.9x10-7 cr/sec (0.40
fuyr) at PC4, and 2.4x10-7 cm/sec (0.25 fuyr) at MCMS5.9A (Table 6). The value implied by
results from LADP-3 ranges from 15 to 125 times these values, . -

Conclusions

The results of this study suggest that in general, the moisture retention curves are similar within
individual lithologic units. Hydraulic propenties such as bulk density and Ksa may differ
significantly between cnits. The Tshirege correlation of Baltz, et al. (1963) appears 1o serve as a
good basis for dividing the Tshirege Member of the Bandelier Tuff into hydrogeological units as
was done by Broxton et al. (1994a). 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 botiom and mesa top hydraulic head profiles suggest that downward
flow of water occurs beneath the surface of the Pajarito Plateau. The exceptions are apparent
upward flow beneath Cafiada de| Buey, above the Tsankawi/Cerro Toledo sequence in
Mortandad Canyon, 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. Upward flow
within the mesas would have significant implications for isolating waste storage facilities from
ground and surface water.

The core data and profiles also allow estimation of equivalent vertical unsaturated hydraulic
conductivities, and determination of the trave| times and velocities of infiltrating water. These
values are found 1o be much faster than trave! times determined from the presence of tritium. Cl,
and NOj beneath Los Alamos and Morntandad Canyons. These are canyon bottoms beneath
perched alluvial aquifers, and may be the source of recharge 10 the main aquifer. The presence of
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Given additional core analyses as described, xjt may be Ll:xat}.t’n? v:x;cfulness 9( this data_ for .
interpreting the hypothesized fast-path infiltration beneath canyon bottom alluvial aquifers is
limited. Other types of studies, along the lines of work done by Stokcr et al. (1991), designed 1o
determine the extent of intermediate perched aquifers and contamination they contain, could shed
more light on the mechanisms of infiltration. If vapor transport beneath dry mesa top locations
such as Mesita del Buey is a prevalent process, further investigations to understand this
phenomenon are required. - e
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Well/ Sample

Reference

CDBM -}
CDBM -2
AB-6
AB-7
SIMO-|
PC-42

MCMS5. ]
MCM5.94
TA-16,P 16
LLC-85-14
LLC-85.15
. LLC86-22
TA-2]
LLM 85-04
LLM 85.02
LLM 85-05
LGM 85-06
LGM 85.1]
34-1001
34-1002
34-1003
54-1006
Crushed Tuff |

Stephens 1992p
Stephens 1992p
Stephens 1991p
Stephens 1991p
Stephens 1991p
Stephens 19923

Stephens 199]5
Stephens 199],
Stephens 1988
Stephens 199]c¢
Stephens 199 ¢
Stephens 199} ¢
Nyhan 1979
Kearl 19862
Kearl 19862
Kear] 19862
Kearl 1986a
Kear} 19862
Stephens 1994p
Stephens 1994p
Stephens 1994p
Stephens 1994p
Stephens 1994,

—

+ L of 5 retention curves unreliable

+ 2 of 2 retention curves unreliabje

+ 3 of 3 retention Curves unreliable

I; 13 of 24 initial moisture values measured, 4 of
24 retention curves unreliabje

I 1-50f 12 Tetention curves unreliable

I 1-40f8 retention curves unreliable

2;60f 10 retention curves unreljable

2; dry part of retention curves appears reliable

2; dry part of retention curves appears reliabje
2; dry part of retention curves appears reljable
samples from pit near adsorption bed | MDA-T
retention data Jack Jow 8 values

retention data Jack Jow 0 values

retention data Jack low 8 vajyes

retention data Jack low 6 valyes

retention data jack low 8 valyes

1

1
i

A5 SN 1N S

D

I, d40f6 retention curves unreliable

I lof3 retention curves unreliable
]

Crushed Tuff 2 Abeele 1979, 1984 2 Combination of pressure plate (Abeele, 1979)
2nd caisson (Abeele, 1984) data

' Commenys: 1) some pressure Plate data > | par not equilibrated, 2) no psychrometer

values, so dry pan of moisture retention curves may be poorly constrained.

*Referred 10 as POTO-4 bv Puntymup (1993).
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Table 2. Lithologic Coverage and h

hydrologic propenty samples

ydrologic setting of Bandelier Tuff

Well No. of Location, hydrologic Lithologic units represented
cores setting
CDBM -1 17 Cafiada de] Buey, dry Tshirege 1a, Tsankawi, Otowi
CDBM -2 4 Caiiada de} Buey, dry Tshirege 1a, Orowi
AB-6 5 TA-53, mesa top Tshirege 1a, 2a, 2b
AB-7 2 TA-53, mesa top Otowi
SIMO-| 3 Mortandad Canyon, wet Tshirege 1a, Otowi
SIMO-| 6 Mortandad Canyon, wet Tshirege 1a, Tsankawi, Otowi
PC4 24 Potrillo Canyon, dry Alluvium, Tshirege 1a, Tsankawi,
Ortowi
MCMS. | 45  Mortandad Canyon, wet Alluvium, Tshirege 12, Tsankawi
MCM5.94 28  Montandad Canyon, wet Tshirege 1a, Tsankawi, Otowi
TA-16,P 16 10 TA-16, Area P, mesa top  Tshirege 3¢, 3d
LLC-85-14 l TA-54 Area L, mesa top Tshirege 2b
LLC-85-15 TA-34 Area L, mesa top Tshirege 2b
LLC 86-22 5 TA-54 Area L, mesa top Tshirege 1b, 2a
TA-2] 24 TA-21 MDA-T, mesa top  Tshirege 3
LLM 85-01 4 TA-34 Area L, mesa top Tshirege la, Ib, 2a, 2b
LIM 85-02 4 TA-54 Area L, mesa top Tshirege 1b, 2a, 2
LLM 85-05 4 TA-54 Area L, mesa top Tshirege 1a, 1b, 2b
LGM 85-06 4 TA-54 Area G, mesa top Tshirege 1a, 1b, 2b
LGM 85-11 4 TA-54 Area G, mesa top Tshirege 1a, 1b, 2b
54-1001 5 TA-54 Area L, mesa top Tshirege 1b
54-1002 5 TA-54 Area L, mesa top Tshirege 1a, 1b
54-1003 6 TA-54 Area L, mesa top Tshirege 1a, 1b
34-1006 b) TA-54 Area L. mesa top Tshirege la, Ib, 2b
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Well No.  Bulk 1y situ Ko Moisture  Trans. Air  Other
density mojst. retention ient  perm. tests 3
Cores ure outflow eability

CDBM.- | 17 X X X X X
CDBM -2 4 X X X X X
AB-6 5 X X X Xt
AB-7 2 X X X X!
SIMO-| 3 X X X X1
SIMO-} 6 X X
PC-4 13 X X X X X
PC4 11 X X2 X
MCMS35.) 33 X X 1
MCMs5. ] 12 X X X X: X X
MCM5.94 19 X X 1
MCM5.94 9 X X X X2 X X
TA-16,P 16 10 X X X X1
LLC-85-14 l X X X2 X 2
LLC-85.15 1 X X X!.2 X 2
LLC 8622 5 X X X2 X 2
Ta2r 5, X
LLM 85.0] 4 X X' X
LLM 8502 4 X X! X
LLM 85.05 4 X X! X
LGM 85-06 4 X X! X
LGM 85-11 4 X X! X
54-1001 5 X X X X X 2,34
34-1002 5 X X X X X 2,34
54-1003 6 X X X X X 2,3, 4
54-1006 3 X X X X X 2.3,4
Crushed Tuff l I X X X X (Stephens) 5
Crushed Tuff 2 - X X X (Abeele)

'No Psychrometer Mmeasurements in the dry pontion of the retention curve,

 Moisture retention b

Hcrkelrath. 1984) me

3 Other tegss: 1) psyc

y SPOC (submersibje pressure outflow cell, Constantz and
asurcments.

hrometer Suction at in sjry moisture content 2) particle density, 3)

specific surface, 4) humidity/ moisture content. J) particle sjze distribution.
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Table 4. Contents of accompanying computer disk containing moisture

retention angd hydraulic data
\ - -
Well or Sample ID, or File Contents File Name

—_— — —_—
CDBM -] CDBM Retent Data Txt

CDBM -2 CDBM Retent Data Tx,
AB-6 AB Retent Data Txt

AB-7 AB Retent Dara Txt

SIMO-| SIMO-| Retent Data Txt
PC4 PC-4 Reteny Data Tx¢

PC4 spoc PC4 spoc Retent Data Txt
MCMS5.1 MCMs, ) Retent Data Ty,
MCMS5.94 MCMs.94 Retent Data Ty,
TA-16,P i6 TA-16 p-16 Retent Data Ty,
LLC-85.14 TA-54 L1 ¢ Retent Data Ty,
LLC-85.15 TA-S4LLC Retent Dara Txt
LLC86.22 TA-S411C Retent Data Ty,
TA-2} (no retention data)

LLM 85.0) i (see Kear] ot al., 1986a and b)
LLM 85.02 (see Kear| o al., 1986a ang b)
LLM 85.05 (see Kear] et al., 1986a ang b)
LGM 85.06 (see Kear] e al., 1986a and b)
LGM 85-1] (see Kear] et al., 1986a and b)
54-100] TA-54-10p] Retent Dara Txt
34-1002 TA-54-1002 Retent Daga Txt
54-1003 TA-54-1003 Retent Data Txt
54-1006 TA-54-1006 Retent Data Ty,
Crushed Tuff 1 Crsh Tuff Retent Data T,
Crushed Tuff 2 Crsh Tuff Retent Dara Txt

All hydray)jc Property data by lithologic upj; Unsat Prop by Unizs Txt
All hydraylje Propenty data by welj Unsat Prop by Wej Txt




Table 5.

