WHC-EP-0883
UC-800

Variability and Scaling of
Hydraulic Properties for
200 Area Soils, Hanford Site

R. Khaleel
E. J. Freeman

Date Published
October 1995

Prepared for the U.S. Department of Energy
Assistant Secretary for Environmental Management

Westinghouse P.O Box 1970
Hanford Company Richiand, Washington

Managemaent and Operations Contractor for the
U.S. Department of Energy under Contract DE-AC06-87RL10830

Approved_ for public release

DISTRIBUTION OF THIS DOCURENT § UNLBATED O‘X

i







DISCLAIMER

This report was prepared as an account of work sponsored by.an agency of the
United States Government. Neither the United States Government nor any agency
thereof, nor any of their employees, makes any warranty, express or implied, or
* assumes any legal liability or responsibility for the accuracy, completeness, or use-
- fuiness of any information, apparatus, product, or process disclosed, or represents
_ that its use wouid not infringe privately owned rights. Reference herein to any spe-
- cific commercial product, process, or service by trade name, trademark, manufac-
* -turer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof.
The views and opinions of authors expressed’ herein .do not necessarily state or
- ‘reflect those of the United States Government or any agency thereof.







RELEASE AUTHORIZATION

Document Number:  WHC-EP-0883

O Variability and Scaling of Hydraulic Properties for
Document Title: 200 Area Soils, Hanford Site

Release Date: ’ 11/21/95

This document was reviewed following the
procedures described in WHC-CM-3-4 and is:

APPROVED FOR PUBLIC RELEASE

WHC Information Release Administration Specialist:

9L Boklend /’/%//7(

V. L. Birkland

A-6001-400.2 (09/94) WEF256







WHC-EP-0883, Rev. 0
EXECUTIVE SUMMARY

Over the years, data have been obtained on soil hydraulic properties at
the Hanford Site. Much of these data have been obtained as part of recent
site characterization activities for the Environmental Restoration Program.
The existing data on vadose zone soil properties are, however, fragmented and
documented iﬁ reports that have not been formally reviewed and released. This
study helps to identify, compile, and interpret all available data for the
principal soil types in the 200 Areas plateau. Iﬁformation on particle-size
distribution, moisture retention, and saturated hydrau1ic conductivity (K,) is
available for 183 samples from 12 sites in the 200 Areas. Data on moisture
retention and K, are corrected for gravel content. After the data are
. corrected and cataloged, hydraulic parameters are determined by fitting the
van Genuchten soil-moisture retention model to the data. A nonlinear
parameter estimation code, RETC, is used. The unsaturated hydrau1ic
conductivity relationship can subsequently be predicted using the van
Genuchten parameters, Mualem's model, and laboratory-measured saturated
hydraulic conductivity estimates. Alternatively, provided unsaturated
conductivity measurements are available, the moisture retention curve-fitting
parameters, Mualem's model, and a single unsaturated conductivity measurement
“can be used to predict unsaturated conductivities for the desired range of

field moisture regime.

The database comprised of six soil categories and 176 samples is used as
the basis for describing the probability distribution for the five hydraulic
parameters (i.e., @, n, 0, 0., and K). Empirical cumulative distribution
functions (CDF) are derived for all five parameters, and hypothesized

distributions fitted. The Kolmogorov-Smirnov (K-S) goodness-of-fit statistic-
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D (maximum absolute deviation between the empirical and fitted CDFs) is used
to select the best fit distribution. Although the database is limited, the
CDFs for all five parameters can be described using a normal distribution

based on either the untransformed or the transformed variables.

A scaling technique for similar media having linearly variable hydraulic..-

properties is applied to simplify the description of the spatial variability
of 200 Area soils. Separate scaling factors ¢, @, and ¢, associated with
pressure head,_moisture content, and hydraulic conductivity, respectively, for
each sample, are determined for 176 samples. Comparisons made between the
best fit van Genuchten curves for the unscaled data and those for the scaled
data show that scaling reduces the sums of squares by amounts varying from 63
to 89%. Based on K-S statistic D, the scaling factors a,, @, and a, are
found to be either normally or lognormally distributed for the six soil
categories considered. Results suggest that, for the soil types being
considered, scaling can be successfully used to describe the variability of

soil hydraulic properties in the 200 Areas plateau.

*Both unscaled and scaled data parameter statistics can play an important
role in characterizing the spatial variability of the hydraulic properties for
a given soil horizon and between soil horizons. It is, therefore, important
to update the database as more data become available across the Hanford Site

on soil physical properties and moisture retention characteristics. -
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VARIABILITY AND SCALING OF HYDRAULIC PROPERTIES
FOR 200 AREA SOILS, HANFORD SITE

1.0 INTRODUCTION

Performance assessment models that simulate water flow and solute
transport within the geologic media at the Hanford Site are being used to
investigate the potential impact of contaminants to human health and the
environment. A number of parameters are needed to model the vadose zone
hydrology and transport of contaminants from a waste disposal site. The
hydrologic data that are essential in quantifying the water storage and flow
properties of unsaturated soils include a characterization of heterogeneities
of various soil layers, and the soil hydraulic functions (i.e., moisture
content versus pressure head and unsaturated hydraulic conductivity versus
moisture content relationships) of the various layers.

1.1 SCOPE AND OBJECTIVES

The primary objective of this study is to summarize existing data on
particle-size distribution, moisture retention, and saturated hydrau11c
conductivity (K;) for various geologic format1ons and soil types in the
200 Areas (F1gure 1). A total of 183 moisture retention data sets taken from
12 sites in the 200 Areas plateau were evaluated (Figure 2). The procedures
used to correct the laboratory-measured moisture retention data for gravel
content are briefly described. Summary tables are provided by soil type and
formation, and the van Genuchten parameters and laboratory-measured K, values
are cata]oged Cumulative distribution functions are derived for the’
van Genuchten parameters and K,. An additional objective is to apply the -
scaling theory (e.g., Miller and Miller 1956; Warrick et al. 1977; Simmons et
al. 1978; Vogel et a] 1991) to characterize the spatial variability of soil
hydrau]ic properties in the 200 Areas.

- 1.2 SITE GEOLOGY AND SAMPLING LOCATIONS

At the Hanford Site (Figure 1), geologic profiles within the vadose zone
differ between the 200 East (200E) and 200 West (200W) Areas because of
different erosional and depositional episodes that occurred at the two Areas;
despite the fact that the two Areas are only a few miles apart. The two major
formations in the vadose zone in both the 200 East and West Areas are the :
Hanford formation (informal designation) and the Ringold Formation. The
Ringold underlies the Hanford formation and consists of fluvial and lacustrine
sediments. The overlying Hanford formation was laid down by cataclysmic
floods and consists of a variety of sub-facies ranging from coarse gravels in
the high energy areas of deposition (flood channels) to fine-grained silts in
the low-energy areas of deposition. In the 200W Area, the Hanford and Ringold
formations bracket the Plio-Pleistocene and Early Palouse units. The Plio-
Pleistocene unit is an.alluvial and colluvial deposit and consists of a fine- -
grained, calcareous, weakly to strongly cemented mixture of mud and sand,
whereas; the Early Palouse is a pedogenic deposit consisting of fine-grained
sand and silt. The Plio-Pleistocene and Early Palouse units are present in
the 200W Area but were removed during flooding in the 200E Area.
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Information on particle-size distribution, moisture retention, and
saturated hydraulic conductivity is available from 12 sites in the 200 Areas.
A map showing the location of these sites is shown in Figure 2. A brief
description of the individual sites is provided below.

1.2.1 200-BP-1 Site

The 200-BP-1 Operable Unit (Figure 2) -is located at the north-central
boundary of the 200E Area. Soils beneath this site are predominantly sandy
gravels with interspersed sand lenses. Samples are available at the site up
to a depth of about 65 m below 1and surface (bls).

1.2.2 218-W-5 Burial Ground

The 218-W-5 Burial Ground (Figure 2) is located in the northwest
quadrant of the 200W Area. The soils beneath the site range from a gravelly
to a sandy loam type. Samples were retrieved at the site up to a depth of
about 70 m. K, measurements are not available for two samples.

1.2.3 241-T-106 Tank Site '

The T-106 tank site (Figure 2) lies in the north-central part of the
200W Area. Soil textures range from sandy gravel to sandy loam. Samples were
retrieved at the site up to a depth of about 54 m. K, measurements are not
available for three samples.

