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DIRECT MEASUREMENTS OF TRANSPORT PROPERTIES ARE ESSENTIAL 
FOR SITE CHARACTERIZATION 

Judith Wright 
Pacific Northwest Laboratory 
P.O. Box 999 
Richland, Washington 99352 
(509) 375-4787 

ABSTRACT 

Direct measurements of transport parameters 
on subsurface sediments using the UFA method 
provided detailed hydrostratigraphic mapping and 
subsurface flux distributions at a mixed-waste 
disposal site at Hanford. Seven hundred unsatur
ated conductivity measurements on fifty samples 
were obtained in only six months total of UFA run 
time. These data are used to provide realistic 
information to conceptual models, predictive 
models and restoration strategies. 

INTRODUCTION 

Recent results have demonstrated that direct 
measurements of unsaturated transport para
meters on subsurface materials and engineered 
systems, e.g., hydraulic conductivity, vapor 
diffusivity, retardation factors, thermal and 
electrical conductivities, and fluid potential, are 
essential for defensible site characterization needs 
of performance assessment and restoration or 
disposal strategies. Predictive models require the 
transport properties of real systems which can be 
difficult to obtain. This study illustrates the ability 
of a newly developed flow technique, the UFA 
method, to enormously decrease the time required 
to obtain direct transport data on all unsaturated 
systems. Traditionally, long times are required to 
attain steady-state and homogeneous distributions 
of water because normal gravity does not provide 
a large enough driving force relative to the low 
conductivities that characterize highly unsaturated 
conditions. The UFA achieves steady-state in 
hours in almost any porous media by using an 
adjustable high driving force in combination with 
precision fluid flow. Using the UFA in 
combination with other methods allows unusually 
detailed, complete and economic characterization 
of subsurface and engineered systems. 

James L. Conca 
WSU Tri-Cities 
100 Sprout Road 
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METHODOLOGY 

The UFA achieves hydraulic steady state in a 
few hours for most geologic materials, even those 
with very low water contents.1 There are specific 
advantages to using a centripetal acceleration as a 
fluid driving force. It is a whole-body force 
similar to gravity and, so, acts simultaneously 
over the entire system and independently of other 
driving forces, e.g., gravity or matric potential. 
The use of steady state centrifugation to measure 
steady state hydraulic conductivities has recently 
been demonstrated on various porous media, i.2,3 

The UFA instrument consists of an 
ultracentrifuge with a constant, ultralow flow 
pump that provides fluid to the sample surface 
through a rotating seal assembly and 
microdispersal system (Figure 1). The 
ultracentrifuge can reach accelerations of up to 
20,000 g (soils are generally run only up to 1,000 
g), temperatures can be adjusted from -20° to 
150°C, and constant flow rates can be reduced to 
0.001 ml/h. Effluent from the sample is collected 
in a transparent, volumetrically-calibrated chamber 
at the bottom of the sample assembly. Using a 
strobe light, an observer can check the chamber 
while the sample is being centrifuged. Materials 
can be run in the UFA as recomposited samples or 
in situ samples can be subcored directly into the 
sample UFA chamber. Whole rock cores and 
cores of ceramics, grouts, and other solids are cast 
in an appropriate epoxy sleeve for use in the UFA. 

Several variations of the UFA have been 
developed under the Department of Energy's 
(DOE) Volatile Organic Compound (VOC) - Arid 
Site Integrated Demonstration (ID) Program to 
accommodate the various aspects of 
multiphase/multicomponent systems encountered 
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in mixed waste environments. Two rotor sizes 
and three rotating seal designs (face, mechanical 
and ferromagnetic) accommodate various 
applications such as non-aqueous phase liquids, 
tank waste sludge, and multiphase flow. The 
prototype face seal is ideal for routine aqueous 
systems, while the ferromagnetic liquid-metal 
rotating seal allows temperature-abating sealing 
against vapor loss during operation with VOCs. 
The mechanical seal allows minimal internal 
contamination during adsorption/retardation flow 
experiments using heavy metals, lanthanides and 
actinides. Excellent agreement among the 
different designs of the UFA have been 
demonstrated for splits of the same samples. 
Various sample holders of different materials, 
e.g., teflon, titanium, stainless steel, copolymers, 
and nylon, address the many chemical 
compatibility requirements and can accommodate 
sample sizes between 20 cm 3 and 100 cm3. 

The UFA method is effective because it allows 
the operator to set the variables in Darcy's Law. 
Darcy's Law states that the fluid flux equals the 
hydraulic conductivity times the fluid driving 
force. Under a centripetal acceleration in which 
water is driven by both the matric potential 
gradient, and the centrifugal force per unit 
volume, Darcy's Law is given by 

q =-K(v) [dy/dr - poo2r] (1) 

where q is the flux density into the sample, K is 
the hydraulic conductivity, \j/ is the matric 
potential, dy/dr is the matric gradient, pa£r is the 
centrifugal force per unit volume, r is the radius 
from the axis of rotation, p is the fluid density, 
and co is the rotation speed in radians per second. 

