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centimeter of water (cm-water) 0.01419 pound per square inch (lb/in2) 

Density

gram per cubic centimeter (g/cm3) 62.4220 pound per cubic foot (lb/ft3)  

Hydraulic conductivity
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Abstract
Operations at the Idaho National Laboratory (INL) 

have the potential to contaminate the underlying Eastern 
Snake River Plain (ESRP) aquifer. Methods to quantitatively 
characterize unsaturated flow and recharge to the ESRP aquifer 
are needed to inform water-resources management decisions 
at INL. In particular, hydraulic properties are needed to 
parameterize distributed hydrologic models of unsaturated flow 
and transport at INL, but these properties are often difficult and 
costly to obtain for large areas. The unsaturated zone overlying 
the ESRP aquifer consists of alternating sequences of thick 
fractured volcanic rocks that can rapidly transmit water flow 
and thinner sedimentary interbeds that transmit water much 
more slowly. Consequently, the sedimentary interbeds are of 
considerable interest because they primarily restrict the vertical 
movement of water through the unsaturated zone. Previous 
efforts by the U.S. Geological Survey (USGS) have included 
extensive laboratory characterization of the sedimentary 
interbeds and regression analyses to develop property-transfer 
models, which relate readily available physical properties 
of the sedimentary interbeds (bulk density, median particle 
diameter, and uniformity coefficient) to water retention and 
unsaturated hydraulic conductivity curves. 

During 2013–14, the USGS, in cooperation with the U.S. 
Department of Energy, focused on further characterization of 
the sedimentary interbeds below the future site of the proposed 
Remote Handled Low-Level Waste (RHLLW) facility, which 
is intended for the long-term disposal of low-level radioactive 
waste. Twelve core samples from the sedimentary interbeds 
from a borehole near the proposed facility were collected for 
laboratory analysis of hydraulic properties, which also allowed 
further testing of the property-transfer modeling approach. For 
each core sample, the steady-state centrifuge method was used 
to measure relations between matric potential, saturation, and 
conductivity. These laboratory measurements were compared 
to water-retention and unsaturated hydraulic conductivity 
parameters estimated using the established property-transfer 
models. For each core sample obtained, the agreement between 
measured and estimated hydraulic parameters was evaluated 
quantitatively using the Pearson correlation coefficient (r). 

The highest correlation is for saturated hydraulic conductivity 
(Ksat) with an r value of 0.922. The saturated water content 
(qsat) also exhibits a strong linear correlation with an r value 
of 0.892. The curve shape parameter (λ) has a value of 0.731, 
whereas the curve scaling parameter (yo) has the lowest r value 
of 0.528. The r values demonstrate that model predictions 
correspond well to the laboratory measured properties for 
most parameters, which supports the value of extending this 
approach for quantifying unsaturated hydraulic properties at 
various sites throughout INL. 

Introduction
The Idaho National Laboratory (INL) was established 

in 1949 under the U.S. Atomic Energy Commission, now 
the U.S. Department of Energy (DOE), for nuclear energy 
research. INL occupies about 2,300 km2 of the west-central 
part of the eastern Snake River Plain (ESRP) (fig. 1). The 
site hosts several facilities, of which at least four have been 
used to generate, store, or dispose of radioactive, organic, and 
inorganic wastes. These facilities include the (1) Radioactive 
Waste Management Complex (RWMC); (2) Advanced Test 
Reactor (ATR) Complex, formerly known as the Test Reactor 
Area (TRA); (3) Test Area North (TAN); and (4) Idaho Nuclear 
Technology and Engineering Center (INTEC); formerly known 
as the Idaho Chemical Processing Plant (ICPP). Future plans 
for development at INL include the establishment of a Remote 
Handled Low-Level Waste (RHLLW) management facility, 
which will be used for the long-term disposal of low-level 
radioactive waste, and will be located approximately 3.2 km 
northwest of INTEC and 0.4 km southwest of ATR (fig. 2). 
Previous operations at these INL facilities have introduced 
radionuclide contaminants into the unsaturated subsurface 
and the ESRP aquifer, which poses a threat to the water 
quality in the aquifer (U.S. Department of Energy, 2004, 
2007). Quantitative methods for characterizing the complex 
vadose zone beneath the RHLLW facility are needed to assess 
potential scenarios for contaminant transport and inform future 
regulatory decisions. 
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Physiographic and Hydrologic Setting