1.2.4 AP Tank Farm Site

The AP Tank Farm (Figure 2) is located on the eastern boundary of the
200E Area. The soils around the AP Tank Farm are predominantly sands with
some lenses of gravelly sand and silt. Samp]es were collected from an
exca¥at10n site rather than from boreholes as is the case w1th most other
samples

1.2.5 C-018-H Site

The State Approved Land Disposal Site (SALDS) (Figure 2) is located
about 210 m north of the 200W Area. Soil texture is characterized as gravelly
sand to sand. Samples were retrieved from the upper 35 m.

1.2.6 Environmental Restoration Disposal Facility (ERDF) Site

The ERDF site (Figure 2) is located to the southeast of 200W and west of
the U.S. Ecology site. Based on available sieve analysis of samples recovered
from boreholes at the site, soil textures range from silty sand to sandy
gravel. Samples were retrieved at the site up to a depth of about 94 m. K
measurements are not available for a number of samples.

1.2.7 Field Lysimeter Test Facility (FLTF) Site

The Field Lysimeter Test Facility (Figure 2) is located between the 200E
and 200W Areas. Soil textures are uniformly distributed between silt loam and ’
Toam. '
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The FLTF is an experimental facility designed to measure infiltration
characteristics for the Hanford Barrier. Samples were obtained from a
repacked soil profile within a vertically oriented corrugated pipe.

1.2.8 Grout Facility Site

~The grout facility (Figure 2) is located directly east of the 200E Area. -
Samp]e depth is Timited to 14.5 m bls; loamy sand dominates the upper 10 m and
the Tower 1.5 m are gravelly sands.

1.2.9 Injection Test Site

The Injection Test Site (Figure 2) is located in the southeast quadrant
of the 200E Area. The stratigraphy beneath the site is predominantly medium
to coarse sand and pea gravels with some silt lenses. Samples were retrieved
at the site up to a depth of about 41 m.

1.2.10 U.S. Ecology (MW-5, MW-8, MW-10) Site

The U.S. Ecology site (Figure 2) is approximately 460 m south of the
200E Area. The soils beneath this facility are predominantly sands with
interbedded gravel lenses. Samples were retrieved from up to 91 m.

1.2.11 VOC Site

The Volatile Organic Carbon (VOC) site (Figure 2) containing carbon
tetrachloride is located in the southwest quadrant of the 200W Area. Soil
textures range from sandy gravel to sandy loam. Beside the Pacific Northwest
National Laboratory (PNL) data, the VOC site represents the only moisture
retention data set not requiring correction for vacuum saturation (see
Section 3.4). Samples were retrieved at the site up to a depth of about 60 m.
One sample from the W-049-H site had a very high measured saturated moisture
content; this is attributed to the presence of swelling clays. K,
measurements are not available for one sample.

1.2.12 Treated Effluent Disposal Facility (W-049-H) Site

The W-049-H site (Figure 2) is located approximately 2 km due east of
the 200E Area. Soil textures of samples collected at this site are
approximately evenly divided between sandy gravel and sandy loam. Samples
were retrieved at the site up to a depth of about 54 m. Three samples from
the W-049-H site had very high measured saturated moisture contents; this is
attributed to the presence of swelling clays. Although included in appendices
A and B, the samples having swelling clays were not included in the analysis.
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2.0 SAMPLING AND EXPERIMENTAL METHODS

Soil samples are collected at the Hanford Site primarily in conjunction
with drilling activities. The prevalent method of drilling is cable tool.
In most cases, cable tool and splitspoon coring techniques were used to obtain
‘as continuous a record of sediment from each borehole as possible. Compared
to core barrel, a splitspoon sampling device is presumed to recover intact,.
relatively undisturbed, and representative samples from the entire length of
borehole.

The samples were analyzed either at the Westinghouse Hanford Company
(WHC) Geotechnical Engineering Laboratory (GEL) or at PNL. At the WHC GEL,
the moisture retention data were obtained using Tempe cells from saturation to
-1000 cm; the rest of data up to -15,000 cm were obtained using the pressure
plate extraction method (Klute 1986). At the PNL, three different methods
were used to determine moisture retention data: (1) the hanging water column
method (Klute 1986), (2) the pressure plate extraction method (Klute 1986),
and (3) the vapor equilibrium (or thermocouple psychrometer) method (Rawlins
and Campbell 1986). The methods used for various samples are identified in
Appendix A. '

Both wetting and drainage curves are generated at the GEL. Prior to
April 1993, the GEL first vacuum-saturated a soil sample and then applied
suction to produce a drainage curve. This curve is not the main drainage
curve (MDC), rather a primary drainage curve (PDC) (Luckner et al. 1989). For
most modeling applications, the MDC is of particular interest. A correction
is therefore used to obtain the MDC from the PDC; this correction is described
later (section 3.4). The PNL procedures immediately yield the main drainage-
curve, and therefore do not need any correction. The sites for which no
correction for the MDC is needed are AP Tank Farm, ERDF, FLTF, Grout, U.S.
Ecology, and VOC (Figure 2).

Two different methods were used to determine saturated hydraulic
conductivities. At the WHC GEL, a constant head permeameter (Klute and
. Dirksen 1986) was used. At the PNL, a falling head permeameter (Klute and
Dirksen 1986) was used. Particle-size distribution was determined on the
< 0.075 mm size fraction of each sample using the hydrometer (Gee and Bauder
1986); for size fraction > 0.075 mm to < 2-mm, dry sieving methods were used.




WHC-EP-0883, Rev. 0

This page left intentionally blank.




WHC-EP-0883, Rev. 0

3.0 PROCEDURES FOR CORRECTION OF SATURATED CONDUCTIVITY AND MOISTURE
RETENTION MEASUREMENTS

3.1 BACKGROUND

The textural designation used in this study to describe soils conforms
with the International Soil Science Society classification (Hillel 1982).

Gravel: >2 mm

Coarse sand; ¢s: 2 mm to 0.2 mm
Fine sand; fs: 0.2 mm to 0.02 mm
Silt: 0.02 mm to 0.002 mm

Clay: <0.002 mm.

The soils at the Hanford site can contain a high percentage of gravel
(>2 mm). Bouwer and Rice (1983) demonstrated that gravel content can have
considerable influence on soil moisture characteristics. The approach taken
by Bouwer and Rice to correct for gravel assumes that all moisture in the soil
is contained in the <2 mm size fraction and that the gravel fraction simply
reduces the volume of material available to retain and conduct moisture.

The gravel correction approach of Bouwer and Rice (1983) is being used
by both WHC and PNL to correct both the laboratory-measured moisture retention
and saturated hydraulic conductivity estimates.

3.2 CORRECTING THE SATURATED HYDRAULIC CONDUCTIVITY FOR GRAVEL CONTENT

In many instances, hydraulic conductivity is measured for a soil sample
which has been collected during splitspoon sampling. As was discussed
earlier, compared to other techniques, the splitspoon sleeve contains what is
considered to be a reasonably representative sample of the formation that has
been drilled, and its hydraulic conductivity therefore does not require a
correction for gravel content. This is the case with most of the samples
analyzed at the GEL. Those samples for which the gravel fraction was removed
prior to hydraulic conductivity determination in the laboratory, must be
corrected to account for the effect of gravel within the sample. The equation
used by Bouwer and Rice to arrive at a corrected hydraulic conductivity, K,
is

x;=x;(§§) (1)

where K, is the saturated hydraulic conductivity of the <2 mm fraction
(fines), e, is the void ratio of the complete sample, and e, is the void ratio
of the fines (<2 mm) only. The void ratios e, and e, are defined as:

o = Ty (2)

1 -eb. FJ
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= ef,s
ef = 1_61'3 (3)

‘where 8,, is the saturated (subscript s) volumetric moisture content of the
bulk soil (subscript b) which includes gravel and 8;, is the saturated
volumetric moisture content of the fines (subscript f) as measured in the
laboratory on the fraction < 2 mm. The moisture contents 6,, and 6;, are
related through

0,6 = FBs s = (1-F)6, , (4)

in which F, is the volumetric fraction of the bulk soil sample passing through
the number 10 sieve (<2 mm), and F, is the volumetric gravel fraction of the
bulk sample as used by Bouwer and Rice (1983). Equation (4) also holds for
moisture contents less than saturation, i.e., with the subscripts s on 8
removed.

3.3 CORRECTING THE MOISTURE RETENTION CURVES FOR GRAVEL CONTENT

The 1aboratory-measured moisture retention curve (MRC) is based on the
soil fine fraction (<2 mm) and does not account for the gravel fraction. The
laboratory-measured MRC therefore needs to be corrected for any gravel that
may be present in a soil sample. The correction can be done using either a
mass-based approach (i.e., Gardner 1986) or a volume-based approach (i.e.,
Bouwer and Rice 1983).