Core depth  Number of

Mean In Situ Unsawrated Hvdraulic Conductivities by Weil

In Sitw Conductivity Means (cm/sec)

Well/ Unit Harmonic Geometric Arithmetic
range (ft) cores

CDBM-] 24-189 17 3.13x10°10 5.47x109 1.74x10-8
Tshirege 1A 24-64 5 9.54x10°11  7.97x1010  330x109
Tsankawi 89-94 2 1.34x10-8 1.59x10-8 1.89x10-8
Otowi 104-189 10 5.41x109 1.16x10-8 2.41x10-8
CDBM.2 28-68 4 3.99x10-10  387x109 1.86x10-8
AB-6 40-150 4 5.65x10-7 5.99x10-6 2.95x10-
PC4 4-168 12 5.42x108  2.10x2107 1.57x10-6
Alluvium 4-9 2 4.09x10-7 5.19x10-7 5.41x10°7
Weathered 1A 14-59 3 2.57x10-8 2.22x10-7 1.32x10-6
Tshirege 1A 64-84 2 6.87x10  6.68x107  6.50x106
Tsankawi 89-104 2 1.28x10°7 1.85x10-7 2.65x10°7
Otowi 118-168 3 5.35x10-8 6.40x10-8 8.05x10-8
MCMS5 | 43-107 11 5.41x109 5.78x10-8 2.31x106
Tshirege 1A 43-87 7 1.26x10-9 1.67x10-8 1.67x107
Tsankawi 93-107 4 3.34x108 5.05x10°7 6.16x106
MCM3.94 86-165 8 5.36x10°10  8.01x10-8 1.69x10-6
Tshirege 1A 86-95 2 1351010 7.81x10-10 452409
Tsankawi 109 1 - - 8.93x10-6
Otowi 120-165 5 4.58x10-8 1.99x10-7 9.14x107
TA-16.P-16 8-81 4 2.50x10-7 8.49x10-7 4.40x10-6
LLC-86-22 54-131 5 8.92x10-13  7.13x10-!! 4.74x10-9
54-1001 68-142 5 276x10°'10 231x10-10 7.90x10-10

4-1002 92-244 5 1.86x10-11  |.13x10-10 1.56x10-9
34-1003 102-157 2 451x10°13 1.66x10°12  6.10x10-12
34-1006 42-161 4 1.36x10-13  1.93x10-!1 3.06x10-10
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Table 6.

Mean Unsaturated Average Linear Velocities by Wej)

Well/ Unit

Average Linear V.

elocity Means (cm/sec)

Core depth  Number of  Harmonic Geometric Arithmetic
range (ft) cores

CDBM-1 24-189 17 947x109 5525108 1.43x10-7
Tshirege 1A 24-64 5 3.17x10°9 | 17x10-8 3.17x10-8
Tsankawi 89-94 2 1.10x10-7 1.17x10-7 1.24x10-7
Otowi 104-189 10 5.06x10-8 1.03x10-7 2.02x10-7
CDRBM-2 28-68 4 3.50x109  3.57x10-8 1.56x10-7
AB-6 40-150 4 2.50x106  2.24x]0-5 6.75x10~
EC4 4-168 12 2.74x107  1,10x106 4.30x10-6
Alluvium 4-9 2 2.01x106 2.14x10-6 2.28x10-6
Weathered 1A 14-59 3 1.06x10°7 7.50x107  3.22x0-6
Tshirege 1A 64-84 2 3.72x10°7  2.45x10-6 1.61x10-5
Tsankawi 89-104 2 1.41x10-6 1.56x10-6 1.73x10-6
Otowi 118-168 3 3.87x10-7 4.73x10-7 6.06x10-7
MCM5.1 43-107 11 8.10x10-9 2.22x10-7 5.65x10-6
Tshirege 1A -~ 43.87 7 5.37x109  7.88x10-8 4.08x10-7
Tsankawi 93-107 4 7.45x10-8 1.36x106 1.48x10-5
M 5 86-165 8 3.08x10-9 3.33x10-7 5.36x10-6
Tshirege 1A 86-95 2 7.77x10°10 5024109 1.17x10-8
Tsankawi 109 l - . 2.01x105
Otow;j 120-165 3 2.38x10-7 9.60x10-7 4.55x10-6
TA-16.P-16 8-81 4 L19x106  3356x106 1.35x10-3
-86-22 54-131 5 3.69x10-!! 1.61x10-9 2.41x10-8
54-1001 68-142 5 L4x109  441x109 8.68x10-9
4-1002 92-244 5 3.56x1010 2324109 2.17x10-8
24-1003 102-157 2 288101 6 1251011 1.30x10-10
34-1006 42-161 4 2.03x10-11  7.36x10-10 1.38x10-8




Table 7. Calculated Travel Times by We]

Calculated Travel Times (yr/em)

Well/ Unit Coredepth  Number of  Harmonic Geometric Arithmetic
interval (fr) cores
M- 165 17 3.3x100 5.7x10-! 2.2x10-!
Tshirege 1A 40 1.0x10! 2.7x100 1.0x100
Tsankawi 5 2 2.9x10-t 2.7x10°! 2.6x10°1
Otowi 85 10 6.3x10-! 3.1x10-! 1.6x10-1
-2 40 4 9.1x100 8.9x10-! 2.0x10-!
AB-6 110 4 1.3x10-2 1.4x10-3 4.7x10-5
PC4 164 12 1.2x10-1 2.9x102 7.4x10-3
Alluvium 5 - 2 1.6x10-2 1.5x10-2 1.4x10-2
Weathered 1A 45 3 3.0x10°! 4.2x]10-2 9.8x10-3
Tshirege 1A 20 2 8.5x10-2 1.3x10-2 2.0x10-3
Tsankawi 96 2 2.2x10-2 2.0x10-2 1.8x10-2
Otowi 50 3 8.2x10-2 6.7x10-2 5.2x10-2
MCM5 64 11 3.9x100 1.4x]0-1 5.6x10-3
Tshirege 1 A 44 7 5.9x100 4.0x10-1 7.8x10-2
Tsankawi 14 4 4.3x10-! 2.3x102 2.1x10-3
MCM59A 79 S 1.0x101 9.5x10-2 5.9x10-3
Tshirege 1A 9 2 4.1x10! 1.0x10! 2.7x100
Tsankaw;i 4 ] 1.6x10-3
Otowi 43 3 1.3x]10-! 3.3x10-2 7.0x10-3
TA-16.P-1 73 4 2.7x10°2 8.9x10-3 2.3x10-3
C-86-22 77 5 8.6x102 2.0x10! 1.3x100
54-100] 74 3 2.2x10! 7.2x100 3.7x100
34-1002 152 5 8.9x10! 1.4x10! 1.5x100
34-1003 35 2 i.1x103 5.2x102 2.4x102
34-1006 119 d4 1.6x103 4.3x10! 2.3x109
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Figure 8. Statisticaj Summary of porosity data (of D. B. Stephens and
Associates) by member of the Bandelier Tuff, and by unit for the Tshirege
Member. The maximum porosity values from the Bendix data (Kear] et al.,
1986a) are also shown. The number of (Stephens) data for each unit is shown jp
parentheses.
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Figure 9. Statistical summary of log K, data (of D. B Stephens and Associates)
by member of the Bandelier Tuff, and by unit for the Tshirege Member. The
number of data for each unit is shown in parentheses.
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Figure 10. Statistical summary of log Ky data of D. B. Stephens and Associates
(solid lines) and of the entire log K, data set (dashed lines) by member of the
Bandelier Tuff, and by unit for the Tshirege Member. The total number of data
for each unit, and the number due to D. B. Stephens angd Associates, is shown in
parcmhéscs.
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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 dara are
from D. B. Stephens and Associates. The number of dara for each unit is shown
in parentheses.
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conductivity (bottom) curves for Unit 3 of the Tshirege Member of the Bandelier Tuff,
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Figure 23. Composite of moisture characteristic (10
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Appendix A. Hydraulic Properties Statistics Tables

Table Al. Hydraulic Propenties Statistics for the Alluvium (Stephens)

Py Osat (%) S (%) Ksat log K¢y 6, lod N
(g/cm3) (cm/sec) (%)

Minimum 1.20 34.6 144 6.5x10-5 -4.19 00 .0058 1.277
Maximum 1.75 49.0 100 82x104 -309 76  .0711 )1.838
Median 1.40 43.7 504 4.4x104 -3.64 38 .0385 | .558
Mean 1.42 433 46.8  4.4x104 -3.64 3.8 .0385 1.558
Stand. Dev. 1708 4.274 2895

Harmonic
Mean
Number of 9 8 S 2 2 2 2 2
Observations

Table A2. Hydraulic Properties Statistics for Tshirege Unit 3 (all sources)

Pb._ Bsar (%) S (%) Ksa logKsy 6 o N

(2/em3) (cm/sec) (%)
Minimum 1.25 34.6 334 56x106  -525 0.0 .0011 138

Maximum 1.80 56.2 86.9  5.1x104 .39 79 0052 2877

Median 1.47 47.3 343 4.7x10°5 -4.33 50 0026 1639
Mean 1.47 46.9 52.4 8.8x10-5 427 45  .0029 1.884

Stand. Dev.  2]16 8.251 1673 1.0x104 4397 3379 0017 .6800

Harmonic 3.3x10°5
Mean
Number of 10 10 10 34 34 4 4 4
Observations
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Table A3. Hydraulje Properties Statistics for Tshirege Unit 3 (Stephens)