The ESRP lies within a northeast-trending basin, 
approximately 320 km long and 80–110 km wide, which 
slopes gently to the southwest and is bordered on the 
northwest and southeast by the northwest-trending mountain 
ranges (fig. 1). The ESRP is underlain by interbedded volcanic 
and sedimentary layers that extend as much as 3,000 m 
below the land surface. The sedimentary interbeds are the 
products of quiet intervals between volcanic eruptions and are 
of fluvial, eolian, and lacustrine origin, with large amounts 
of sand, silt, and clay. Volcanic units primarily consist of 
basalt flows, welded ash flows, and rhyolite; range from 
vesicular to massive with either horizontal or vertical fracture 
patterns. Near the RHLLW facility, boreholes drilled to 200-m 
depths penetrate a sequence of 23 basalt-flow groups and 
15–20 sedimentary interbeds (Anderson, 1991). The surficial 
sediments at the nearby INTEC facility consist of gravelly 
alluvium, range from 2 to 20 m thick, and are thickest to the 
northwest (Anderson and others, 1996). 

The climate of the ESRP is semiarid, and the average 
annual precipitation is 0.22 m (Department of Energy, 1989). 
Parts of the ESRP aquifer underlie INL, and depths to the 
regional water table range from 61 m in the north to about 
274 m in the south and about 145 m in the region beneath 
RHLLW (Davis and others, 2013). At borehole USGS-140, 
the measured water table depth at the time of completion 
was about 149.4 m below land surface (Twinning and others, 
2014). The predominant direction of groundwater flow within 
the aquifer is from northeast to southwest, but is generally in 
the southern direction south of the ATR Complex. Recharge 
is primarily from: irrigation water diversions from streams; 
precipitation and snowmelt; underflow from tributary-valley 
streams; and seepage from surface water bodies (Hackett and 
others, 1986). Recharge fluxes to the ESRP aquifer are largely 
controlled by the alternating stratigraphy of fractured volcanic 
rocks and sedimentary interbeds within the overlying vadose 
zone (U.S. Department of Energy, 2004). The fractured rocks 
facilitate rapid preferential flow and transport downward 
through the vadose zone, whereas the lower permeability 
interbeds impede vertical fluxes (fig. 3).
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Purpose and Scope

The main purpose of this report is to characterize the 
deep sedimentary material collected at borehole USGS-140 
in the vicinity of the proposed RHLLW facility. These 
data will provide valuable information for modeling flow 
thorough the unsaturated zone and quantifying the relative 
importance of preferential and diffuse components of flow. 
Previous efforts at characterizing the unsaturated zone at 
INL by the U.S. Geological Survey (USGS) have focused 
on the hydraulic properties of the sedimentary interbeds at 
other locations within the INL (Perkins and Nimmo, 2000; 
Perkins, 2003; Winfield, 2003) and on the development of 
site-specific property-transfer models (PTM) (Winfield, 2005; 
Perkins and Winfield, 2007; Perkins, 2008), which together 
provide a firm foundation for large-scale simulation of 
water and contaminant transport using traditional numerical 
models based on Richards’ (1931) equation. In the work 
presented here, we conduct detailed characterization of the 
sedimentary interbeds below the RHLLW facility using similar 
laboratory measurement techniques as the previous studies 
and quantitatively evaluate the utility of these previously 
established property-transfer models. 