The gravimetric or mass-based procedure presented by Gardner is

_ _Wepp/py
8, = T+ my/my (5)

where 8, is the volumetric moisture content of the bulk soil including gravel,
W, is the laboratory-measured gravimetric moisture content of the fine
fraction (< 2 mm), p, is the bulk density of the entire sample (including
gravel), p, is the density of water, and m; and m, are, respectively, the dry
masses of the fines and gravel as recovered from the bulk field soil sample.

The volume-based correction procedure described by Bouwer and Rice
(1983) is based on the same general principles as equation (5), leading to an
equation similar to (4) but with the subscript s removed, i.e., equation (4)
is applicable to all moisture contents. The mass-based approach was used in
this study since all parameters in (5) were directly measured in the
laboratory.

10
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In the remainder of the report, it is assumed that all volumetric
moisture contents have been appropriately corrected for gravel content, and
henceforth will drop the subscript b on 8. Thus, all values for 6 specify
volumetric moisture contents of the bulk soil sample including gravel where
present.

3.4 CORRECTING FOR THE MAIN DRAINAGE CURVE

Luckner et al. (1989) proposed scaling functions to correct the PDC to
the MDC. These functions may be used to scale moisture contents on the PDC to
moisture contents on the MDC at the same pressure heads. When this procedure
was applied to some of the GEL-measured moisture retention data, a shift in
the data was noted thereby resulting in a reversal of the laboratory-measured
main wetting curve (MWC) and the corrected MDC. To remedy the situation, an
alternate approach was implemented. The wet end of the moisture retention
curve is corrected for vacuum saturation by assigning an upper 1imit based on
the saturated moisture content measured for the MWC. Using analytical models
(described in Section 4.0), curves are fitted through the modified data.
During the fitting procedure, four parameters (0., 0., @, and n; Section 4.1)
are based on the best fit curve through the measure&gdata

The MWC is available for all WHC samples and is considered to be
accurate. The MDCs derived by this method appear to g1ve a good description
of the hysteretic so11 moisture retention data.
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4.0 DATA EVALUATION

4.1 VAN GENUCHTEN-MUALEM MODEL AND RETC CODE

Van Genuchten (1980) derived an empirical re]at1onsh1p to describe the
moisture retention data

(6,-6,)

_— 6
r + [1+|ahln]m ( )

Volumetric moisture content

Saturated moisture content

Residual moisture content

van Genuchten curve fitting parameter (1/cm)
Matric potential or pressure head (-cm)

van Genuchten curve fitting parameter

1~ 1/n.

The RETC code (van Genuchten et al. 1991) is used for curve fitting. The
Mualem (1976) model is used to predict the hydraulic conductivity from
moisture retention data

where

I3 T D

_ t f(se) r 7
K(s,) = KSSS[—f—(-I)— (7)
= [ _1 '
where £(s)) = | ) dx (8)
and
6 -0,
S. = 50, (9)

and £ is a pore-connectivity parameter estimated by Mualem (1976) to be about
0.5 as being optimum for many soils.

Using Mualem's model, van Genuchten (1980) derived a closed-form
analytic solution to equation (7) to predict the relative hydraulic
conductivity (K.)

_ 1-(ah)™[1+(ah)?] 2 1

K, (h =1-2

(h) [T7 (ah) 7] ™ (m=1 n) (10)
K(h) = KK, (11)

13
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4.2 SCALING RELATIONSHIPS

To describe the hydraulic variability for texturally similar soils, a
set of linear scaling transformations are used to relate the 1nd1v1du91 s011
moisture characteristics @(h) and K(h) to reference characteristics (h*) and

X (h ) (Vogel et -al. 1991).. The technique is based on the similar media -
‘concept (Miller and Miller 1956) for porous media which differ only in the
scale of their internal geometry. Three scaling parameters are used to define
a linear model characterizing variability in the soil hydraulic properties
(Vogel et al. 1991).

K(h) = a,K*(h*)
B(h) =86, + aglB* (h*) - B]] (12)
h=ahn*

where, for the most general case, a and o, are mutually independent
sca11ng factors for the moisture conteﬁ% the pressure head and the hydraulic
conductivity, respectively. Less genera] scaling methods arise by invoking
certain relationships between @y, @, and/or.a,. For examp]e, -the original - :
Miller-Miller scaling procedure is obtained by assuming a, = 1 (with 6, = 0 ) s
and @, = o A detailed discussion of the linear sca11ng re]at1onsh1ps is
given by Jbgel et al. (1991).

For texturally similar soils, scaling factors are calculated from the
relationships

a, = K,/K;
o = (6, - 6,) /(65 - 6;) (13)
«, = h,/h;

where the reference saturated hydraulic conductivity Ks, (9 -8 ~) and h are
arithmetic means of the respective values of K., (6, - 6,) and h.. The value
of h, is computed for each moisture retention curve® from

B, = (T'ﬁ_)f h(6)d® (14)

where 8_ is selected so that the majority of measured data points for
texturai]y similar soils lie in the interval (@ A value near the
middle of the interval (@, 6,) is recommended fbr 5 (Voge1 et al. 1991). In
(14), h_ denotes the average h value within the interval A

After the scaling factors for each sample are determined, the scaled
hydraulic properties K (h"), @(h) and h™ for each measured data point are
obtained via (12). Van Genuchten models are then fitted through the scaled
data sets, and the resulting fitted parameters are referred to as the scaled
mean hydraulic parameters.

14
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5.0 RESULTS AND DISCUSSION

5.1 DATA CORRECTION AND COMPILATION

The Taboratory-measured moisture retention data and K, were first o
corrected, if necessary, for gravels and MDC using the procedures outlined in . °
Section 3. The moisture retention data from the Tempe cell or hanging water
column experiments for each individual sample were combined with the pressure-
plate and vapor equilibrium data (where available) to estimate the van
Genuchten parameters. When data from the different measurement techniques
overlapped, the overlapping data from the wetter matric potential range only
were included during curve fitting. The van Genuchten parameters 0_, 0, a
and n were fitted to the moisture retention data using RETC (van Genuchten et
al. 1991), a computer program that uses a nonlinear, least squares curve.
fitting procedure. The fitted parameters 0., O,, @ and n for all samples are
Tisted in Appendix A, in addition to samp]e spec1f1c physical and descriptive
information. Appendix B contains the moisture retention plots that are
generated from the RETC runs. For the ma30r1ty of samples, all four
van Genuchten parameters (i.e., 0., 8., a and n) were fitted to the data. 1In
some cases, however, a better f1t to the data was obtained by fixing the O,
parameter dur1ng curve—f1tt1ng, these samples are identified in Appendix A’

As shown by the plots in Appendix B, the fit between the measured moisture-
retention data and the van Genuchten model is excellent for all samples.

The data in Appendices A and B represent sediment characteristics for
183 samples collected throughout the 200 Areas. Note that the particle-size
distribution information is missing on a few samples. In addition to Eolian
Sand (surface horizon soils; 12 samples), the following formations are
represented by the data: Hanford Sand (91 samples), Hanford Gravel
(17 samples), Palouse (2 samples), Plio-Pleistocene (16 samples), Upper
Ringold (9 samples), Middle Ringold (17 samples), and Lower Ringold
(3 samples).

Some of the moisture retention curves in Appendix B do not show measured
moisture retention data points (squares) for pressure heads that are typically -
greater than -100 cm. This is an artifact of the correction procedure applied
to the 1laboratory-measured primary drainage curve (PDC) for the desired main
drainage curve (MDC). As was discussed earlier, the wet end of the moisture
retention curve is corrected for vacuum saturation by assigning, prior to
curve-fitting, an upper limit based on the saturated moisture content measured
for the MWC. PDC measurements which are greater than the measured 6, for the
MWC are then deleted during the curve-fitting procedure. All four parameters
are, however, fitted through the corrected data for the MDC. In some cases,
this resulted in somewhat of a flat segment of the moisture retention curve
between the last measured point for the MDC and the saturated moisture content
derived from the wetting curve. No correction for the MDC was needed for
samples from AP Tank Farm, ERDF, FLTF, Grout, U.S. Ecology, and VOC sites
(Appendix A).