Pb Osat (%) S (%) Kt logKgy 6, o N
(g/em3) (cm/sec) (%)
Minimum 1.25 34.6 334 22x10°5 ~4.65 0.0 .001] 1.381
Madmum 180 562 g6 S-1x104 329 79 0052 2879
Median 1.47 47.3 543 1.8x10 -3.75 50 .0026 1639
Mean 1.47 46.9 324 19x104 -386 45 .0029 1.884
Stand. Dev. 2116 8.251 16.73  1.5x10 4129 3.379 0017 .6800
" Harmonic 6.9x10-5
Mean
Number of 10 10 10 10 10 4 4 4
Observations
Table Ad. Hydraulic Propenies Statistics for Tshirege Unit 3 (Nyhan)
Po  Ba(%) S(%) K, logKsy 8 a N
(g/em3) {cm/sec) (%)
Minimum 5.6x10:6  -15.25
Maximum LOx10#  -3.99
Median 40x105 439
Mean 4.5x10% 444
Stand. Dev. 27x10°5 3302
Harmonic 2.6x10°3
Mean
Number of 24 24

Observations
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Table A5. Hydraulic Propenties Statistics for Tshirege Unit 2B (all sources)

Pb Ot (%) S (%) Ksar  log Kgy 6 a N
(2/cm3) (cmvsec) (%)
Minimum 1.28 39.6 29 84x10°5 407 0.0 .0060 1.760
Maximum 1.46 73.6 915 35x103 .245 6.7 .0082 2.648
3 Median 137459 105 anxoe 338 g 0064 2,044
3 Mean 1.37 47.9 330 65x104 -34] 32 0066 2.090
Stand. Dev. 0643 8.613 37.96 9.0x104 4337 3095 0009 3403
: Harmonic 2.6x104
' Mean
Number of 5 14 5 14 14 5 5 b
Observations
Table A6. Hvdraulic Properties Statistics for Tshirege Unit 2B (Stephens)
Pb Osa1 (%) S (%) Ksat  log K¢y 6 a N
(g/cm3) (cm/sec) (%)
Minimum 1.28 44.1 29 37x10%  .3.43 0.0 .0060 1.760
Maximum 1.46 48.1 915 35x103 -245 6.7 .0082 2.648
Median 1.37 455 105 4.2x104 .338 3.8 .0064 2044
Mean 1.37 458 330 13x103 -3.09 3.2 .0066 2.090
Stand. Dev. 0643 1.536 3796 1.3x10'3 4404 3.095 .0009 3403
Harmonic 3.9x10-4
Mean
Number of 5 5 5 5 5 5 5 5

Observations
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Table A7. Hydraulic Properties Statistics for Tshirege Unit 24 (all sources)

-

Po B (%) S (%) Kt logKgy 6, a N
(2/cm3) (cm/sec) (%)
Minimum 1.19 414 L4 74x105 413 g 0012 1.733
Maximum 147 64.4 50.8  8.8x104 -3.05 56 0045 2347
Median 1.26 48.3 38 13x104 -389 00 .0029 2070
Mean 1.27 48.2 103 1.9xj04 -384 07 .0030 2045
Stand. Dev. 0738 5863 1472 21x104 2924 1811 .0009 0.2223
Harmonic 1.2x104
Mean
Number of 11 13 1 13 13 10 10 10
Observations
Table AS. Hydraulic Properties Statistics for Tshirege Unit 2A (Stephens)
Po B (%) S(%) K, logKsa 6, « N
(g/cm3) (cm/sec) (%)
Minimum 1.19 41.4 L4 74x105 413 0.0 .0012 1.733
Maxdmum 1.47 514 50.8  88x10+ -3.05 56 0045 2347
Median 1.26 48.3 38 13x10%  -3.89 0.0 .0029 2070
Mean 1.27 47.2 103 1.9xj0-4 3.85 0.7 .0030 2045
Stand. Dev. 0738 3.402 1472 23104 3046 18] I .0009 0.2223
Harmonic 1.2x10-+
Mean
Number of g 11 iy l 11 10 10 10

Observations
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Table A9. Hvdraulic Properties Statistics for Tshirege Unit 1B (all sources)

: oy ™ S Ka logKg 8 o N
g (g/cm>J) (cm/sec) (%)

Minirmum 1.05 43.5 57 19x105 472 00 .0014 1.392
Maximum 1.28 74.2 394 13x103 -2.90 44 0154 2087
Median 1.20 49.5 214 69x10-5 4.16 00 .0033 1.647
Mean [.18 52.8 224 17104 412 09 .0044 1.660
Stand. Dev.  0.0790 8.699 13.63 32x104 4943 1547 .0045 0.2196

Harmonic 4.9x10-5
Mean
Number of 9 13 8 14 14 8 8 8
Observations

Table A10. Hydraulic Properties Statistics for Tshirege Unit IB (Stephens)

Py Bsat (%) S (%) Ksat  log Koo 8 « N
(2/cm 3) (cm/sec) (%)

Minimum 1.05 43.5 37 19x105 472 00 0014 1.392
Maximum 1.28 50.8 394 99x105 400 44 0154  2.087
Median 1.20 48.6 214 4sx105 435 00 0033 1.647
Mean 1.18 482 224 47¢05 440 09 0044 1,660

Stand. Dev.  0.0790 2.445 13.63 28x105 .256) 1.547 0045 0.2196

Harmonijc 3.5x10-5
Mean
Number of 9 8 S 9 9 8 3 8

Observations
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Table All. Hydraulic Data for Weathered Tshirege Unit 1A (Stephens)

Pb Bsar (%) S (%) Ksat  log Ksw 6 o N
(g/em3) (cm/sec) (%)
Minimum 1.16 38.2 241 22x105 4.66 00 0043 1249
Maximum 1.49 52.1 89.8 L.1x103  -3.07 8.6 .028] 1.862
Median 1.19 479 57.0 4.3x10°5 437 53  .0072 1.661
Mean 1.26 46.0 56.1  2.3x10- -4.08 5.1 0138 1.583
Stand. Deyv. 1356 5.467 24,06 3.5x104 .6805 3.174 0110 2419
Harmonic 4.3x10-5
Mean
Number of 5 5 5 5 5 5 5 5
Observations
Table A12. Hydraulic Properties Statistics for Tshirege Unit 1A (ai] sources)
Py Bsac (%) S (%) Ksar logKeay 8 o4 N
(2/em3) (cm/sec) (%)
Minimum . 0.9] 38.1 34 30x105 4.5 00 0023 1152
Maximum 1.52 63.6 89.7  3.9x10-3 -24] 6.9 2312 1939
Median 1.17 51.2 376 1.5x10+ -3.82 0.2  .007] 1.632
Mean 1.16 50.9 38.4 3.2x10% 377 1.8 022 1.392
Stand. Dev, 0.1129 6.653 21.05 6.9x10% 3962 2440 .0324 0.2106
Harmonic 1.2x104
Mean
Number of 49 53 47 31 31 20 20 20
Observations
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Table A13. Hydrauljc Properties Statistics for Tshirege Unit 1A (Stephens)

Pb Osa1 (%) S (%) Kt  log Ksaa 6 vl N
(g/cm3) (cm/sec) (%)
Minimum 0.91 38.1 34 3.0x10°5 4352 0.0 .0023 1.152

Maximum 1.52 68.6 89.7  3.9x10-3 -2.41 6.9 2312 1939

Median 1.17 51.0 37.6 1.4x104 .385 0.2  .0071 1.632
Mean 1.16 504 384 34x104 376 1.8  .0222 1.592
Stand. Dev. 0. 1129 6.382 21.05 7.4x104 4215 2440 0523 0.2106
Harmonijc 1.2x10-4
Mean
Number of 49 49 47 27 27 20 20 20
Observations

Table A14. Hydraulic Properties Statistics for the Tshirege Member (all sources)

Pb 852 (%) S (%) Ksa

log K,y 6, a N
(g/em3)

(cm/sec) (%)

Minimum 0.91 34.6 L4 56x106 525 00 0011 1.152

Maximum 1.80 74.2 9L5  39x103 .24 8.6 2312 2877

Median 1.2 49.2 356 1.1x10-¢ -3.96 00 .0044 728

Mean 1.23 49.8 356 2.5x10-4 -3.94 21 0120 1.759

Stand. Dev.  0.156 7329 23.8] 3.3x104 5109 2719

Harmonic 6.0x10-5
Mean
Number of 89 108 36 1] 111 52 52 52
Observations
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Table Al5. Hydraulic Properties Statistics for the Tshirege Member (Stephens)

Po  Bar(®) S(%) Ky logKgy 8 « N
(g/cm3) (cm/sec) (%)
Minimum 0.91 34.6 L4 1.8x10-5 472 00 0011 1.152
Maximum 1.80 68.6 915 3.9x103 241 8.6 23512 2877
Median 1.2 48.9 356 13x104 -3.89 00 .0044 728
Mean 1.23 48.9 356 32¢104 -385 21 0120 1.759
Stand. Dev. 0,156 5.997 2381 6.5x104 4966  2.719 0333 0.3410
Harmonic 8.3x10-5
Mean
Number of 89 88 86 67 67 52 52 52
Observations
Table A16. Hydraulic Properties Statistics for the Tshirege Member (Bendix)
Pb Bsat (%) S (%) Ksae  logKgy 6 o N
(2/cm3) (cm/sec) (%)
Minimum 39.6 8.4x10-5 407
Maximum 74.2 1.3x10-3  -2.90
Median 52,6 2.0x10%  -3.70
Mean 54.1 29x10+  -3.67
Stand. Dev. 10.69 2.7x10+ 3191
Harmonic 1.7x10-%
Mean
Numbezr of 20 20 20

Observations
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Minimum 090 347 o “TXI0S 433 00 0005 |06
Maximum 160 g5 94 43103 237 4, 0513 1.890
) Medin 129 473 535 RO 305 02 o131 40
Mean B 490 468 13005 30 L7 0187 a8
Sand.Dev. 1982 933 5g3s LXI0.6999 27 01gs g5