Methods
Upon completion of drilling through sediments in 

borehole USGS-140 (fig. 2), core sections were selected at the 
INL Core Library for transport back to the Unsaturated Flow 
Processes Laboratory in Menlo Park, California. Because the 
Steady-State Centrifuge (SSC) method (Nimmo and others, 
1994, 2002) was used to determine the unsaturated hydraulic 
properties, it was first necessary to select intervals suitable 
for recoring samples into the centrifuge retainers. The best 
possible intervals were chosen based on the appearance of 
the material through the transparent plastic (Lexan®) core 
liners (for example, intervals with the fewest number of 
fractures or that appeared most undisturbed and cohesive). 
Core sections, typically 10-cm-long, were created by cutting 
the liners perpendicular to their lengths using an electric 

rotary hand tool. To aid in separating the short sections 
from the long sections after cutting through the liners, a 
wetting solution (0.3 ml sodium hypochlorite per liter of tap 
water) was applied to the cuts using a squirt bottle. Samples 
for the SSC method were then collected using a sharp-
edged recoring device designed specifically for minimal 
disturbance sampling. Core trimmings were saved for later 
determination of bulk properties, such as particle density and 
particle-size distribution.

Hydraulic Properties

After recoring and prior to measurement of saturated 
hydraulic conductivity (Ksat), each sample (in centrifuge 
retainers) was placed in a dish of the wetting solution with 
the level filled to the top of the retainer. A wetting solution 
concentration of 0.3 ml sodium hypochlorite per liter of 
tap water was used throughout the experiments, including 
during the determination of unsaturated conductivity values, 
in order to inhibit bacterial growth within the soil pores. 
Saturated water contents were calculated on a volume basis 
by subtracting the oven-dry weight of the core from the wet 
weight (with samples weighed after Ksat determination) and 
dividing by the initial volume of the sample in the centrifuge 
retainer.The standard falling-head method was used for 
Ksat measurement (Klute and Dirksen, 1986) where Ksat is 
calculated by:

 K aL
A t

H
Hsat
i

f
= 















∆

ln [cm/s] (1)

where
 a is the cross-sectional area of the burette that 

supplies the water (cm2),
 A is the cross-sectional area of the sample (cm2),
 L is the sample length (cm),
 Hi and Hf are the initial and final heights of water in the 

burette (cm), and
 Δt is the time it takes for the burette level to drop 

from Hi to Hf (s).
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Unsaturated Hydraulic Properties

The Steady-State Centrifuge method (Nimmo and others, 
1994; 2002) uses centrifugal force to desaturate samples and 
define the unsaturated hydraulic conductivity relations, K(θ) 
and K(ψ). If the matric pressure within the sample is constant 
over the sample length, then unsaturated conductivity points 
that define the K(θ) relation can be determined by varying the 
centrifuge speed and pump flow rates until a constant water 
content is achieved. Darcy’s law with the gravitational force 
term replaced by a centrifugal force term is:

 q Q
A

K
d
dr

rv
v

w= = − −







ψ
ρ ω2 [cm/s] (2)

where
 Q is the flow rate of the pump that supplies 

water to the sample (cm3/s),
 A is the cross-sectional area of the sample (cm2),
 Kv is the unsaturated hydraulic conductivity per 

unit volume (cm3 s/g),
 ψv is the matric potential (energy per unit 

volume) (dynes/cm2),
 ρw is the density of water (g/cm3),
 ω is the angular velocity of the centrifuge 

(radians per second), and
 r is the radius from the center of the centrifuge 

rotor to the midpoint of the sample (cm). 

For dψ/dr << ρwω2r, Kv(ψ) is approximated by q/(ρwω2r). 
Converting to units of pressure head (energy per unit weight), 
where Kw ≡ Kvρwg, this relation becomes Kw(ψ) ≈ (qg)/(ω2r) 
with Kw expressed in cm/s. 

A Beckman Instruments model J-6M centrifuge with an 
Unsaturated Flow Apparatus (UFA) rotor (Conca and Wright, 
1998) was used in the method. Infusion pumps were used to 
deliver water to core samples while subjected to centrifugal 
force. Two samples of similar texture were run simultaneously, 
starting from saturation (as determined by the falling-head 
methods described previously) and desaturating in increments 
determined by varying the pump rate and centrifuge speed. 
The steady-state criterion was achieved when the sample 
weight remained constant after repeated spinning of the 
centrifuge at the same speed and using the same pump 
flow rate.

After determining the steady-state water content 
associated with a given unsaturated hydraulic conductivity, 
the sample was removed from the centrifuge to measure the 
equilibrium matric pressure, ψ, using a tensiometer. Pairing 
the average water content of the sample with the equilibrium 
pressure yielded a point on the drying retention curve.