For samples which required correction for MDC, an assessment of the
procedure is made through a comparison of samples requiring corrections with
those requiring no corrections; the samples being compared should have nearly
the identical particle-size distribution. For example, sample 2-2271
(200-BP-1 site), requiring corrections for MDC, has nearly the identical

15
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particle-size distribution as sample 4-1012 (ERDF site) that needed no
corrections for MDC (Appendix B). During curve-fitting, sample 2-2271 had its
PDC measurements deleted for h >-50 cm. However, the shape of the MDC and the
fitted van Genuchten parameters for sample 2-2271 are remarkably similar to
those of samp]e 4-1012 that has measurements in the desired range of h >-50 cm
.(Appendix B). Similar conclusions can be drawn by comparing the fitted curve ..
for the corrected sample 3-0690 (231-T-106 site) with that for sample 3-0689
(241-7-106) that needed no corrections, and comparing sample 3-0668
(241-T-106) with sample 4-1080 (ERDF).

Some of the samples having a relatively high gravel content (>50%)
exhibit a fairly flat moisture retention curve relative to other samples
(Appendix B). This is due to the gravel correction procedure that was
followed. The wet and dry ends of the retention curve are reduced by the
weight percent gravel in the sample. However, the correction will have a
greater impact at the wet end of the retention curve than it will at the dry
end. For example, if the saturated moisture content of the sample (<2 mm size
fraction) is 0.25 and the residual moisture content is 0.05, a 50% gravel
content would result in adjusted saturated and residual moisture contents of
0.125 and 0.025, respectively. The absolute change for O, is much greater -
than that for 0.

5.2 UNSCALED DATA VARIABILITY

As is clear from appendices A and B, the data exhibit a high degree of
variability. The first step in evaluating variability in unscaled data
(Appendix A) was to ascertain the usefulness of grouping various soil types
into common categories having similar physical characteristics. The moisture
retention data (Appendix A) were sorted by texture based on sieve analysis and
ISSS classification scheme. Retention curves having similar textures were
then plotted on a single plot to evaluate if they indeed display common
characteristics. Those displaying common characteristics were grouped so that
an "average" curve could be defined. This led to a grouping of the moisture
retention data for 176 samples by six categories: (1) sand mixed with finer
fraction (SS; 48 samples), (2) sand (S; 76 samples), (3) sand and gravel mixed
with finer fraction (SSG; 6 samples), (4) gravelly sand (GS; 10 samples), (5)
sandy gravel for which gravel content is approximately less than 60% of the
sample weight (SG1; 25 samples), and (6) sandy gravel for which gravel content
is approximately greater than 60% by weight (SG2; 11 samples). Note that,
because of incomplete or lack of particle-size distribution data, some of the
moisture retention data sets listed in Appendix A could not be used. Also,
four samples, although listed in Appendix A, were not included in analyzing
variability since these samples were of the swelling clay type. The soil
types and their grouping by categories are indicated for each sample in
Appendix A.

The database comprised of six soil categories was used as the basis for
characterizing the variability in parameters 0., 0., a, n, and K_.
Descriptive statistics are provided in Table 1° Among the five parameters
the variability is highest for K, and least for parameter n; the coefficient
of variation (CV) for K, varies from about 104 to 293 percent, whereas the CV
for the parameter n varies from only 9 to about 39%. The high variability
exhibited by K, is not unexpected given the highly heterogeneous nature of
Hanford sed1ments and is consistent with values reported elsewhere (e.g.,

16
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Table 1. Descriptive Statistics for van Genuchten Parameters 6., 6., a, n,
and Saturated Hydraulic Conductivity K, for the six Soil Categories.
S$S, Sand Mixed with Finer Fraction; 'S, Sand; SSG, Sand and Gravel Mixed
with Finer Fraction; GS, Gravelly Sand; SGl, Sandy Gravel with Gravel
Fraction < 60%; SG2, Sandy Gravel with Gravel Fraction > 60%.

Soil Parameter Number Low High Mean . Standard Coefficient
Category of deviation of
samples variation
(%)
ss 0 48 0.321 0.566 0.438 0,059 14
0. | 48 0.016 0.110 0.062 0.027 43
a (1/cm) 48 8.0E-4 0.387 0.034 0.072 210
n 48 1.262 2.894 1.824 0.344 19
K. (cm/s) 40 5.8E-6 0.017 0.001 0.003 278
S 0. 76 0.197 0.519 0.346 0.073 21
8. 76 0 0.148 0.029 0.023 81 JI
e (1/cm) 76 0.004 0.861 0.108 0.164 151 "
f n s 1.193 4.914 2.111 0.817 39
I K. (cm/s) 71 1.38E-6 0.058 0.006 0.011 190
SSG 0. 6 0.187 0.375 0.262 0.072 28
9, 6 Y 0.064 0.030 0.029 95
a (1/cm) -] 0.003 0.103 0.032 0.036 114
n 6 1.256 1.629 1.400 0.131 9
K. (cm/s) 6 2.76E-5 0.068 0.015 0.027 183
GS 0 10 0.203 0.334 0.272 0.048 18
8. 10 0.010 0.069 0.040 0.019 48
a (1/cm) 10 0.004 0.074 0.027 0.023 88
- n 10 1.529 2.537 1.99 0.315 16
" K. (cm/s) 10 5.43E-5 0.008 0.003 0.003 104
SG1 0. 25 0.113 0.260 0. 166 | 0.036 22
LR 25 0 0.062 0.023 0.015 65
a (1/cm) 25 0.002 0.919 0.083 0.204 247
n 25 1.262 2.947 1.660 0.355 21
K. (cm/s) 24 1.9E-7 0,037 0.005 0.009 194
$G62 0_ 11 0.056 0.107 0.077 0.016 21
o_ 11 0 0.020 0.010 0.007 75
e (1/cm) 11 0.003 0.028 0.009 0.009 95
n 1 1.347 1.885 1.621 0.178 11
K. (cm/s) 10 2.83E-5 0.130 0.014 0.041 293
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Carsel and Parrish 1988). The variability exhibited by O, was minimal; the CV
for O, was less than 25% for most soil categories. This 1s also consistent
with data reported by other investigators (e.g., Carsel and Parrish 1988; Jury
1985). The CV for ©_. ranged from about 43 to 95% whereas the CV for a ranged
from about 95 to 247% (Table 1).

Figure 3 shows the unscaled data for the six soil categories.. For each -
category, the solid line represents the best fit van Genuchten curve through
the unscaled data. Table 2 provides the fitted van Genuchten parameters. A
clear progression of the moisture retention data and the best fit curves from

fine (SS) to coarse (SG2) categories is apparent from Figure 3.

Table 2. Van Genuchten Model Parameters Describing the Unscaled
Mean Hydraulic Curve.

ﬁ Soil o n 0, 0, r® | Sum of
Category Squares
(SS)
SS 0.0204 1.3179 0.0100 0.4329 0.6843 5.2739
S 0.0626 1.5820 0.0295 0.3665 0.7381 5.4937
SSG 0.0455 1.2003 0.0000 - 0.2407 0.7211 0.1265
GS 0.0588 1.3510 0.0123 0.2839 0.7558 0.3537
SG1 0.0594 1.2199 0.0000 0.1640 0.6343 | 0.4109
SG2 0.0098 1.3465 0.0020 0.0761 0.6989 0.0363

An attempt was made to examine the underlying probability distribution
for the van Genuchten parameters and K,. The database comprised of six soil
categories and 176 samples was used as ®the basis for describing the
probability distribution for the five parameters (i.e., 0, 0., @, n, and K_).
Empirical cumulative distribution functions (CDF) were der1ved for all five
parameters, and hypothesized distributions were fitted. Best fit
distributions that provided an adequate approximation to the empirical CDFs
were sought. In particular, the available database was analyzed to see if the -
parameters fit a normal distribution. In cases where the normal distribution
(NO) was inadequate for the representation of a given data set, other types of
transformations that might produce a normal distribution were considered. The
class of transformations used is the Johnson system as described in Carsel and
Parrish (1988). The Johnson system involves three primary distribution
types: lognormal (LN), log ratio (LR), and hyperbolic arcsine (SN).

LN: Y=1ln(X)

L v (X-A)
LR: Y= ln{ e (15)

SN: sinh[U] = In[U+(1+U2) 2]

18
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3. Statistical Parameters Used for Cumulative Distribution Function
Approximation (NO, Normal; LN, Lognormal; LR, Log Ratio; SN, Hyperbolic
Arcsine) for 0., 0., @, n, and Saturated Hydraulic Conductivity K, for
the six Soil Categories. SS, Sand Mixed with Finer Fraction; S, Sand;
$SG, Sand and Gravel Mixed with Finer Fraction; GS, Gravelly Sand; SGl,
Sandy Gravel with Gravel Fraction < 60%; SG2, Sandy Gravel with Gravel . .