':v Harmonic 1.9x104
i Mean
Number of 20 19 19 10 10 9 9 9
_Observations

Table A8, Hydraulic Properjes Statistics for the Otowi Member (Stephens)

—

———
Pb . B2t (%) S (%) Kgar log Ky, 6, «x N
__(g/em3) (cm/sec) (%)
—_ AT VeeC) —

Minimum 0.98 40.3 71 11x105 -4.96 0.0 .0039 1.388
Maximum 1.49 59.0 333 7.8x103 -2.11 120 0185 2.307
Median 1.18 44.6 33.3 27x104 357 25 .0059 1.682
Mean 1.18 46.9 330 6.3x104 -3.57 26 .0066 L7711
Stand. Dev. 0964 5260 9.855 1.5x10-3 494 2.695 0030 2176

Harmonjc 1.3x10-4
Mean
Number of 32 32 31 23 23 21 21 21

Observations
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Table A19. Hydraulic Properties Statistics for the Bandelier Tuff

(all sources)

Po B (%) S(%) K logKe 86 o N
(o/cm3) (cm/sec) (%)
Minimum 0.90 34.6 14 56x106 -525 00 .0005 1.106
Maximum 1.80 74.2 994 78x103 .21l 120 2312 2877
Median 1.20 48.5 361 Lax104  -385 L.l .0056 1.709
Mean 1.22 49.2 375 39x104 -383 22 0113 1716
Stand. Dev. 1520  7.358 2397 89x104 .5599 2487 0274 3134
Harmonic 7.0x10-5
Mean
Number of 141 159 136 146 146 82 82 82
Observations
Table A20. Hydraulic Propenies Statistics for the Bandelier Tuff (Stephens)
Po - Bai(®) S(%)  Key logKgy 8 a N
(g/cm3) (crvsec) (%)
Minimum 0.90 34.6 L Lix105 496 00 .0005 1.106
Maximum 1.80 68.6 994 78x103 211 120 2312 2.877
Median 1.20 48.2 36.1  17x104  .3.77 L.l .0056 1.709
Mean 1.22 48.4 315 49x104 372 22 0113 1.716
Stand. Dev. 1520 6495 2397 1.0x10-3 5489 2687 .0274 3 134
Harmonijc 9.7x10-3
Mean
Number of 14] 139 136 102 102 82 82 82

Observations
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Appendix B. Hydraulic Properties Data Tabjes by Lithologic Unit

Table Bl. Hydraulic Properties Data for Crushed Tuff

Data source Pb ) Bt Sat Ksat 6, N o
(gem3d) (%) (%) (%) _(cmisec) (%)

3 Stephens (1994a) 140 75 383 196 82x109 0.0 1779 .0083
Abeele (1979, 1984)* 40.0 00 1.326 .0449
Abeele (1979) 40.0 9.2x10-5
Abeele (1984) 40.0 1.4x10-4
*Combination of pressure plate (Abeele. 1979) and caisson (Abeele, 1984) data.

Table B2. Hydraulic Propenties Data for the Alluvium
Well/ Depth py 6 Bsar  Sat Ksa 8, N o
Sample (f)  (gem3) (%) (%) (%) (cmvsec) (%)
MCMS5.] 4 1.34 65 453 144
MCMs.1 8 1.40 83 429 193
MCM3. | 135 1.40 8.1 429 199
MCMS35. | 18 1.36 216 4435 483
MCM3.1 225 1.25 257 490 524
MCMS3. 1 28 144 41.8 412 100
PC4 4 1.61 226 346 653 8.2x10%4 00 1277 0711
PC-4 S 120 260 465 559 6.5x105 7.6 1838 .0058
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Table B3. Hvdraulic Properties Dara for Tshiregs

Well/ Bsat Ksat

Sample (%) (cm/sec)
TA-21:10 8.1x10°5
TA-21:11 9.4x10'5
TA-21:12 8.3x10-6
TA-21:13 5.0x10-5
TA-21:14 3.9x10-5
TA-21:15 3.1x105
TA-21:16 4.2x10-5
TA-21:17 2.2x10°5
TA-21:18 3.6x10°5
TA-21:19 2.8x10-5
TA-21:20 5.0x10-5
TA-21:2] 8.6x10-3
TA-21:22 3.3x10°5
TA-21:23 8.1x10°3
TA-21:24 2.5x10°3
TA-21:25 8.3x106
TA-21:26 2.5x10°5
TA-21:27 3.6x10-3
TA-21:28 5.3x10-5
TA-21:29 4.2x10°5
TA-21:30 5.6x106
TA-21:7 6.7x10-3
TA-21:8 1.0x10-
TA-21:9 4.4x10°3
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Table B4. Hvdraulic Properties Data for Tshirege Unit 3 (Stephens)
Well/  Deph p, g g oo Kt 8 N o
Sample (f)  (g/em3) (%) (%) (%) (cm/sec) (%)
TA-16 P-16 8 125 354 3518 683 1.6x104 79 2.877 .0025
TA-16 P-16 12 126 18.7 561 334 2.8x104
TA-16 P-16 17 127 222 549 405 2.8x10-
TA-16 P-16 22 125 200 3562 355 2.0x104
TA-16 P-16 26 138 192 3290 36.9 9.2x10-5
TA-16 P-16 36 L6l 254 428 3549 2.3x10-5
TA-16 P-16 43 162 367 423 B6.9 8.6x10-5
TA-16 P-16 62 L70 196 364 540 5.2x104 s 1.759 0028
TA-16 P-16 76 157 231 416 35.6 23x104 00 1.381 .0052
TA-16 P-16 81 1.80 201 346 58.1 4.4x105 40 1519 0011
Table BS. Hydraulic Properties Data for Tshirege Unit 2b
Well/ Depth Py ) B Sat Ksa 6, N «
Sample () __(gfemd) (%) (%) (F) __(cmisec) (%)
SLLC85-15 105 146 4.0 464 8.6 1.6x105 38 2.044 0060
34-1006 42 128 47 449 105 4.1x10% 00 1.760 .0064
8 LLC-85-14 30 1.37 13 441 29 4.2x104 0.0 1.890 .0060
AB-6 40 135 234 455 3514 3.7x10% 55 2648 .0082
AB-6 60 1.37 440 481 915 3.5x103 6.7 2107 .0065
LGM 85-06 29 425 4.8x10=
LGM 85-06 51 40.2 8.4x103
LGM 85-11 3 340 5.4x]0=
LGM 85-11 30 513 2.8x10-
LLM 85-01 30 396 Lix10-4
LLM 85-02 7 41.5 2.4x10°3
LLM 85-02 36 46.3 1.2x10-
LLM 85-05 15 526 5.6x10%
LLM 85-05 36 73.6 2.2x104
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Table B6. Hydraulic Properties Data for Tshirege Unit 22

)

Depth  py B  Sa Ksat 6, N o
Sample (f)  (glem3d) () (%) (%) (cm/isec) (%)

2ALLC86- 545 126 25 SO 49 82x105 20 2238 0037
22
2BLLC86- 545 126 |3 483 27 25x104 00 193 .0045
22
34-1001 68 120 16 414 39 13x10% 0.0 1894 0034
54-1001 8 125 26 460 56 LIx104 00 2225 (g2
54-1001 102 1.19 69 514 134 1.6x104 00 1.782 0034
54-1002 925 126 15 460 33 8.1x105 0.0 2213 0012
54-1003 102 122 15 3510 29 1.3x10% 0.0 1.733 0030
54-1006 769 128 06 445 4 9.8x105 0.0 1.88 .0030
7LLC86-22 5 12713 487 27 |4x104 00 2347 0026
AB-6 100 127 104 485 24 8.8x10-4
AB-6 HO 147 217 427 303 74x10% 5.6 2208 0029
LLM 85-01 52 64.4 2.6x10-4
LLM 85-02 67 43.3 9.8x10-5
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Table B'/'.'Hvdraulic Properties Data for Tshirege Unit 1b

Well / Depth  p, 6 Bsay  Sat Ksa 6, N a
Sample (f) (emd () &) (%) (cnvsec) (%)

ILLC86-22 1315 1.5 200 507 394 19x10°5 12 1.586 .0021
IBLLCB86- 1315 .05 200 508 394 27x105 44 1.709 0021

27
’ 54-1001 122 1.18 90 464 194 2.2x10-5 00 1.583 .004]
| 54-1001 142 120 156 482 324 8.2x105 00 1429 go37
54-1002 122 1.23 32 495 6.5 4.6x105 00 1.773 0031
54-1002 1425 L19 115 49 234 25x105 17 ]393 0154
54-1003 195 122 ¢4 9.9x10-5
. 54-1006 1245 122 25 435 57 4.5x105 00 L.721 .0035
54-1006 1367 128 63 472 133 5.7x10°5 0.0 2087 0014
LGM 85-06 99 52.6 1.3x10-3
LGM 85-11 94 64.3 L.1x10-
LLM 85-01 101 62.1 2.5x104
LLM8502 |7 48.5 1.7x10-4
LLM 85-05 76 74.2 1.3x10-3
Table BS. Hvdraulic Properties Data for Weathered Tshirege Unit 12
Well / Depth Pb 8 Bsay  Sat Ksa 6, N o
Sample () (gemd) (@) () (%) _(cm/sec) (%)
CDBM-2 28 LIS 115 479 24 8.5x104 51 1433 025
PC4 14 L19 245 439 57.0 4.3x10°3 6.6 1.862 .0065
PC-4 29 149 242 382 433 2.5x105 0.0 1.249 0233
PC 59 129 240 490 399 2.2x10° 86 1.71] .0043
MCM3. ] 433 116 241 57 362 2.0x104 53 g6 .0072
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Table BY. Hydraulic Prooerties Data for Tshirege Unit [a