An average of eight matric pressure measurements 
was determined per sample. A matric pressure value of 
–0.1 cm-water was assumed at saturation. The range of 
unsaturated K values achieved with the method ranged 
from 10-4 to 10-9 cm/s. The number of values of unsaturated 
K varied depending on the sample texture, with finer 
samples having fewer points. Saturated water contents were 
calculated using the initial bulk density of the sample (after 
measurement of Ksat), while unsaturated water contents were 
calculated using the final bulk density (after completion of 
all measurements) as there were some occurrences of minor 
compaction in the centrifuge.

Bulk Properties

Bulk density, ρb, was determined by dividing the oven-
dry weight of the recored sample by the total volume. The total 
volume was calculated from the dimensions of the centrifuge 
retainer (3.33 cm diameter and 4.9 cm length, on average), 
with the sample length adjusted for a top recess. Recesses 
were estimated by taking an average of several measurements 
over the sample surface with a depth micrometer. The 
particle density for each sample, ρs, was measured by the 
pycnometer method, after Blake and Hartge (1986), using 
representative splits of the air-dried core trimmings. Total 
porosity was then calculated from the relation Φ = 1 – (ρb/ρs). 
Initial bulk densities and porosities were determined prior to 
the determination of unsaturated hydraulic properties in the 
centrifuge and final values were determined after all centrifuge 
measurements were completed. 

Particle-size distributions were measured for the 12 core 
samples using excess material saved during sample recoring. 
Additional particle-size distributions were measured on bulk 
samples taken from intervals that were not used for hydraulic 
property measurements. 

Prior to particle-size determination, samples were 
air-dried and then physically disaggregated using a rubber-
tipped pestle and ceramic mortar. A 16-part spinning riffler 
was used to accurately create small representative splits for 
use in an optical analyzer (Coulter® LS 230 Series). Some 
samples contained particles greater than 2 mm, therefore 
sieving was required prior to splitting. The presence of basalt 
fragments usually occurred near the interface of the sediment 
with a basalt layer. Because these were not depositional 
clasts, basalt fragments were not considered part of a sample 
particle-size distribution. 

The Coulter® LS 230 is a commercially available device 
used for measuring particle sizes ranging from 4 × 10-5 mm to 
2 mm. The device uses a laser to scatter light through a sample 
suspended in filtered tap water (Gee and Or, 2002). As the 
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sample is circulated through a transparent cell, the diffraction 
pattern from the laser is measured by a series of detectors. A 
mathematical algorithm (Fraunhofer diffraction model) is used 
to convert the diffraction pattern into particle sizes, assuming 
spherically shaped particles. On a logarithmic scale, the bin 
size, or Dd interval, is defined as log(dupper) - log(dlower), or 
log(dupper/dlower), where dupper represents the upper bin limit 
and dlower represents the lower bin limit in terms of particle 
diameter. By default, the device determines the frequency of 
particles falling within 116 different bins, with an average 
geometric bin size (Δd) of 0.041.

Subsamples on the order of 0.5–1 g were used depending 
on texture. Sonication during loading of the samples and 
before each analysis was used to further disperse aggregates. 
The particle-size distribution of each sample was measured at 
least three times, with the average of the best three sequential 
runs used as the final particle-size distribution of the sample.

Property-Transfer Method

An alternative to measuring the unsaturated hydraulic 
properties of core samples in the laboratory is to develop 
a PTM that can predict these properties from more easily 
measured bulk physical properties, such as bulk density (ρbulk), 
particle density (ρpart), and particle-size distribution. Hydraulic 
PTMs have been developed for the sedimentary interbeds at 
the INL (Winfield, 2005). These types of models are a cost 
effective way to estimate unsaturated hydraulic properties 
for use in flow models, to predict contaminant travel times 
and flow paths, and to provide greater understanding of 
unsaturated flow processes in the complex unsaturated zone 
at the INL. Property-transfer modeling is a useful approach 
to estimating hydraulic properties, even when the estimates 
have a large margin of error, because hydraulic-property 
measurements cannot be made for every point in space. 
Winfield (2005) describes in detail types and uses of property-
transfer models.