Fraction > 60%.

— -
Soil Hydraulic Lower Upper Statistics
Category Property Limit . Limit Transform
Mean Dsetvainadtai';i Dpax
ss e, 0.321 0.566 NO 0.438 0.059 0.103
e, 0.000 0.881 N 0.458 0.255 0.148
a -7.131 -0.949 LN -4.489 1.352 0.164
n 1,262 2.89 NO 1.824 0.344 0.064
K -12.058 -4.057 LN -8.487 1.813_ | 0.4
s e 0.197 0.519 NO 0.346 0.073 0.050 |
8, 0.000 0.881 SN 0.189 0.146 o.134l| _
a -5.547 -0.149 LN -3.097 1.347 0.057
n -5.756 4.330 LR -1.459 1.523 0.080
K. -11.191 -2.847 LN -6.849 2.129 0.089
$SG 8. 0.187 0.375 NO 0.262 0.072 0.178
o, 0.000 0.064 NO 0.030 0.029 0.202
e -5.843 -2.276 LN -3.957 1.166 0.153
n 1.256 1.629 NO 1.400 0.131 0.233
K -10.854 _ 2.9%5 LR -5.262 5.499 0.198
Gs e 0.203 0.334 NO 0.272 0.048 0.182
e_ 0.010 0.069 NO 0.040 0.019 0.226
e 0.004 0.074 NO 0.027 0.023 0.191
n 1.529 2.537 NO 1.994 0.315 0.176
K -7.966 . |- 2.989 LR -1.569 3.582 | 0.159
s61 . 0.113 0.260 NO 0.166 0.036 0.071
o 0.000 0.062 NO 0.023 0.015 o.13%
_a -6.075 -0.084 LN -4.086 1.550 0.232
n 0.233 1.081 LN 0.489 0.184 0.169
K -15.476 -3.297 LN -7.932 3.322 0.150
$G2 e -2.888 -2.234 LN -2.590 0.216 0.226
it ' 8, 0.000 0.0197 NO 0.010 0.007 0.171
" a -5.952 -3.590 LN -5.008 0.882 0.187
“ n 1.347 1.885 NO 1.621 0.178 0.162
" k. [-10473 | -2.040 LN -7.137 2.332 0.145
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where Y denotes the transformed variable, X denotes the untransformed variable
and corresponds to any of the variables 0 » @, n, and K, with limits of
variation from A to B (A< X <B), and U = (i' A)/(B - A). LR is bounded
between 1imits A and B, whereas SN is unbounded.

The Kolmogorov-Smirnov (K-S) goodness-of-fit statistic D (maximum
absolute deviation between the empirical and fitted CDFs) was used to select
the best fit distribution among the four distributions (NO, LN, LR, SN).
Figure 4 shows plots of empirical and best fit CDFs for transformed variables
6., 6, a, n, and K, for one soil category (i.e., sand). The standardized
normal distribution [Z = (Y - u)/o], having zero mean and unit variance, is
used to represent the transformed variabies (Figure 4). Results of comparison
between the empirical and best fit CDFs are provided in Table 3. The smallest
value of D signifies the most appropriate.distribution in any given case. For
each parameter of interest and for each soil category, the K-S statistic D was
used to test whether the empirical and fitted CDFs are significantly different
at a 5% level of significance. Results indicate that the majority of
parameters for all six soil categories can be represented by either the normal
or lognormal distribution. In a few cases where the normal or lognormal
distribution was inadequate, the data can be adequately represented by using
one of the other Johnson transformations (i.e, LR or SN). It should be noted
that except for soil categories S and SS, the power of the statistical
-goodness-of-fit test is poor because the sample size is limited.

5.3 SCALED DATA

Following scaling procedures described in section 4.2, the identical
unscaled database comprised of 176 samples and six soil categories was used to
obtain the scaling factors a,, a,, and o, for each sample. The scaled
moisture retention data for the six categories are shown in Figure 5. The
scaled mean curve (shown as a solid line) is a best fit van Genuchten curve
through the scaled data. Table 4 provides best fit van Genuchten parameters
for the scaled data. In all cases, the scaled data forms a narrow band about
the scaled mean curve. Again, similar to unscaled data, a clear progression
of the moisture retention data and the best fit mean curves from fine (SS) to
coarse (SG2) categories is evident from Figure 5.

A measure of the degree of success of scaling is the percentage
reduction in sum of squares (SS) of deviations between the mean curves and the
individual data, before and after scaling. Tables 2 and 4 provide information
on SS as well as coefficient of determination (r°) for unscaled and scaled
data, respectively. The reduction in SS ranged from about 63 to 89 percent
(Tables 2 and 4). Such a reduction is comparable to those reported by other
investigators (e.g., Warrick et al. 1977), although different techniques are
being used. Another measure of success due to scaling is the r® values for
the best fit van Genuchten curves, before and after scaling (Tables 2 and 4).
As discussed earlier, for each soil category, the unscaled and scaled mean
curves are best fit van Genuchten curves through the unscaled and scaled data,
respectively. For unscaled data, the r? values ranged from 0.63 to 0.76
(Tab}e 2), whereas for scaled data, the values ranged from 0.91 to 0.97
(Table 4). _
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Figure 4. Empirical and Best Fit Cumulative Distribution Functions (CDF) for van Genuchten
Parameters 8g, 6, a, n and Saturated Hydraulic Conductivity K for Sand (S).
NO, Normal; LN, Lognormal; LR, Log Ratio; SN, Hyperbolic Arcsine.
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Table 4. Van Genuchten Model Parameters Describing the Scaled
' Mean Hydraulic Curve.

Soil a n 0, 0, r* | Sum of
Category Squares
_ (SS)
SS 0.0052 | 1.7583 0.0627 0.4334 0.9543 0.6931
S 0.0246 1.1707 0.0391 0.3443 0.9050 1.5830 P
SSG 0.0164 1.3917 0.0391 0.2632 0.8992 0.0473
GS 0.0096 2.0892 0.0461 0.2688 0.9663 0.0408
SG1 0.0064 1.5147 0.0216 0.1630 0.9249 0.0766
SG2 0.0071 1.3333 0.0007 | 0.0785 0.9175 0.0096 "

Empirical CDFs were derived for the three scaling factors o, a,, and
a,. Again, similar to unscaled data, best fit distributions that provided an
'aﬁequate approximation to the empirical CDFs were sought. In cases where the

‘normal distribution.(NO) was inadequate- for the representation of a given data"f

set, Johnson system of transformations was used. Again, the K-S statistic D
was used to select the best fit distribution among the four distributions (NO,
LN, LR, SN). Figure 6 shows plots of empirical and best fit CDFs for a,, a,
and a, for the sand category. Results of comparison between the empirical and
best ?it CDFs are provided in Table 5. Results indicate that, based on K-S
statistic D, the scaling factors e¢,, @,, and a, are either normally or
Tognormally distributed for the six soil categories considered.
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Figure 6. Empirical and Best Fit Cumulative Distribution Functions (CDF)
for Scaling Factorsay » & & for Sand (S). NO, Normal;
LN, Lognormal.
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Table 5. Statistical Parameters Used for Cumulative Distribution Function
Approximation (NO, Normal; LN, Lognormal) for the Scaling Factors e,
@, and a, for the six Soﬂ Categor1es. SS, Sand Mixed with Finer
Fract1on° S, Sand; SSG, Sand and Gravel Mixed with Finer Fraction; GS,
Gravelly Sand SGI Sandy Gravel with Gravel Fraction < 60%; SG2, Sandy
Gravel with Gravel Fraction > 60%.

Soil Scaling Lower Upper Statistics "
Category Factor Limit Limit Transform
Mean Standard Dmax
Deviation

“ ss o -3.503 1.949 LN -0.599 1.172 0.154

ay 0.709 1.409 NO 1.000 0.163 0.096
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6.0 SUMMARY AND CONCLUSIONS

The primary objective of this study was to summarize existing data on
particle-size distribution, moisture retention, and saturated hydraulic
. conductivity (K;) for various geologic formations and soil types in the
200 Areas. A total of 183 moisture retention data sets taken from 12 sites in. . -
the 200 Areas plateau are evaluated. The laboratory-measured moisture - '
retention data are corrected for gravel content and the main drainage curve.
Summary tables are provided by soil type and formation, and the fitted van
Genuchten parameters and laboratory-measured K, values are cataloged.