Well/ Depth  .p, ) Bsar  Sat Ksa 6 N vl

Sample (f)  (grem3d) (%) (%) (%) (cmisec) (%)
54-1002 1793 116 66 393 168 65x105 00 g5 .0043
54-1002 244 114 75 393 191 17x104 00 1.745 0062
54-1003 157 L1449 432 13 1.3x104% 25 1765 .0040
54-1003 207 118 80 428 18.7 1.5x10
54-1003 261 LI 96 488 197 2.7x104
54-1003 2715 131 121 4190 295 2.6x104
54-1006 161 L1318 3526 34 1.2x 10+
AB-6 150 132 228 467 48.8 6.1x105 57 1316 .0023
CDBM-] 24 LIT 27 488 55 6.2x10-5 0.0 1.939 0029
CDBM-1 34 1.07 58 462 127 2.2x10% 00 1.634 0055
CDBM-] 44 126 93 445 9208 70x105 00 1.682 .go4)
CDBM-1 54 .09 89 446 2] 46x10% 00 1519 0070
CDBM-| 64 123 112 451 249 12x10% 05 1724 0033
CDBM-2 38 094 83 484 79 45x10% 26 1791 007)
LGM 85-06 115 56.3 9.1x10-3
LGM 85-1] 115 60.1 1.8x10~
LLM 85-01 124 48.9 2.2x]10
LLM 85-05 123 65.6 1.6x10~4
MCM35.94 85 100 389 3593 656
MCM5.94 86 1.8 388 686 365 3.9x103 00 1152 92312
MCMs5.9A 86 1.9 388 3555 699
MCM5.9A 90 095 422 610 692
MCM5.9A 95 135 172 498 344 LIxIOD 52 1258 0865
MCM3.94 95 152 172 381 45
SIMO-1 22 L1998 551 |78
SIMO- | 33 1.47 46.0 2.7x10-4
SIMO-] 4] V17 127 560 229




Table B9 {continued). Hvdraulic Properties Data for Tshireee Unit la

Well / Depth Pb ] Bsac Sat Ksa 6 N 03
Sample (fy _ (gem3d) (%) GO (B (cmssec) (%)
MCMS5.1 43 LIS 241 514 463
MCMS.1 6.5 099 151 596 25.3
MCMS5.1 50.5
MCMs.1 53 LO9 171 555 309
MCM35.1 34 LI6 171 454 3764 1.5x10
MCMs.1 355
MCMSs. | 575 L09 161 555 29.1
MCMS. 1 58 LI8 161 3520 31, 1.8x10* 40 1.630 0095
MCMSs.| 63 091 144 629 229
MCMS.| 64 LI7 144 532 97, 1.3x10% 59 1647 0126
MCMs5.1 655 120 192 510 376
MCMS.| 675 LI5S 201 529 387 LIx10% 33 |64 .0089
MCMSs.1 68 125 201 4938 405
MCMSs. | 705
MCMs.| 725 119 203 515 395 14x104 03 |463 0109
MCMS5. 73 LO9 203 555 366
MCMS5. 1 735 LIS 217 513 418
MCMSs.1 78 1200 228 510 447
MCMS5. | 805 122 232 500 46.3
MCMS3.| 825 120 250 389 425 1.2x104 69 1.278 0135
MCM35.1 83 LI8 250 518 483
MCMS5.1 855 119 288 514 55.9
MCMS5.1 875 109 338 519 66.1 1.1x104 o0g 1.410 .0098
MCMS5.) 88 L3 338 539 ¢23
MCMS5.| 95 118 433 313 83.5
MCMs.} 925 124 437 494 88.6
PC4 64 LI18 406 453 gg97 9.7x105 0.0 1.549 .0039
PC-4 79 1.22 4].1 3.0x10°3
PC-4 84 117 184 450 409 3.5¢10% 0.0 1.397 0079
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Table B10. Hydraulic Properties Data for the Tsankawi/Cerro Toledo Member

Well/ Depth  py 6 Osar  Sat Ksar 6 N o

Sample () (gemd (%) (@) (%) (cnvsec) (%)
CDBM-1 89 120 176 442 399 2340+ 00 1428 0131
CDBM-1 94 105 104 503 208 1.5x10°3 1.6 1.585 0173
MCM5.9A 105 1.27 2.0x10-3
MCM5.9A 105 092 558 624 893
MCM5.9A 1095 090 445 632 703
MCM3.94 1095 101 445 646 ¢33 4.3x103 0.0 1.301 .0065
MCMSs.1 93 132437 440 994 4.7x10S 00 1.335 .0024
MCMS5.1 95 108 485 656 740 6.8x104 o2 1.106 .0243
MCMs.1 975 137 368 423 g7 5.8x105 0.0 1.601 .0005
MCMS5.1 98 142 368 420 877
MCMS5.1 985 132 331 461 717
MCMs3.1 103 127 224 482 466
MCMSs.1 1075 146 243 478 308 13x103 73 1335 0513
MCMS3.] 108 129 243 473 3513
MCMS3s.1 1105 160 170 347 499
PC-4 89 .29 184 388 474 |6x104 s 1.890 .0049
PC-4 104 134 76 367 207 25103 1.0 1.748 0496
SIMO-| 51 L35 51 413 123
SIMO-1 54 101 95 619 |54
SIMO-1 64 133 48 499 g¢g¢
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Table B11. Hydraulic Properties Data for the Otow; Member

Well/ . Depth Pb ] 6t Sat K- - 6 N a

Sample (f) (gemd) (%) (o) (%) __(cmvsec) (%)

AB-7 70 124 175 460 380 1.9¢10-

AB-7 80 L10 199 462 43] 29x104

CDBM-1 104 120 151 446 333 23x10% 00 1439 .0064
CDBM-1| 4 129 156 451 346 1.6x104 25 1.778 0045
CDBM-| 124 110 110 437 25 2.9x104 00 1447 0082
CDBM:-1 134 124 117 447 262 L6x104 12 1646 .0057
CDBM-| 144 114 102 428 239 4.2x10% 42 2307 .0055
CDBM-1| 134129 111 410 270 1ox104 29 1.80 .0039
CDBM-1 164 121 106 436 249 L7x104 0.0 1.185 0061
CDBM-1 174 118 1001 412 244 2.IxI0* 30 1.897 .0053
CDBM-| 184 L1893 432 924 3.0x10% 26 1.894 .0062
CDBM-1 189 119 94 430 9219 L.8xI10* 08 1.648 .0057
CDBM-2 67 116 116 446 261 5.0x10+ L7 1.598 .0084
CDBM-2 68 122 123 440 279 2.7¢1p4 3.9 1.987 .0060
MCMS.9A 120 108 232 557 416

MCMS.9A 120 LIt 232 435 333 79x10¢ 00 1.388 .0185
MCM5.94 125 L1l 179 546 3238

MCM5.94 125 104 179 538 333 2.8x10% 25 1512 .0069
MCM5.9A 1300 L15 195 519 1376 78x103 65 1.829 .0056
MCM5.9A 1300 105 195 570 349

MCM5.9A 150 116 221 35235 42

MCM5.9A 150 130 221 538 41 L7x103 28 1512 .0069
MCM5.94A 155 124 217 492 a44p

MCM5.9A 165 120 212 436 437 29x104 120 1.682 .0050
MCM5.9a 165 126 212 485 438

PC-4 109 116 42.0 3.9x104 15 1753 0074
PC-4 85 112 132 408 324 3.3x104 22 1848 .0050
PC-4 149 122151 403 375 7.5x10°5 28 1710 .0045
PC-4 168.5 115 124 437 9283 4.3x104 09 1.653 .0062
SIMO-1 71 149 31 436 7]

SIMO-1 86 098 133 590 225 2.0xj0~

SIMO-| 90 130 244 501 487 1.1x10-S
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Appendix C. Hydraulic Properties Data Tables by Well

Table Cl. Hydraulic Properties Data for Wells CDBM-1 and CDBM-2

Unit DCp[h Pb 0 asa[ Sat Ksa[ 9, N

(04
(0 _(fem®) () (B (% (cmisec) (%)
Well CDBM-1
Tshirege 1A 24 L1727 488 55 gax0$ 0.0 1939 .0029
Tshirege 1A 34 1.07 58 462 127 22x104 0.0 1.634 0055
Tshirege 1A 44 1.26 93 445 208 7.0x10°5 00 1682 .004]
Tshirege 1A 354 1.09 89 446 201 4.6x104 00 1.519 .0070
Tshirege 1A 64 1.23 112 451 249 L2x104 05 1.724 .0053
Tsankawi 89 1.20 176 442 399 23x104 00 1428 .0131
Tsankawi 94 1.05 104 503 208 1.5x103 16 1.585 0173
Otowi 104 1.20 151 446 338 23x10% 00 1.489 0064
Otowi 114 1.29 156 451 346 1.6x104 25 1778 0045
Otowi 124 1.10 1.0 437 25 29x10% 00 1447 .0082
Otowi 134 1.24 1.7 447 262 L6x10= 12 1646 .0057
Otowi 144 114 102 428 239 22x10% 42 2307 0055
Otowi 154 1.29 LT 410 271 1o0x 104 27 1890 .0039
Otowi 164 1.2] 106 436 249 L7x104 0.0 1.485 0061
Otowi 174 1.18 101 412 244 21x104 30 1.897 0053
Otowi 184 I.18 93 432 214 3.0x10% 26 1.894 0062
Otowi 189 1.19 94 430 219 1.8x104 0.8 1648 .0057
Well CDBM.2 -