To develop PTMs for the INL sedimentary interbeds, 
Winfield (2005) used multiple linear-regression equations to 
estimate hydraulic properties (measurements of θsat and Ksat, 
and curve-fit parameters for θ[ψ]) from linear combinations 
of bulk physical properties (ρbulk, ρpart, and particle-size 
parameters). To estimate the entire θ(ψ) curve from saturation 
to oven dryness, the Rossi-Nimmo (Rossi and Nimmo, 
1994) junction model was used to characterize the θ(ψ) 
measurements. Multiple linear-regression equations then 
were developed for each of the three parameters defining the 
Rossi-Nimmo junction model. These model parameters are: 
(1) saturated water content (θsat), (2) the scaling factor for ψ 
(ψo), and (3) the curve-shape parameter (λ). Sometimes, ψo is 

associated with ψ at which air first enters a porous material 
during desaturation (referred to as “air-entry pressure”). In 
this study, the units of ψo are expressed in centimeters of 
water (cm-water). The curve-shape parameter λ indicates the 
relative steepness of the middle portion of the θ(ψ) curve, 
described by the power-law function. The regression equations 
used to estimate θsat, ψo, λ, and Ksat require ρbulk, the median 
particle diameter, and the uniformity coefficient (an indication 
of the spread in the particle size distribution) as explanatory 
variables. Perkins and Winfield (2007) further extended 
the Winfield (2005) PTM to predict unsaturated hydraulic 
conductivity using a capillary bundle model. 

Evaluation of Model Results

To evaluate the property-transfer model performance, 
modeled and observed values of qsat, Ksat, λ, and yo were 
compared statistically by two methods. The Root Mean 
Square Error (RMSE) is a frequently used measure of the 
difference between values predicted by a model and the values 
actually observed. These individual differences also are called 
residuals, and the RMSE serves to aggregate them into a 
single measure of predictive power. The RMSE of a model 
prediction with respect to the estimated variable Xmodel is 
defined as the square root of the mean squared error:

 RMSE
X X

n
obs i model ii

n

=
−

=∑ ( ), ,
2

1  (3)

where
 Xobs is each observed parameter value, and
 Xmodel is each modeled parameter value.

The lower the value, the better the agreement between the 
observed and predicted parameter values. 

The Pearson correlation coefficient was used to indicate 
the strength and direction of the linear relationship between 
the model output and the observed parameter values. The 
coefficient, r, is obtained by dividing the covariance of the two 
variables by the product of their standard deviations:

 r
x x y y

x x y y

i ii
n

ii
n

ii
n

=
− × −

− × −

=

= =

∑
∑ ∑

( ) ( )

( ) ( )

1

2
1

2
1

 (4)

A correlation of +1 means a perfect increasing linear 
relationship and -1 means a perfect decreasing linear 
relationship and the values in between indicate the degree of 
linear relationship between model and observations; a value of 
0 indicates no correlation.
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Results

Laboratory Measured Hydraulic Properties

The properties measured in this study include: bulk 
density (ρb), particle density (ρp), particle-size distributions, 
soil-moisture retention [θ(ψ)], saturated hydraulic 
conductivity, and hydraulic conductivity as a function of 
water content [K(θ)]. Table 1 summarizes properties including 
bulk density, calculated porosity, lab-saturated water content, 
saturated hydraulic conductivity, and U.S. Department 
of Agriculture texture classification (U.S. Department of 
Agriculture, 1951) for the 12 interbed core samples. In some 
cases the lab-saturated water content is slightly higher than the 
calculated porosity value, which may be due to the presence 
of excess water on top of the sample after the saturated 
hydraulic conductivity measurement. Unsaturated hydraulic 
conductivity and moisture retention data are presented in 
table 2 and figs. 4 and 5, respectively. Table 2 also contains 

the commonly used van Genuchten water retention parameters 
α and n (van Genuchten, 1980) obtained using the RETention 
Curve (RETC) program (van Genuchten and others, 1991). 
Summarized particle-size distribution data are presented in 
table 3 and figure 6. The cores analyzed in this study have a 
wide range in textures from gravelly sand to silt loam. Table 3 
lists the texture class percentages and textural names for each 
sample based on the U.S. Department of Agriculture soil 
classification system (Soil Survey Staff, 1975). 