To describe the variability, the moisture retention data were grouped by
six categories: (1) sand mixed with finer fraction, (2) sand, (3) sand and
gravel mixed with finer fraction, (4) gravelly sand, (5) sandy gravel with a
gravel fraction of less than 60%, and (6) sandy gravel with a gravel fraction
of greater than 60%. Descriptive statistics are provided describing the
variability of unscaled moisture retention data and K.. A progression of the
moisture retention data and the best fit curves from Fine to coarse categories
is apparent from a plot of the unscaled data. Empirical cumulative
distribution functions (CDFs) are derived for all five parameters:(i.e., 0,
0., @, n, and K.), and statistical distributions fitted. The Kolmogorov-
-Smirnov (K-S) goodness-of-fit statistic is used to select the best fit .
distribution. The CDFs for the vast majority of data can be described using: . -
either a normal or a lognormal distribution. In some cases, a log ratio or
hyperbolic arcsine function is used to obtain a better fit to the data.

An alternate representation of hydraulic properties is the use of
scaling technique to simplify the description of the spatial variability of : 5
the 200 Area.soils. Separate scaling factors e¢,, ay, and o, associated with
pressure head, moisture content, and hydraulic conductivity, respectively, for
each sample, are obtained for the identical database used to describe
variability in unscaled data. Comparisons made between the best fit
van Genuchten curves for the unscaled data and those for the scaled data show
that scaling reduces the sums of squares by amounts varying from 63 to 89%.
Based on K-S statistic, the scaling factors @,, ay, and a, are found to be
either normally or lognormally distributed for the six soil categories
considered.

The information on unscaled and scaled data variability can potentially .
be used to propagate uncertainties in parameter estimates for 200 Area soils .
through numerical models of vadose zone flow and transport. However, since
the existing database is lTimited, it would be useful to update the database as
more data become available.

The analysis is based on the premise that the unsaturated hydraulic
conductivity relationships can be predicted using the van Genuchten
parameters, Mualem's model, and laboratory-measured saturated hydraulic
conductivity estimates. Alternatively, provided unsaturated conductivity
measurements are available, the moisture retention curve-fitting parameters
and a single unsaturated conductivity measurement can be used to predict
unsaturated conductivities for the desired range of field moisture regime. -
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APPENDIX A

SUMMARY OF PHYSICAL AND HYDRAULIC PARAMETERS
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17A
1478
126A
1268
1334

1-1417
1-1418
1-1419
21638
21637
21638
2-1639
2:2225
2-2226
2.2227
2.2228

200-E25-234
200.E25-234
200-E26-234
200-E25-234
209-£25-234
209-E25-234
200-£25-234
289-E25-234
209-E26-234
209-E25-234
208-E25-234
209-E25-234
209-625-234
209-E25-234
200-E25-234
209.E25-234
209-£25-234
209-E25-234
200-E25-234
209-E25-234
290-E25-234
200-E25-234
200-E25-234
209-E25-234
209-E25.234

209-£24-95
299-E24-85
200-£24-95
209-E24-95
200-E24-79
200-E24-79
209-E24-79
200-£24.92
209-E24-82
200-£24.92
200-E24.95

76
78
78
88
88
13
13
14
14
165
185
pal
21
253
253
302
30.2
335
335
387
387
384
384
405
405

1.8
30
49
49
98
122
18.3
98
15.2
183
15.2

51

-
> -+

- N @ O O O O NN

43

73

51

Ial

70

97

31

39

32

19

19

14

10

0 0O O © O O O 0O 0 O <~

o O 0O O O 0O ©0 O O O =

loamy sand (1)
loamy sand (1)
foamy sand (1)
sand (2)
sand (2)
loamy sand (1)
loamy sand (1)
sand (2)
sand (2)
loamy sand (1}
loamy sand (1)
sand (2)
sand (2)
sand (2)
sand (2)
sand (2)
sand (2)
sand (2)
sand (2)
sand (2)

" sand (2)
sandy gravel (5)
sandy gravel (5)

silty sandy grave! (3)
silty sandy gravel (3)

sand (2)
gravelly sand {4)
sand {2)
sand (2
sand (2)
sand (2)
sand (2)
sand (2)
sand ()
sand (2)
sand (2)

Eolian sand
Eolian sand
Eolian sand
Eolian sand
Eolian sand
Eolian sand
Eofian sand

Hanford sand

* Hanford sand

Hanford sand
Hanford sand
Hanford sand
Hanford sand
Hanford sand
Hanford sand
Hanford sand
Hanford sand
Hanford sand
Hanford sand
Hanford sand
Hanford sand
Hanford sand
Hanford sand
Hanford sand
Hanford sand

Hanford sand
Hanford sand
Hanford sand
Hanford sand
Hanford sand
Hanford sand
Hanford sand
Hanford sand
Hanford sand
Hanford sand
Hanford sand

0.0519
0.0287
0.0700
0.2718
0.1033
0.0775
0.0914
0.2923
0.0813
0.1524
0.1451
0.3357
0.2269
0.2079
0.1157
0.7417
0.3623
0.1964
0.1991
0.1114
0.0230

.0.9193

0.4783
0.0163
0.0331

0.0051
0.0310
0.4984
0.1385
0.0760
0.1016
0.3333
0.0242
0.5282
0.1218
0.8812

1.3421
1.352¢
1.8780
1.1928
1.2242
1.2021
1.3319
1.3658
1.4343
1.4137
1.4419
1.2658
1.8572
1.3300
1.4027
1.2557
1.3262
1.8193
1.8015
1.6538
15237
1.3700
1.4839
1.3134
1.2555

1.6827
1.5289
1.4065
1.7079
1.88683
1.3365
1.5801
41695
1.4780
1.7364
1.4523

0.0342
0.0280"
0.0800"
0.0000
0.0000
0.0703
0.0844
0.0000
0.0000
0.0262
0.0218
0,0000
0.0288
0.0070'
0.0070"
0.0000
0.0100

0.0324
0.0328
0.0259

0.0011

0.0108
0.0127

0.0000

0.0000

0.0200"
0.0338
0.0000
0.0228
0.0248
0.0000
0.0179
0.0335
0.0168
0.0154
0.0092

05228
0.5062
04822
0.4341
0.4387
05114
0.5304
0.4581
0.3708
0.4488
0.4543
0.3721
0.4042
0.3915
0.3696
0.3692
0.3765
0.4203
0.4201
0.4538
0.3831
01755
0.1823
0.1877
0.1871

0.3501
0.2152
0.3013
0.3073
0.3026
0.2720
0.3208
0.3309
0.28681
0.3271
0.2925

1.80€-03
1.80E-03
1.80E-03
2.41E-05
241E05
§.77E-04
S.77E-04
2.99E.04
2.99E-04
1.38E-05
1.386-05
1.21E:03
1.21E03
1.768E:04
1.78E-04
2.24E.04
224E-04

"2:62E-04

2.82E.04
3.63E-03
3.63E-03
1.98E-03
1.98E-03
2.76E-05
2.76E-05

1.40E-04
1.80E-04
3.20E-04
8.70E-04
4.20E-03
§.80E-03
1.30E-03
5.50E-03
1.50E-02
8.70£-03
2.10E-02

spiitspoon
splitspoon
splitspoon
spiitspoon
spiitspoon
splitspoon
splitspoon
splitspoon
splitspoon
splitspoon
splitspoon
splitspoon
spiitspoon
splitspoon
splitspoon
splitspoon
splitspoon
splitspoon
splitspoon
splitspoon
splitspoon
splitspoon
splitspoon
spiitspoon
splitspoon

M barrel
core barrel
core barrel
core barrel
cote barrel
core barrel
core barrel
cote barrel
core barrel
core barrel
cote barrel

Relyea, 1995
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MW.5

L=y

Mw-8

voc 2,4

22229
2-2230
2:2231
2-2232
2-2233
2-2234

70

130
170
180
210

270

14.5

145

185

45

108

125

165

185

245

285

3.0847
3-0848

200-E24.95
200-E24-79
200.624.79
200-624.79
200-E24.79
200-E24.79

699-36-588
699-36-58B
809-36-588

609-36-58A
609-36-58A

899-36-58A

699-38-56A

699-36-58A

200-W18.248
209-W18-248

18.3
18
30
49
7.9
1.0

152
23
27.4
306
518
5719
84.0
70.1
823
81.4

44
4.2
56.4

137
282
320
38.1
§0.3
50.4
825
747
80.8
88.9
91.4

420
59.6

$ o0 w « © 00 o0 =

8

- . O -

[~}

-3

8388

g

18

-]