Weathered 28 1.19 115 479 24 8.3x10% 5.1 1433 0281
[A

Tshirege |A 38 0.94 83 484 172 35¢10%¢ 2 L791 0071
Otowi 67 1.16 1.6 446 261 5.0x104 1.7 1598 .0084
Otowi 63 1.22 123 440 279 27x10 3 1.987 0060
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Table C2. Hvdraulic Properties Dara for Wells AB.6, AB-7, and SIMO-1

Unit DCp[h . Pb ] 95;“ Sat Ksal ef N o
(f) _ (gfem3d) (%) (%) (%) (cm/sec) (%)

Well AB-6

Tshirege 2B 40 L35 234 455 3514 3.7x104 55 2648 .0082
Tshirege 2B 60 137 440 48 9L5 35x103 67 2 107 .0065
Tshirege 24 100 127 104 485 214 8.8x10~4

Tshirege 2A 110 147 217 427 508 7.4x105 56 2.208 .0029
Tshirege 1A 150 132 228 467 43.8 6.1x10°5 57 1.816 .0023

\VQHAB.Z
Otowi 70 124 175 460 380 1.7x10+4
Otowi 80 LIO 199 462 43 2.2x104
WS“SMQ-I
Tshirege 1A 22 LI9 98 551 1738
Tshirege 1A 33 1.47 46.0 2.7x10-
Tshirege 1A 4] LI7 127 560 927
Tsankawi 51 155 51 413 123
Tsankawi 54 1.01 95 619 154
Tsankawi 64 1.33 48 499 g
Otowi 71 1.49 3.1 436 7.1
Otowi 86 098 133 3590 275 2.0x10-
Otowi 50 30 244 501 487 1.1x10-3
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Table C3. Hvdraulic Properties Data for Wel] PC-4

Unit

Depth

Pb 6

esm Sat

Ksar 6 N a
() (gemd) (&) (@) (%) (cm/sec) (%)

Alluvium 4 161 226 346 653 82x104 o0 1.277 0711
Alluvium 9 120 260 465 559 65x105 76 1.838 .0058
Weathered 1A |4 LI9 245 430 570 4.3x105 6.6 1.862 .0065
Weathered 1A 29 149 242 382 633 25410 0.0 1.249 0233
Weathered 1A 39 125 440 490 899 22x105 g6 1711 .0043
Tshirege 1A% 64 1.09 447 3.6x104 27 1735 0063
Tshirege 1A 64 113 406 453 897 9.7x105 00 1.549 .0039
Tshirege 1A* 785  1.26 56.2 3.3x10-5
Tshirege 1A* 785 1.05 42.7 7.1x10° 4.6 1960 .0029
Tshirege 1A* 79 1.22 41.1 3.0x105 1.9 1664 .006]
Tshirege 1A* 84 1.14 42.7 5.6x10% 38 1.775 .0050
Tshirege 1A 84 117184 450 409 35x104 o0 1.397 .0079
Tsankawi* 88.5  1.27 43.5 53x10% 37 1538 0075
Tsankawi 89 129 184 388 474 16x100 5 1.890 .0049
Tsankawi 104 134 7.6 367 207 25x103 10 1.748 .0496
Otowi 109 1.16 42.0 39x107 1.5 1.733  .0074
Otowi* 1185  1.17 445 L4x1073 28 1.792 0045
Otowi N85 112 132 308 324 3.3x10- 22 1.848 0050
Otowi* 119 1.17 49.3 1.8x10~
Otowi~ 1485  1.20 40.7 9.4x10° 43 1833 .0045
Otowi 149 122 151 403 375 7.5x105 28 1.710 .0045
Otowi* 149 1.15 47.7 9.4x10-3
Otowi 1685 115 124 437 283 4.3x10 0.9 1.653 .0062

*SPOC (submersible pressure outflow cell, Co
measurements in the wet portion of the retent;

analvsis.

nst2niz and Herkelrath, 1984)
on curve, not included in the present
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Table C4. Hydraulic Properties Data for Wel] MCM 5.1

Ksat

Unit Dcp(h pb 6 Osar  Sar o, N a
() (femd %) (%) (%) (cm/sec) (%)

Alluvium 4 134 65 453 44

Alluvium 8 140 83 429 193

Alluvium 13.5 140 81 429 99

Alluvium 18 1.36 216 445 485

Alluvium 225 125 257 490 3524

Alluvium 28 L4d 418 412 |00

Tshirege 1A 43 LI9 241 514 468

Tshirege 1A 435 L16 241 521 462 20x10#¢ 53 1.66] .0072
Tshirege 1A 46.5 099 151 596 253

Tshirege 1A 50.5

Tshirege 1A 53 LO9 171 3555 309

Tshirege 1A 54 L6 171 454 376 1.5x10-

Tshirege 1A 555

Tshirege 1A 375 1.9 161 555 129

Tshirege 1A 58 LIS 161 3520 31 1.3x10~4 40 1630 .0095
Tshirege 1A 63 091 144 629 229

Tshirege 1A 64 LI7 144 532 27 L3x10% 59 1647 0126
Tshirege 1A 65.5 1200 192 3510 376

Tshirege 1A 67.5 L5 2001 3520 387 LIxIO* 33 1614 .0089
Tshirege 1A 68 123 200 498 405

Tshirege 1A 705

Tshirege 1A 725 119 203 515 395 1.4x104 03 1468 .0109
Tshirege 1A 73 1.9 203 3555 366

Tshirege 1A 755 I8 217 3518 4138

Tshirege 14 78 1.200 228 3510 447

Tshirege 14 80.5 1.22 232 502 463

Tshirege 1A 825 1200 250 3589 425 1.2x10% 6.9 1278 0135
Tshirege 1A 83 118 250 3518 483

Tshirege 1A 85.5 LIS 288 514 3559

Tshirege 1A 875 1.9 338 512 66 LIxI0=* 0.0 1.410 .0098
Tshirege 14 88 113 338 3539 628
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Table C4 (continued). Hydraulic Properties Data for Well MCM 5.}
Unit Depth  py 0 Ot Sat Ksa 6, N o
() __(gemd (%) (%) (%) (cmisec) (%)
Tshirege 1A 90.5 I.1I8 433 518 835
Tshirege 1A 925 124 437 494 s8¢
Tsankawi 93 .32 437 440 994 47x10-5 00 1335 0024
Tsankawi 95 1.08 485 656 740 6.8x10%4 02 1.106 0243
Tsankawi 97.5 1.37 368 423 3870 5.8x105 0.0 1.60] .00035
Tsankawi 98 142 368 420 877
Tsankawi 98.5 132 331 461 717
Tsankawi 103 127 224 482 46.6
Tsankawi 107.5 146 243 478 5038 13x103 73 1335 0513
Tsankawi 108 129 243 473 513
Tsankawi 1105 160 170 347 490
90
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Table C5. Hvdraulic Properties Data for Well MCM 5.94

Unit Depth py, 8 B0 Sat Ksa 6 N o
(f) (emd) (%) (@) (%) (cmissec) (%)
Tshirege 1A 85 .00 389 593 656
Tshirege 1A 86 .09 388 3555 69.9
Tshirege 1A 86 1.08 388 686 56.5 3.9x10°3 00 1152 2312
Tshirege 1A 90 095 422 610 69.2
Tshirege 1A 95 L35 172 493 346 L.1x103 5. 1.258 .0865
Tshirege 1A 95 152 172 381 454
Tsankawi 105 127 2.0x10-3
Tsankawi 105 092 558 624 89.3
Tsankawi 109.5 101 445 646 68.8 4.3x]0-3 0.0 1.301 .0065
Tsankawi 1095 090 445 63.2 703
Otowi 120 LIl 232 435 533 79x104 00 1.388 0185
Otowi 120 1.08 232 559 41.6
Otowi 125 LI 179 5156 328
Otowi 125 104 179 5338 333 2.3x104 25 1512 .0069
Otowi 130 OS5 195 3570 342
Otowi 130 1.15 195 319 376 7.8x10°3 S5 1.829 0036
Otowi 150 130 221 3538 4; L7x109 2.8 1512 0069
Otowj 150 L16 221 3525 42.]
Otowi 155 124 217 497 44.0
Otowi 165 126 212 483 438
Otowi 165 120 212 486 437 2.9x104 120 1682 .0050
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Table C6. Hydraulic Propenties Data for Well P-16

Unit Dcpth Pb 6 953( Sat Ksa( ef N

a
() (gem) (%) (%) (%) (cmisec) (%)
Tshirege 3D 8 125 354 518 683 1.6x104 79 2877 .0025
Tshirege 3D 12 126 187 561 334 2.8x104
Tshirege 3D 17 127 222 549 405 2.8x104
Tshirege 3D 22 125 200 3562 355 2.0x104
Tshirege 3D 26 138 192 520 369 92510
Tshirege 3D 36 161 234 428 3547 2.3x10°5
Tshirege 3C 43 162 367 423 869 86x10S
Tshirege 3C 62 170 196 364 540 5.2x108% 6.0 1.759 .0028
Tshirege 3C 76 157 231 416 556 23x104 0 1.381 .0052
Tshirege 3C 81 180  20.1 346 581 44x10-5 40 13519 0011

Table C7. Hydraulic Properties Data for Wells LLC-85- 14,LLC85-15, and LLC 86.22

Samplc No./ DCplh Pb 6 653( Sa Ksa( ef N

(o3
Unit () (gemd) (%) (%) (%) _(cmvsec) (%)

Well LLC-85-14

8/ Tshir 2B 30 1.37 441 +2x104 0.0 1.890 .0060
Well LLC 83-15

5/ Tshir 2B 10.5 1.46 46.4 1.6x103 38 2044 .0060
Well LLC 86-22*

2/ Tshir 24 545 126 2.5+ 510 49 82x105 20 2738 0037

2B/ Tshir2A 545 126 |3« 48.3 27 25x108% 00 1.932  .0045

7/ Tshir 2A 65 127 1.3* 487 27 laxip9 0.0 2347 0026

I/ Tshir 1B 1315 105 200~ 507 394 19x105 12 536 .0021

IB/Tshir IB_ 1315 1.05 200+ 308 394 27x105 44 1709 0021

“Moisture content and saturation values are from core measurements for this well
(Kearl et al.. 19862 and b).