The core samples in this study may be the most texturally 
diverse of any sample set analyzed at the INL. Seven of 
the twelve samples were assigned to the silt loam textural 
classification. One unexpected result is that five of these 
seven silt loam-textured samples have saturated hydraulic 
conductivity values more similar to sandy textured samples 
(approximately 10-4 cm/s) than typical silt loams. Perkins and 
Nimmo (2000), Perkins (2003), and Winfield (2003) reported 
Ksat values for silt loam samples in the range of approximately 
10-5 to 10-7 cm/s. 

Table 1. USGS-140 core sample bulk properties and saturated hydraulic conductivity, 
Idaho National Laboratory, Idaho.

(Abbreviations: m, meter; θsat, saturated water content, Ksat, saturated hydraulic conductivity) 

Sample depth 
(m)

Bulk  
density

Porosity θsat Ksat Texture

39.2 1.52 0.456 0.456 1.46E-04 sandy loam
51.6 1.52 0.436 0.435 8.97E-03 sandy loam
53.0 1.26 0.523 0.480 4.49E-03 sandy loam
54.3 1.54 0.429 0.443 7.60E-04 silt loam
55.9 1.57 0.428 0.428 1.74E-02 gravelly sand
56.1 1.67 0.390 0.394 3.56E-04 silt loam
70.0 1.61 0.432 0.432 6.58E-06 silt loam
71.4 1.58 0.435 0.435 3.56E-04 silt loam
71.6 1.81 0.313 0.313 1.25E-04 silt loam
72.2 1.62 0.389 0.401 1.32E-04 silt loam
72.5 1.80 0.349 0.348 7.51E-06 silt loam
84.3 1.64 0.393 0.393 5.60E-05 sand
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Table 2. USGS-140 core sample hydraulic properties and van Genuchten (1980) parameters α (the scaling parameter, in units of  
1/centimeter) and n (the shape parameter, unitless) , Idaho National Laboratory, Idaho.

(Abbreviations: m, meters; centimeters per second, cm/s; cm-water, centimeters of water)

Sample  
depth

(m)

Water  
content

(volumetric)

Hydraulic 
conductivity

(cm/s)

Matric  
potential

(cm-water)

39.2 0.456 1.46E-04 0.1
0.413 4.55E-05 4.1

α=0.1525 0.328 1.64E-05 12.3
n=1.356 0.313 7.28E-06 17.7

0.262 3.27E-06 65.7
0.225 1.23E-06 114.9
0.195 4.09E-07 119.1
0.174 8.19E-08 206
0.167 3.10E-08 229
0.136 5.24E-09 360.3

51.6 0.4356 8.97E-03 0.1
0.339 1.82E-04 10.1

α=0.0625 0.304 4.55E-05 11.4
n=1.501 0.2286 1.64E-05 92.7

0.1737 7.28E-06 149.3
0.1459 3.28E-06 183.2
0.1347 1.23E-06 193.4
0.1175 4.09E-07 226.8
0.0992 8.19E-08 286.3
0.0847 3.10E-08 343
0.0656 5.24E-09 451.5

53.0 0.4804 4.49E-03 0.1
0.3582 4.55E-05 27.7

α=0.1053 0.3301 1.64E-05 64.7
n=1.511 0.3134 7.28E-06 105.4

0.2907 3.28E-06 146.6
0.2855 1.23E-06 147.4
0.2753 4.09E-07 180.6
0.2596 8.19E-08 232.6
0.2477 3.10E-08 300.7
0.2303 5.24E-09 416.8

54.3 0.4426 7.60E-04 0
0.3278 4.55E-05 91

α=0.0128 0.1653 7.28E-06 205.1
n=2.351 0.1483 3.28E-06 251.4

0.1271 1.23E-06 282.4
0.1054 4.09E-07 330
0.0842 8.19E-08 395.7
0.0842 3.10E-08 489.8
0.0657 5.24E-09 596.6

55.9 0.428 1.74E-02 0.1
0.369 1.64E-05 3.9

α=0.0496 0.296 7.28E-06 21.3
n=1.357 0.211 3.27E-06 29.5

0.165 1.23E-06 38
0.142 4.09E-07 39
0.106 8.19E-08 84.2
0.074 3.10E-08 220
0.06 5.24E-09 261

Sample  
depth

(m)