14

18
51
15

42
1

18

13

18

o o 0 o w o

o 0 0o 0 o © ©c o o O

(-3

o 0 0 0 0 o O o o o o S

-

sand (2)
sand (2)
gravelly sand (4)
sand (2)
sand (2)
sand (2)

sand (2)
sand (2)
sand (2)
sand (2)
sand (2)
sand (2)
sand (2)
sand (2)
toamy sand (1)
sandy grave! (5)

sand (2)
sandy loam (1)
gravelly sand (4}

sand (2)
sand (2)
loamy sand (1)
sand (2)
sand ()
gravelly sand {4)
gravelly sand (4)
sand (2)
sand (1)
sand (2)
sand (2)

loamy sand (1)

sandy gravel (5)

Hanford sand
Hanford sand
Hanford sand
Hanford sand
Hanford sand
Hanford sand

Hanford sand
Hanford sand
Hanford sand
Hanford sand
Hanford sand
Hanford sand
Hanford sand
Hanford sand
Hanford sand
Middle Ringold

Hanford sand
Hanford sand
Hanford sand

Hanford-sand
Hanford sand
Hanford sand
Hanford sand
Hanford sand
Hanford sand
Hanford sand
Hanford sand
Hanford sand
Hanford sand
Hanford sand

Plio-Pleistocene

Middie Ringold

0.1358
0.0068
0.0063
0.0452
0.3460
0.0664

0.0395
0.0142
0.0454
0.0150
0.0226
0.0473
0.0751
0.0393
0.0244
0.0105

0.0425
0.0110
0.0735

0.0288
0.0355
0.0233
0.0210
0.0188
0.0312
0.0503
0.0319
0.0259
0.0282
0.0201

0.0051
0.0124

1.8345
2.1407
1.7824
20873
1.4491
1.5548

26308
4.7700
3.0831
49138
3.5355
2.8261
2.2980
3.1424
1.5601
1.6304

3.1198
2.8937
2.0899

2.2830
20852
1.9835
2.8388
3.4204
2.0834
1.7048
23728
2.5903
26922
3.1582

2.0531
1.8450

0.0197
0.0608
0.0685
0.0279
0.0130
00123

0.0367
0.0300'
0.0250
0.0250'
0.0334
0.0200'
0.0321
0.0100"
0.0200'
0.0123

0.0305
0.0200°'
0.0288

0.0382
0.0314
0.0408
0.0429
0.0373
0.0208
0.0258
0.0321

0.0160'
00170"
0.0281

0.0400'
0.0000

0.3070
0.3309
0.2611
0.2450
0.2908
02782

0,3300
0.4431
0.3854
0.4163
0.3927
0.4532
0.2724
0.4193
0.3270
0.1160

0.4308
0.4233
0.3074

0.3385
0.3822
0.3267
0.3638
0.3233
0.2621
0.2069
0.3688
0.3580
0.3848
0.3668

0.4995
0.1462

6.40E-03
2.30E-04
7.50E-03
4.10E-02
1.706-02
2.10E-02

3.53E-02
1.57€.03
2.26E-03
4.42E.02
3.81E.03
5.78E-03
5.42E-03
5.31E-03
5.54E.04
7.66E-04

1.70£.03
8.86E-04
7.19£-03

5.31E03
197602
1.73E-02
4.39E-03
8.63E-03
2.65E-03
8.63-03
7.39E-03
2.685€-03
3.546.02
4.42E03

2.00E-04
8.70E£-03

core barrel
core barre!
core barrel
core barre!
core barre!
core barrel

splitspoon
splitspoon
splitspoon
splitspoon
splitspoon
splitspoon
splitspoon
splitspoon
splitspoon

splitspaon
splitspoon
splitspoon

splitspoon
splitspoon
splitspoon
splitspoon
splitspoon
splitspoon
splitspoon
splitspoon
splitspoon
splitspoon
splitspoon

splitspoon
splitspoon

Bergeron et al,, 1987

Relyea, 1885
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2.2885
2-3084
2-3085
2-3088
2-308¢
3-0001
3.0003

!signifies that the residual moisture content has been fixed to improve the curve fit through the measured data
* soi category :
{1) - SS, sand mixed with finer fraction
(2) - S, sand
~ (3) - SSG, sand and grave! mixed with finer fraction
(4) - GS, gravelly sand

200-W18.247
280-W18-247
299-W18-247
208-W18-248
200-W18.248
208-W1i5-216
288-W15-218
299-W15-216
209-W15.217

699-42.37
699-41.39
609-41-35
699.42.37
699-42-37
690-40-38
699-40.36

4.1
45.1
489
384
425
356
3.9
39.0
374

38.7
247
35
48
283
2.3
658

£ 8 o 0o © 0 ©

b3

o

& 8o & o

28
24
52

w

18
10

15

14

24

10

14

10

27

(5) - SG1, sandy gravel with gravel content approximately <60%
(6) - $G2, sandy gravel with gravel content approximately >60%

1 - K¢ measured by falling head permeameter

2 - Ks measured by constant head permeameter

Moisture Retention Data Measurements

o

o O o o

loam (1)
sandy loam (1)
foamy sand (1)

sand (2)
foamy sand (1)
sandy grave! (5)

silty sandy gravel (3)
sandy gravel (5)
silty sandy gravel (3)

loamy sand (1)
sandy gravel (6)
sandy foam (1)
sandy gravel (8)
sandy loam (1)
sandy gravel (5)
sandy grave! (5)

Plio-Peistocene
Plio-Peistocene
Plio-Peistocens
Hanford Sand
Plio-Peistocene
Plio-Peistocene
Upper Ringold
Middle Ringold
Hanford Sand

Lower Ringold
Upper Ringold
Lower Ringold
Hanford Gravels
Hanford sand
Hanford Gravels
Basal Ringold

3 - 0 to -60 cm, hanging water column; -100 to -15300 cm, pressure plate extraction (Klute 1986)

4 - 0t0.-1000 cm, Tempe cell; -500 to -15300 ¢m, pressure piate extraction

0.0010
0.0120

0.0082
0.0087
00119
0.0029
0.0168
0.0145

0.0038
0.0097
0.0142
0.0038
0.0035
0.0095
0.0054

1.7024
1.5539
1.9721
1.8848
1.8378
1.2618

1.6285 .

1.3941
1.3602

2.0069
1.5700
1.2508
1.5977
1.36857
1.6556
1.4011

0.0600'
0.2412
0.1008
0.0300°
0.1096
0.0188
0.0559
0.0000
0.0489

0.1612
0.0125
0.2705
0.0197
0.1808
0.0156
0.0538

0.5331
0.6308
0.3728
0.3588
0.4223
0.1933
0.2625
0.1814
0.2505

0.5688

0.8772
0.1071
0.5336
0.1128
0.1953

N/A
2.60E07
9.40E-03
3.70E-04
5.80£-08
2.70E-04
1.58E-04
1.36E-02
2687€-04

2.30E-08
1.30E.01
1.40E-08
1.30E.03
3.20€-07
1.826-04
6.30E-07

5 - 0 to -150 cm, hanging water column; -310 to -15300 ¢m, pressure plate extraction; <-15300 cm, thermocouple psychrometer (Rawlins and Campbell 1986)

6 - 0 to -1000 cm, Tempe ceii; -S00 to -10000 cm, pressure piate extraction; < -10000 cm, thermocouple psychrometer

splitspoon
splitspoon
spiitspoon
spiitspoon
splitspoon
splitspoon
splitspoon
splitspoon
splitspoon

splitspoon
splitspoon
spiitspoon
splitspoon

) splitspoon

splitspoon
spiitspoon

Delaney, 1992
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APPENDIX B

MOISTURE RETENTION DATA AND FITTED PARAMETERS FOR 183 SOIL SAMPLES
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Matric Potential (cm)

Matric Potential (-cm)

200-BP-1; sample: 1-0526
47%gr, 18%cs, 15%fs, 10%silt, 0%clay

WHC-EP-0883, Rev. 0

10° ey
[ Van Genuchten Curve Fitting 3
B Parameters using Mualem h
3 R® ObsvsFit = 0.995 b
10tk 0, =02144 o
E , =0.023 3
L a =0.0164t/cm - 3
i n o »1.5448 ]
10° = =
10°F =
10'F -
10°F 3
DT 3] IFSUNIEIES IR RIES SN SR B
0.00 0.10 0.20 0.30 0.40 0.50
Volumetric Moisture Content