Table C8. Hydraulic Properties Data for the Bendix Wells ( Kearl et al

.. 1986a)*

6,

N*

Unit Depth  p, 6 8t sa kg, a*
() (gemd) (@) (%) (%) (cmfsec) (%)
Well LIM 8§3-01
Tshirege 2B 30 39.6 LIxI04 353 1.305 .0154
Tshirege 2A 52 64.41 2.6x104 89 1191 0355
Tshirege IB 101 62.17 25x10% 358 1.492 0395
Tshirege 1A 124 48.9 2.2x104 4.3  |.208 0472
' W, 5.02
Tshirege 2B 7 4135 4.4x104 00 1255 0275
Tshirege 2B 36 46.5 L2x104 316 1.649 1463
Tshirege 2A 67 43.3 9.8x10° 160 1.271 0366
Tshirege |B 117 48.5 L7104 0.0 1.223 0193
Well LIM 85-03
Tshirege 2B 15 52.6 5.6x104 00 1.167 .0867
Tshirege 2B 36 73.61 2.2x104 00 1.586 .0054
Tshirege IB 76 74.21 1.3x104 0.0 1.080 .0493
Tshirege 1A 123 65.61 1.6x10% 431 1357 4158
Well LGM 85.06
Tshirege 2B 29 425 4.8x104 102 1.370 .0440
Tshirege 2B 51 40.2 §4x105 143 1270 .0360
Tshirege 1B 99 52,6 L.3x103 410 1.220 5920
Tshirege 1A 115 56.3 9.1x105 263 1.150 .0920
Well LGM 85-11
Tshirege 2B 3 54.0 5.4x109 6.1 1.250 .0410
Tshirege 2B 30 515 2.8x10% 0.0 1.640 .0090
Tshirege |B 94 64.37 LIXIO4 19.1 1.170 0800
Tshirege 1A 115 60.1% 1.8x104 407 1.370 .0800

* Some of the porosity

values seem unreasonably large.




Table C9. Hydraulic Properties Data for Wells 54-1001,2,3, and 6
Unit* Depth  p, 8 By Sat Ksat 6, N o4
() _(gemd (%) (%) (%) (cmisec) (%)
Weil 34-100]
Tshirege 2A/1v 68 120 16 414 39 1.3x10% 0.0 1.894 .0034
Tshirege 2A/1v 83 125 26 460 556 L1x104 0.0 2235 .0022
Tshirege 2a/1v 102 L1969 514 134 |6x10< 00 1.782 .0034
Tshirege 1B/lv 122 118 90 464 194 22x10°5 0.0 1.583 0041
Tshirege 1B/lv 142 .20 156 482 324 82x105 g 1.429 0037
, Well 54-1002
Tshirege 2A/lv 925 1.2 15 460 33 8.ux105 0p 2213 .0012
Tshirege 1B/lv 122 123 33 495 65 46x105 00 1773 .003]
Tshirege 1B/1v  142.5 1.19 1135 491 234 25x105 17 1.393 0154
Tshirege 1A/1g 1793 1.1 6.6 393 168 6.5x105 0.0 1815 .0043
Tshirege 1A/1g 244 L14 757 393 191 1.7x10+ 00 1.745 .0062
) Well 54-1003
Tshirege 2a/1v 102 12215 510 29 1.3x104 0.0 1.733 .0030
Tshirege 1B/Iv 1195 122 ¢4 9.9x10-5
Tshirege 1A/1g 157 Li4 49 432 113 )3x104 25 1765 .0040
Tshirege 1A/1g 207 1.L18 80 428 187 1.5x10%
Tshirege 1A/1g  26] LIL 96 488 197 2.7xj0-
Tshirege 1A/1g 2715 1.3 121 410 295 26x10<
Well 54-1006
Tshirege 2B/2 42 1.28 47 419 105 4.1x104 00 1.760 0064
Tshirege 24/1v. 769 128 g 45 14 98x105 00 13880 .0030
Tshirege 1B/1v 1245 122 25 435 37 4.5x10°5 0.0 1.721 0033
Tshirege IB/Iv. 1367 128 63 472 133 57x105 0.0 2087 0014
Tshirege 1A/1e  16] L1318 526 34 }2y104

*The second Tshire

ge Unit designation follow
(1990) and Vaniman (1991) (R. H. Gilkeson,

* From field core moisture content: DBS&A value of 27.0 seems unrealistic.

s the correlation of Vaniman and Wohietz
personal communication, 1994).
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Appendix D. Retention Curves

* CDBMI 24 Retention Curve

2
=3

CDBMI 32 Retention Cune

H oeap ] !\i .
io =2 i - 8, =2.56
B T B L N .
H . < N=1.3535 H N = L4530
S P | sl ¥
z £ Insiw 4 b4 i Insie
-=; 100 f moisture e ] ;;_- 0 {_moism:e /" .\
z g’comcm 8,200 -z ! content 6,200 i
2z i a = 00294 £ o a= 00547
v ooty N = 193923 Obs. @ “ oty N=163393 © Obs. @
£ ® BadObs. 8 f ® BadObs. 8
109§ ——Cal. 8(RETC) 109 r ———— Calc. 8 (RETC)
P Calc. 8 (Stephens) ; --------- Cale. 8 (Stephens)}
1ot t_ " : : 2 10! . < —— e
0 10 20 30 <0 50 0 10 20 30 40 S0
Theta (8) Thew (9)
CDBM1 &4 Retention Curve CDBM1 54 Retention Curve
105 r - r - 108 - - r -
f g
: . 8,=2.49 . 82 3.09
104 } - L a= 0047 1 104y e . a=.01288
H ;:.,‘_. & N=16H13 N oy Nel33ss
B lO"'g hsing o 1 TP} g P o, ]
<, F moisture /4 < fmoistue g
E 10 f content, 063 ‘\o 1 £ 10° F conemt 8,200
= v r =0 S
2 ' N 2 @ = .00701
10!y 351-0;3(;2730 Obs. 8 S NS151856 © O 6 -
; TTEY e BadObs. 8 ‘ * BadObs. 8 [
100y Calc. 8 2(RETC); 4 100 ¢ —— Cale. 6 (RETC)
: - Cak. 8 (Stephens)® P 8 ;
o b ' ‘ ' H o1 L Cale. 8 (Stephens)
0 10 20 30 <0 50 0 10 20 30 <0 0
Theta (8) Theu (5)
CDBMI 63 Retention Cenve CDBMI 89 Reteaton Curve
105 r i - - 105 ~
: 8,=26: i } v - In situ
104 ,_ . . . @ = 00707 i 104 r o moisture 8, 80
i T N = 156358 i i content  Cf "
”}3'. o > { "IDJF e ae 01728
% s T 1 20y o A N=138533
b 7 moisture .{\ 3 :_ F /4 : : "‘,\
I 102 contene [/ \ ‘i $1%r 8,200 o
£ 8,205 \ - 292 \\
Z 00y w=00531 o Ops s [y 210 IN=19592 © Obs. 9 .
PON=LIBS o Bigobs 8 P ‘ ¢ BadObs 8 {
100 ¢ — Cac. 8 (RETC) | -!' 100 'r ----- Calc. B (Stephens) i 1
R Calc. 8 (Stephens) ! : ——— Cale. 8 (RETC) :
L) . : . — {igl D
0 to 0 30 <0 50 0 1o 20 30 <0 30
Thewa (8 Theua (8)

Figure D1. Cafiada de| Buey well CDBM-1 core sam

ple moisture retention curves. Non-

¢quilibrated pressure plate
equilibrated pressure plate

Tetention points are shown by solid black circles, psychrometer and
points by open circles. The saturated moisture content is plotted at an

artificial suction of 0.1 em. The van Genuchten curve fits determuned by the author and by D. B.

Stephens and Associates are shown, along with the in sity moisiure content.
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Figure D7. Portillo Canyon well PC-4 core sample moisture retention curves. S and SD denote
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Figure D8. Ponillo Canyon well PC-4 core sample moisture retention curves. S denotes SPOC
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Figure D9. Portiljo Canyon well PC-4 core sample moisture retention curves. S denotes SPOC
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Appendix F. Computed Hydraulic Properties Tables by Well

1

Table F1. Computed Hydraulic Properties for Wells CDBM-1 and CDBM-2

Unit Depth  Effective Ksat In situ K Suction Head
(fv) Sat (%) {cm/sec) (cm/sec) (cm) {cm)
Well ¢ “BM-]

Tshirege 1A 24 5.5 6.2x10°5  2.1xj0-1t 7496 -8228

: Tshirege 1A 34 12.7 2.2x104  2.8x]0-10 4744 -5780
Tshirege 1A 44 208 7.0x105  23x109 2426 -3767
Tshirege 1A 54 0.1 46x10%  20x109 3539 -4785
! Tshirege 1A 64 24.0 L.2x104  12x108 1323 -3274
Tsankawi 89 399 23x104 295108 633 -3346
Tsankawi 94 18.2 1.5x10-3  87x109 1055 -3920

Otowi 104 338 23x104 204108 1396 -4566

Otowi 114 30.7 1.6x104  8.0x10-8 977 -4452

Otowi 124 25.1 2.9x104  1.8x109 2651 -6431

Otowi 134 24 | 1.6x104  8.8x10-9 1567 -5652

Otowi . 144 15.7 4.2x104  7.9x10-8 743 -5132

Otowi 154 21.8 L.Ox10+4  1.7x108 1377 -6071

Otowi 164 24.2 L7x104  1.5x109 3030 -3028

Otowi 174 18.5 21x10%  16x108 1217 -6520

Otowi 184 16.5 3.0x104  |3x108 1203 -6811

Otowi 189 204 1.8x10+ 395109 2029 -7790

Well CDBM.?