Water  
content

(volumetric)

Hydraulic 
conductivity

(cm/s)

Matric  
potential

(cm-water)

56.1 0.3939 3.56E-04 0.1
α=0.0063 0.3614 1.23E-06 8
n=1.230 0.3465 4.09E-07 39.5

0.3267 8.19E-08 401.3
0.3132 3.10E-08 696.9
0.2962 5.24E-09 772.5

70.0 0.432 6.58E-06 0.1
0.395 1.23E-06 52.6

α=0.0125 0.366 4.09E-07 154
n=1.201 0.33 8.19E-08 351.4

0.31 3.10E-08 513.2
0.289 5.24E-09 669

71.4 0.435 3.56E-04 0.1
0.371 1.23E-06 9.8

α=0.0206 0.362 4.09E-07 103.6
n=1.155 0.342 8.19E-08 143.9

0.317 3.10E-08 502
0.3 5.24E-09 572

71.6 0.313 1.25E-04 0.1
0.278 4.55E-05 9.2

α=0.0128 0.22 3.27E-06
n=1.689 0.209 1.23E-06 268.9

0.19 4.09E-07 288.2
0.152 8.19E-08 406.4
0.134 3.10E-08 409.6
0.111 5.24E-09 783.8

72.2 0.4009 1.32E-04 0.1
0.1722 1.23E-06 1.2

α=0.6525 0.1591 4.09E-07 1.4
n=1.750 0.1131 8.19E-08 130.2

0.0935 3.10E-08 279.9
0.0769 5.24E-09 617.5

72.5 0.3477 7.51E-06 0.1
0.2821 1.23E-06 20

α=0.0496 0.2723 4.09E-07 56
n=1.201 0.2526 8.19E-08 150.4

0.2334 3.10E-08 228.9
0.2043 5.24E-09 529.5

84.3 0.393 5.60E-05 0.1
0.298 7.28E-06 40.8

α=0.0293 0.227 3.27E-06 43.3
n=2.531 0.209 1.23E-06 61.8

0.175 4.09E-07 63.1
0.124 8.19E-08 86
0.115 3.10E-08 111.7
0.091 5.24E-09 188.2
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Figure 4. Measured unsaturated hydraulic conductivity curves for 
samples from borehole USGS-140, Idaho National Laboratory, Idaho. 
Volumetric water content is measured as volume of water per total 
sample volume.
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Figure 5. Measured water retention curves for samples from borehole 
USGS-140, Idaho National Laboratory, Idaho. Data were fit with the 
van Genuchten (1980) model.
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Figure 6. Measured particle size distributions for core samples from borehole USGS-140, Idaho 
National Laboratory, Idaho.
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Table 3. Texture and textural class information for core and bulk samples from USGS-140, Idaho National 
Laboratory, Idaho.

(Particle data are in millimeters. Abbreviations: m, meters; mm, millimeters; >, greater than; <, less than)

Sample depth 
 (m)

Sample 
type

Clay
(<0.002 mm)

Silt
(0.002–0.05 mm)

Sand
(0.05–2 mm)

Gravel
(>2 mm)

Texture

39.2 core 3.81 28.23 67.96 0 sandy loam
50.5 bulk 4.95 18.54 76.55 0 loamy sand
51.2 bulk 18.6 81.4 0 0 silt loam
51.6 core 2.97 27.63 69.36 0 sandy loam
52.3 bulk 4.06 23.63 72.32 0 loamy sand
52.7 bulk 8.27 45.66 46.07 0 sandy loam
52.8 bulk 7.44 44.27 48.27 0 sandy loam
53.0 bcore 3.29 19.55 77.19 0 sandy loam
54.3 core 5.74 50.11 44.13 0 silt loam
55.8 bulk 0.52 3.36 60.34 35.77 gravelly sand
55.9 core 0.48 3.53 54.99 41.01 gravelly sand
56.1 core 21.8 75.5 2.67 0 silt loam
65.5 bulk 24.45 74.95 0 0.6 silt loam
70.0 core 14.81 85.08 0.04 0.04 silt loam
70.1 bulk 24.6 75.4 0 0 silt loam
71.4 core 15.62 64.36 20 0 silt loam
71.6 core 16.78 83.19 0.05 0 silt loam
72.2 core 14.67 60.56 24.77 0 silt loam
72.5 core 11.69 55.82 32.48 0 silt loam
72.8 bulk 15.34 65.86 18.79 0 silt loam
84.3 core 1.88 10.88 87.25 0 sand
92.4 bulk 5.51 21.31 0 73.17 gravelly loamy sand
93.0 bulk 20.74 38.41 0 40.84 gravelly loam
98.5 bulk 23.1 72.28 0 4.6 silt loam