Hydraulic conductivity is a function of either 
the matric potential or the volumetric water 
content. Above speeds of about 300 rpm, 
provided that sufficient flux density exists, the 
matric potential is much less than the acceleration, 
d\|//dr « pcc£r. Therefore, Darcy's Law is given 
by q = -K(y) [-po£r] under these conditions. 
Rearranging the equation and expressing hydraulic 
conductivity as a function of volumetric water 
content, 0, Darcy's Law becomes 

K(G) =q/pco2r (2) 

The dimensional analysis for this calculation is 

cm s-i = cm 3 cm-2 s-i •*• [g cm-3 s-2 cm 
- {(980.7 cm s-2)(lgcm- 3)}] 

One radian per second equals 2rc(rpm^60). 
A flow rate of 1 ml/hr is 1/3600 cm 3 s-i divided 
over the cross-sectional area of the sample. As an 
example, a silt from the Hanford Formation 
accelerated to 2500 rpm with a flow rate of 0.01 
ml/h achieved hydraulic steady state in 
10 hours at a target volumetric water content of 
16.4% and an unsaturated hydraulic conductivity 
of 4 x 10-10 cm/s. Appropriate values of rotation 
speed and flow rate into the sample are chosen to 
obtain desired values of flux density, water 
content, and hydraulic conductivity within the 
sample. Previous studies have verified the linear 
dependence of hydraulic conductivity on flux and 
the second order dependence on rotation speed. 
This method provides hydraulic conductivity to 
within ±8% at a volumetric water content 
known to within ±2% A The high accuracy comes 
from the tight control on flow rate (±1% non-
pulsating) and rotation speed (±5 rpm) and the 
ability to measure weight to ±0.001 g. 

Hydraulic conductivity can be very sensitive to 
the solution chemistry, especially when samples 
contain expandable, or swelling, clay minerals. A 
standard synthetic pore water solution, similar to 
the pore water extracted from vadose zone 
samples in the 200-West Area of Hanford, was 
used in the experiments described in this report. 

Several issues involving flow in an 
acceleration field have been raised and addressed 
by previous and current research. i .2,3,4,5 have 
shown that compaction from acceleration is 
negligible for subsurface soils at or near their field 
densities. Bulk densities in these samples have 
remained constant because a whole-body 
acceleration does not produce high point 
pressures. The notable exception is surface soils 
and recently tilled soils, which can have unusually 
low bulk densities. Special arrangements must be 
made to preserve their densities. Whole rock, 
grout, ceramics or other solids are completely 
unaffected by these accelerations. 

Three dimensional deviations of the driving 
force with position in the sample are less than a 
factor of two.3 Theoretically, the situation under 
which unit gradient conditions are achieved in the 
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UFA, in which the change in the matric potential 
with radial distance equals zero (dy/dr = 0), is 
best at higher fluxes, higher speeds, and/or 
coarser grain-size^ and this is seen in potential 
gradient measurements in these ranges which all 
show dy/dr = 0. The worst case occurs at the 
lowest fluxes in the finer-grained materials, but 
even in the worst case, the hydraulic conductivity 
appears insensitive to small variations in 9 or y. 2 

The moisture distribution at steady-state in the 
UFA is very uniform, to within about 1% in 
homogeneous systems. 2 ' 3 In heterogeneous 
samples or multicomponent systems, each 
component reaches its own hydraulic conductivity 
and water content at steady state, as occurs under 
natural conditions in the field. 

However, the best verification of the UFA 
method must come from investigations of the 
same soils using several techniques. Several 
comparisons between the UFA method and soil 
columns, van Genuchten/Mualem estimations and 
lysimeter measurements on the same soils have 
shown excellent agreement for sandy loams and 
even silts.U,3,7 

HYDROSTRATIGRAPHIC MAPPING 

The Plutonium Finishing Plant in the 200-West 
Area at the Hanford Site (Figure 2) is the site of a 
mixed-waste contaminant plume. The plume 
contains carbon tetrachloride (CCI4) as the 
primary VOC, plutonium (Pu) and americium 
(Am) as the primary radionuclides, water, 
aqueous sodium nitrate solutions, and other 
organics (lard oil, tributylphosphate, chloroform). 
An estimated 13,200 m3 (3.5 million gal) of liquid 
waste was discharged to three unlined cribs 
(similar to septic tank drain fields) between 1955 
and 1973.8 CCI4 concentrations in the 
groundwater have been recorded as high as 8.1 
ppm, or 1600 times the allowable maximum 
concentration limit. Pore atmospheres in the 
vadose zone contain significant CCI4 vapor. 
Vapor concentration averages about 1,000 ppm by 
volume, but has been recorded as high as 38,000 
ppm near Z-9 Trench. 8 No liquid CCI4 has yet 
been found, although some of the CCI4 is 
dissolved in water (CCI4 solubility in water is 
805 ppm) and in the other organic phases. 