Weathered 1 A 28 15.0 8.5x10~  1.1x10-10 2851 -3704

Tshirege 1A 38 126 45x10%  26x109 1923 -3081

Otowi 67 233 50x104  ]4xj08 1342 -3385

Otowi 68 210 27x104  58¢1p8 801 -2873




Table F2. Computed Hydraulic Properties for Wells AB-6. AB-7. and SIMO-|

Unit Depth  Effective Ksat Insitu K Suction Head
(ft) Sat (%) (cm/sec) (cm/sec) (cm) {cm)
Weil AB-6
Tshirege 2B 40 447 3.7x10-4 8.1x10-6 -177 <1396
Tshirege 2B 60 90.1 3.5x10:3  1.2x103 75 -1904
Tshirege 24 100 8.8x10+
Tshirege 2A 110 434 7.4x105  7.7x107 -625 -3977
Tshirege 1A 150 41.8 6.1x10-5  1.8x107 -1176 -5748
Well AB-7
Otowi 70 1.7x10¢
Otow;j 80 2.2x107
Well SIMO-1
Tshirege 1A 33 2.7x10-
Otowi 86 2.0x10-4
Otowi 90 1.1x10-3
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peﬁies for Well PC-4

_Table F3. Computed Hvdraulic Pro

“Unit ‘Depth * Effective Ksa Insimn K Suction Head

(ft) Sat (%) (cm/sec) (cm/sec) (cm) (cm)
Alluvium 4 653 82x104  6.9x107 58 -180
Alluvium 9 413 65x105 394107 372 -647
Weathered 14 14 493 43x105 354007 309 -736
Weathered 1A 29 633 25x105  gg¢j09 247 -1131
Weathered 14 59 8.7 2105 364106 131 -1929
Tshirege 1A* 64 3.6x10~
Tshirege 1A 64 89.7  97x105 13410 131 -2082
Tshircge 1A% 78.5 3.3x10-5
Tshirege 1A% 78.5 7.1x10°5
Tshjrcgc 1A* 79 3.0x10-5
Tshirege 1a4* 84 5.6x10~
Tshirege 1A 84 409 35x104 34510 1163 -3723
Tsankawi+ 88.5 5.3x10
Tsankawi 89 393 L6xi04 46107 538 -3250
Tsankawi 104 185 25x103 75408 190 -3360
Otowi 109 3.9x10~
Otowi* 118.5 L4x10°3
Orowi HES 284 53¢104 | 6x07 845 -4457
Ortowi* 119 1.8x10-
Orowi* 148.5 9.4x10-5
Orowi 149 3283 75x105 36408 1023 -5565
Otowi* 149 9.4x10-5
_Orowi 1685 269  43x104  46xi08 1180 -6316

*SPOC (submersible

measurements

analysis due to lack o

pressure outflow celf, Con
in the wet portion of the retentjo
f in situ moistyre conte

stantz and Herkelrath, 1984)
N curve, not included j
Nl measurements.

n the present




Table F4g, Computed Hydraulic Properties for Wel)

MCM 5.4

Unit Depth  Effective K Insiw K Suction Head
(f) Sat (%) (cm/sec) (cm/sec) (cm) (cm)
Tshirege 1A 43.5 40.1 2.0x10+ 2.2x107 522 -1848
Tshirege 1A 54 3.5 1.5x10-4
Tshirege 1A 58 25.3 1.8x104 ] 1x10-8 917 -2685
Tshirege 1A 64 18.0 1.3x104  1.4x]109 1114 -3065
Tshirege 1A 67.5 34.7 LIx104 374108 610 -2667
Tshirege 1A 725 39.1 L4x10# 254108 658 -2868
Tshirege 1A 82.5 349 1.2x104  2.1x10-10 3225 -5740
Tshirege 1A 87.5 66.1 Li1x104  53x107 231 -2898
Tsankawi 93 99.4 47x10%  18x105 25 -2860
Tsankawi 95 73.9 6.8x10~4  9.9x109 693 -3588
Tsankawi 97.5 87.0  58x105  6.9x06 1316 -4288
Tsankawi 107.5 42.0 1.3x103  54x10-8 233 -3530
Table F5. Computed Hydraulic Properties for Well MCM 5.94
Unit ' Depth  Effective Kea Insiu K Suction Head
{fr) Sat (%) (cm/sec) (cm/sec) (cm) (cm)
Tshirege 1A 86 56.5 3.9x10:3  9.0x10-9 183 -2804
Tshirege 1A 95 27.0 LIx103  6.8x10-11 1854 4749
Tsankawi 105 2.0x10-3
Tsankawi 109.5 68.8 4.3x10-3  8.9x10-6 451 -3788
Otowi 120 53.3 7.9x10+ 5.4x10-7 252 -3910
Otowi 125 30.0 2.8x10°  |.5x]0-8 1498 -5308
Otowi 130 28.7 7.8x10-3 3.6x10-6 778 -4740
Otowj 150 37.8 L7103 4.0x107 930 -5502
Orowi 165 25.2 2.9x10-% 2.7x10-8 1478 -6507
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_Table F6. Computed Hydraulic Properties for Well P.16.... ..

. Unit o Depth __Effective wo K InsimK . Sucrion Head
S (%) (crsec) (cm/sec)  (em) (cm)
- Tshirege3p ., g Lol 626 Lex104 L6x105 406 -649
| Tshirege3D |3 172 28x104
 Tshirege3p 7 171 2.8xj04
. Tshirege3D 99 174 20x10+
 Tshirege 3D 26 226  92x10-
 Tshirege 3D 36 424 2340
- Tshirege3C 43 . 820 - g§6x105
 Tshirege 3C . ¢ I 504 19x106  ggy -2832
Tshirege3C 76 55 23104 20x107 gy -314
_Tshirege 3¢ 81 526 44x105 97408 2736 -5205
Table F7. Computed Hydraulic Properties for Weljs LLC-85-14,
LLC 8515, and LLC 86.29
Sarhplc No/  Depth Effective Ksat InsiwK Suction Head
- Unit (ft) Sat (%) {cm/sec) (cm/sec) {cm) (cm)
W, -85-14
8/ Tshir 2B 30 4.2x10~
. We 5-15
o Tshir2B 1.6x10-3
Well LL.C 86.22+
2A/Tshir24 5, o EIT 82105 19x1013  jpgqn -12308
2B/Tshir2a ¢, ¢ 27T 2S04 30x1012 jg7e -12388
7/ Tshir 24 65 27 L4x10% 2.5%10-H1 5728 -7709
VTshirlB (g o 3BO*  19x10S  89x109 937, -6380
IB/Tshir 1B 4, 3375 27x105 5108 2168 -6176

(Kear] et al,,

19862 and b),




Table F8. Computed Hydraulic Propenties for Wells 54-1001, 2, 3,and 6

Unit* Depth Effective Ksa InsiuK  Suction Head
(ft) Sat (%) (cm/sec) (cm/sec) {cm) (cm)
Wel} 54-
Tshirege 24/1v? 68t 11217 -13289
Tshirege 2A/1vi 687 3.9 L.3x104  59x10-12 6100 -8173
Tshirege 2A/1v 83 5.6 L1x104  2.2x]0-10 4822 -7351
Tshirege 2471v 102 13.4 L.6x104  1.3x109 3761 -6870
Tshirege 1B/Ilv 122 194 22x105  1.8x]0-10 4038 -7757
Tshirege 1B/lv 142 324 8.2x105  2.3x109 3649 -7977
Well 53-1002
Tshirege 2a/1v 92,5 3.3 8.1x10%  1.7x10-1 8000 -10819
Tshirege 1B/Iv =~ 122 6.5 4.6x105  7.7x10-12 4900 -8619
Tshirege IB/Iv 1425 207 2.5x10°5  1.3x10°M 3555 -7898
Tshirege 1A/13 1793 16.8 6.5x105  1.9x10°9 2060 -7525
Tshirege 1A/1g 244 19.13 L7x104  5.8x109 1475 -8912
Well 54-1003
Tshirege 2a/1v 102 2.9 L3x10=  23x10°3 41533 44649
Tshirege |B/lv  119.5 9.9x10-5
Tshirege 1A/1g 137 5.8 1.3x10%  [.2x0!t 10172 -14958
Tshirege 1A/1g 207 1.5x10-
Tshirege 1A/1g 26 2.7x10
Tshirege 1A/1g 2715 2.6x10-
Well 54-1006
Tshirege 2B/2 42 10.5 4.1x104  7.2x]0-10 3034 4334
Tshirege 2a71v 76.9 1.4 9.8x105  3.4xi0-M4 42136 -44430
Tshirege IB/lv 1245 5.7 4.5x10°  2.3x10-12 14865 -18659
Tshirege IB/Iv  136.7 13.3 57x10°%  2.5x10° 441] -8578
Tshirege 1A/1e 16] 1.2x10-#

“The second Tshirege Unit designation fo
Wohletz (1990) and Vaniman (1991) (R.

* First line calculated from v

llows the corralation of Vaniman and
H. Gilkeson, personal communication, 1994).

an Genuchten fit, second inte
- From field core moisture content of

rpolated from retention data.
7.5 . DBS&A 8 value 0f 27.0 seems unrealistic.