200-BP-1; sample: 1-0528
42%gr, 50%cs, 8%fs, 0%silt, 0%clay )
LI S A Y N L M L L L A (L B L | LA S B g
Van Genuchten Curve Fitting S
Parameters using Mualem b
R? ObsvsFit = 0.959 h
10* 8, =0.0746 ]
8, =001 3
a  =0.0045 1/cm 3
n  =1.8509 ]
10° =
1 J
10°F 3
10'E 3
s ]
10°F -
[ ]
10~1 PO T SN I N VT SN AT U AT S SIS WA U

0.00 0.10 0.20 0.30 0.40 0.50

VVolumetric Moisture Content

Matric Potential {(-cm)

APPENDIX B

Matric Potential (-cm)

200-BP-1; sample: 1-0527
42%gr, 50%cs, 8%fs, 0%silt, 0%clay
JUN S B B B e e
[ Van Genuchten Curve Fitting 3
B Parameters using Mualem N
B R® ObsvsFit = 0.984 1
4] 9 8, =0.0773
10°H " =0.015 E
E a  =0.02551/cm 3
5 n =1.6222 h
10 3
10°F 3
10 3
i 3
10°E 3
: ]
10" b lnnnnflannnflannnflannnflan
0.00 0.10 0.20 0.30 0.40 0.50

Volumetric Moisture Content

200-BP-1; sample: 1-0529
79%qr, 14%cs, 7% s, 0%silt, 0%clay

L B R I Lt B L B B

Van Genuchten Curve Fitting 3

Parameters using Mualem b

R? ObsvsFit = 0.981 .

10* 8,, =0.0557 ]

g 6, =0.000 3

s a =0.0026 1/cm ]

i n  =1.4910 ]

103:— -i

10°} 3

10'E E

B 9

10°L -

10-1. N BTSN SIS NS ST S AT AT A N B
0.00 0.10 0.20 0.30 0.40 0.50

Volumetric Moisture Content




Matric Potential (-cm)

Matric Potential (-cm)

200-BP-1; sample: 1-05630
0%gr, 60%cs, 35%fs, 5%silt, 0%clay

WHC-EP-0883, Rev. 0

200-BP-1; sample: 1-0531

complete particle size distribution not available

5 3
10E"""""""l""""'l"i 105""""'"""""""""i
[ Van Genuchten Curve Fitting p L Van Genuchten Curve Fitting 3
- Parameters using Mualem b B Parameters using Mualem b
F R? ObsvsFit = 0.987 1 B R® ObsvsFit = 0.986 7
3 @ =0.0123 1/cm 3 3 ¢ =00017 tiom 3
F n =1.6899 ] F n 18438 :
10°F 3 £ 10°F E
i E 2 f E
i 3 ® 5 ]
5 o 'g 5 4
10° 3 3 é 10°E =
9 1 9 E :
Z ] T [ ]
1 J = L J
10'F - 10'E -
- ] i ]
10° 3 10°F 3
BT, ) AUPEFIUIN SPUPEPIIN ST S ST BN R ot b
0.00 0.10 0.20 0.30 0.40 0.50 0.00 0.10 . 0.20 0.30 0.40 0.50
Volumetric Moisture Content Volumetric Moisture Content
200-BP-1; sample: 1-0550 200-BP-1; sample: 1-1133
63%gr, 32%cs, 5%fs, 0%silt, 0%clay 76%gr, 13%cs, 11%fs, 0%silt, 0%clay
LN LA A L B s B B B B M O A A B BN E ET 77 LIRS T e e et e l LN B B Bt e g
Van Genuchten Curve Fitting ] [ Van Genuchten Curve Fitting ]
Parameters using Mualem 1 B Parameters using Muafem 1
R* Obs vsol;ié; 0.967 1 5 R? ObsvsFit = 0.988 7
10°L 6, =0. - 10 o,, =0.0781 _|
3 8, =0.000 3 E o, =0016 3
E a =0.0037 t/cm 3 F « =0.0028 i/cm ]
i n  =14567 ] - n =1.8847 ]
10°k-» = 3 10°k -
F 3 ¢ :
i ] T ]
13
10°F 3 S 10°k 3
F 3 o 3 ]
L - b= = m
_ ] B [ ]
L 4 2 L J
10'F E 10 E
F 3 F 3
L 4 | 4
10 3 10°F 3
[ 3 [ ]
- - - -
10" n | B SIS ST N S N 10‘1 ) | PN BTN VR T I S A S BTG i T
0.00 0.10 0.20 0.30 0.40 0.50 0.00 0.10 0.20 0.30 0.40 0.50

Volumetric Moisture Content
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Volumetric Moisture Content




Matric Potential (-cm)

Matric Potential (-cm)

200-BP-1; sample: 1-1134
55%@gr, 24%cs, 13%fs, 8%silt, 0%clay

WHC-EP-0883, Rev. 0

N UL N L B NS L
3 Van Genuchten Curve Fitting 3
3 Parameters using Mualem h
3 R? ObsvsFit = 0,976 T
4 9, =0.1410
10°F 4, 6 =0032 E
[ a =0.0034 1/cm ]
! N =16905 .
10° = -
10°E 3
10'F =
10°F E
ot b b e
0.00 0.10 0.20 0.30 0.40 0.50
Volumetric Moisture Content
200-BP-1; sample: 1-1137
38%gqgr, 49%cs, 13%fs, 0%silt, 0%clay
LI B e L e LS A L WS
L Van Genuchten Curve Fitting a
B Parameters using Mualem 1
B R? ObsvsFit = 0.985 7
0, =0.1542
10F o, =0021 E
= a =0.0138 1/cm 3
C n =1.4207 3
10°F E
10°k =
10'F 3
100 e _l___
7, INEPENIUE ENS AN IR ST N
0.00 0.10 0.20 0.30 0.40 0.50

Volumetric Moisture Content

Matric Potential (-cm)

Matric Potentiaf (-cm)

200-BP-1; sample: 1-1136
68%gr, 20%cs, 12%fs, 0%silt, 0%ciay

T L L B N AL B
E Van Genuchten Curve Fitting f
- Parameters using Muaiem b
B R® ObsvsFit = 0.989 « 1
" 9, =0.1044
10 o =0019 E
o « =0.0056 1/cm ]
[ n =1.4945 ]
3
10°g E
10°E E
10'F 3
10°F 3
ol L b e b
0.00 0.10 0.20 0.30 0.40 0.50
Volumetric Moisture Content
200-BP-1; sample: 2-2244
1%gr, 49%cs, 48%fs, 2%silt, 0%clay
T F I LI ] I LR N I | I LIS D B | l TF 1T I Ll =
E Van Genuchten Curve Fitting i
F Parameters using Mualem 7
. R? ObsvsFit = 0.983 1
10k 6,, =0.2687 ]
E 6, =0.027 E
[ a =0.0136 t/em 3
r n =20185 ]
10°F E
10°k e
10k 5
10°E <
g0t bt L,

000 010 - 020 030 040 050

Volumetric Moisture Content




Matric Potential (-cm)

Matric Potential (-cm)

WHC-EP-0883,

200-BP-1; sample: 2-2253
2%gr, 85%cs, 13%fs, 0%silt, 0%clay

5
10E,...,....,,.‘.,...qﬁ..,,..E
o Van Genuchten Curve Fitting ]
. Parameters using Mualem 1
- R* ObsvsFit = 0.989 1
4 6, =0.2284
10 o, =0.031 3
E a  =0.0205 t/cm 3
[ n =17138 ]
10°F 3
i 1
10°E 3
g ]
10'F E
10°F 3
1 ]
ot L Ll
0.00 0.10 020 0.30 - 040 0.50
Volumetric Moisture Content
200-BP-1; sample: 2-2261
12%gr, 76%cs, 12%fs, 0%silt, 0%clay
LRI S L R S e
s Van Genuchten Curve Fitting 3
- Parameters using Mualem T
- R® ObsvsFit = 0.989 1
10tk o, =0.2026 _
3 8, =0.030 3
- o  =0.0411 tiem 3
[ n =1.6885 b
10°F ¥
10°F -
; ]
10' 3 3
10° ? E
o)) STSNETEITS S SR U ErT SrErSe
0.00 0.10 0.20 0.30 0.40 0.50

Voiumetric Moisture Content

Rev. 0

Matric Potential (-cm)

Matric Potential (-cm)

200-BP-1; sample: 2-2258
1%gr, 84%cs, 15%fs, 0%silt, 0%clay

3] I L O A B L B ALY B AL R
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