Property-Transfer Modeling

Figure 7 shows observed and property transfer model-
predicted saturated water content (θsat), saturated hydraulic 
conductivity (Ksat), and the Rossi-Nimmo model parameters 
λ and ψo. The best agreement between measured and modeled 
parameters is for Ksat with an RMSE value of 0.0039. θsat also 
exhibits a strong agreement with an RMSE value of 0.0383. 
The curve shape parameter λ has a value of 0.2861, while ψo 
has the highest RMSE value of 244.75. The model as it was 
originally formulated performs well for 3 of the 4 parameters 
of interest. The ψo parameter is over-predicted for 6 of the 
12 samples. The six samples that the model does not predict 
parameters well for are all silt loam in texture, which is the 
texture of the majority of the samples used in formulating the 

property-transfer model. As previously mentioned, measured 
Ksat values were higher than expected for silt loam textured 
samples, however the model still does well in the prediction 
of Ksat. There may have been a structural effect that is unique 
to those particular silt loam samples that influences the matric 
potential at which those samples begin to drain which is 
related to the ψo parameter. 

The data also were evaluated with the Pearson coefficient 
of correlation, r. The highest correlation is for Ksat with an r 
value of 0.922. θsat also exhibits a strong linear correlation 
with an r value of 0.892. The curve shape parameter λ has 
a value of 0.731, while ψo has the lowest r value of 0.528. 
Though the model does not perform as well in predicting 
ψo, there is some linearity between the modeled and 
observed values.



Summary  13

tac14-0964_fig07

1,000,000 10,000 100 1

Observed

0.2

0.3

0.4

0.5

0.2 0.3 0.4 0.5

Pr
ed

ic
te

d

Observed 

0 100 200 300 400 500 600 700

Observed

0

0.1

0.2

0.3

0.4

0.5

0 0.2 0.4 0.6 0.8 1

Pr
ed

ic
te

d

Observed

Ksatθsat

Ψoλ

(volume per volume) (centimeter per second)

(centimeter)

Pr
ed

ic
te

d

0

100

200

300

400

500

600

700

Pr
ed

ic
te

d

1,000,000

100,000

10,000

1,000

100

10

A B

C D

Figure 7. Observed and property transfer model predicted (A) saturated water content (θsat), (B) 
saturated hydraulic conductivity (Ksat), and (C and D) Rossi-Nimmo model parameters λ and yo. The 
dashed line represents a perfect linear correlation between observed and predicted values. 

Summary
Sedimentary interbed properties are known to affect 

water flow and contaminant transport in the Idaho National 
Laboratory unsaturated zone. Characterization of the 
sedimentary interbeds below the future site of the proposed 
Remote Handled Low-Level Waste facility, which is intended 
for the long-term disposal of low-level radioactive waste, is 
important in numerical modeling to evaluate groundwater 
flow and contaminant transport. Twelve core samples from the 
sedimentary interbeds were collected for laboratory analysis 

of hydraulic properties, which also were used for further 
testing of the property-transfer modeling approach. The 12 
core samples analyzed in this study show a wide variety of 
hydraulic and bulk properties and include some of the coarsest 
textured samples measured in the laboratory. Evaluation of 
the site-specific property-transfer model shows that the model 
does well for predicting saturated water content, saturated 
hydraulic conductivity, and the λ parameter which are required 
in modeling water flow and contaminant transport through the 
unsaturated zone. 
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