The water table is the top of an unconfined 
aquifer approximately 73 m (240 ft) below the 
surface in conglomerates of the middle Ringold 
Formation. Groundwater velocities are estimated 
to be as high as 47 m/d (153 ft/d).9 The overlying 
vadose zone consists of unconsolidated clastic 
sediments of poorly sorted glacio-fluvial gravel, 
sand, and silt (designated as the Hanford 
Formation). Beneath it lie semi-continuous layers 
of loess, paleosols, and low-permeability 
paleoplaya lake deposits that have developed 
extensive caliche (grouped as Early Palouse and 
Plio-Pleistocene units). These vadose zone 
sediments have a variety of water contents and a 
wide range of field hydrologic properties with 
respect to water and organic liquids. 

The UFA method was used to characterize the 
hydraulic behavior of over fifty samples from 
boreholes drilled in an around these disposal 
facilities and are shown as labelled filled circles in 
Figure 2. Figure 3 gives the results from one of 
the boreholes, 299-W18-96, from directly beneath 
Z-18 Crib. Each curve has from eight to twelve 
independent, steady-state unsaturated hydraulic 
conductivity measurements obtained in three to 
four days. In addition, grain-size distributions 

and mineralogical analyses were obtained for each 
sample from each borehole. 2 The total UFA run 
time for all seven hundred steady-state hydraulic 
conductivity measurements was only six months. 

Well logs and other field and geophysical 
information are generally used to map the 
subsurface at a site, including the Hanford Site, 
with respect to lithology and sediment type. 
Hydraulic behavior for sedimentary units has 
traditionally been estimated from lithology and a 
few hydraulic conductivity measurements. 
Figure 4 shows a hydrostratigraphic map of the 
subsurface at this site based upon the lithology 
and sediment type. Figure 4 is a projection 
looking northwest across the site. Perspective is 
given by the apparent width of each borehole. 
Shown are the borehole sample positions and 
boundaries between different sediment units and 
subunits. The inset shows the generalized regions 
of hydraulic behavior roughly correlated with 
gravel and sands, silty-sand, sandy-silt, and fine 
silts and clays moving from left to right in the 
inset. The hydrostratigraphic map in Figure 4, 
therefore, shows the hydraulic behavior of the 
general sample type of each unit and lacks the 
detail needed for defensible restoration strategies. 
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However, different samples which appear to 
be similar in appearance, grain-size distribution 
and other characteristic can have very different 
hydraulic behaviors. The hydraulic conductivity 
data provided by the UFA method allow the 
subsurface to be mapped with respect to the 
hydrologic properties of the sediments which is 
more relevant to predictive modelling and 
conceptual test plans than lithologic information. 
Figure 5 shows the hydrostratigraphic map based 
upon UFA data and using the same generalized 
regions of hydraulic behavior (inset). Each 
sample was assigned the shading of the region in 
which its hydraulic conductivity behavior falls. 
This map provides direct information of 
subsurface transport behavior and shows greater 
detail within each unit. 

There are some important points to note. 
General characteristics of the hydrostratigraphy 
and the lithostratigraphy are correlative, e.g., the 
Hanford Formation is gravelly sand with some 
silty sand. At about 55 ft below the surface, there 
apparently is a relatively fine layer that may have 
hydrologic significance across the area, but the 
Hanford Fine subunit is not much different in 
hydraulic behavior throughout the lower portion 
than the Coarse subunit. 

In Boreholes 299-W18-247, 299-W18-96, and 
299-W15-216, the top of the Early Palouse unit is 
an extremely fine sediment, much finer than the 
rest of the unit, and in 299-W15-216, this fine 
sediment also has 15.5 ft. of perched water over 
the sample at 109.2 ft. Based upon the few 
sample obtained from below the Plio-Pleistocene 
unit, the Upper Ringold is similar in hydraulic 
behavior to the Hanford Formation. 

CONCLUSIONS 

The speed, economy, and direct measurement 
capability of the UFA makes it optimal for 
determining transport behavior of subsurface 
materials and other porous media. Having 
information such as the hydrostratigraphic map in 
Figure 5 allows effective targeting of contaminant 
plume migration and more reasonable remediation 
strategies for this site than is possible without this 
method. 

This technology development for the VOC-
Arid ID Program is also directly applicable to 
determining optimal operating parameters of other 

technologies prior to field operations, e.g., testing 
nutrient formulas for in situ bioremediation; 
determining thermal, vapor and hydraulic 
conductivities versus moisture content for in situ 
heating and vapor extraction; measuring tank 
sludge waste behavior for mitigating waste tank 
safety issues; determining saturated and 
unsaturated retardation factors and leach rates of 
heavy metals, uranium and other actinides for 
emplacing permeable reactive barriers; and 
measuring fluid conductivity for carbon 
tetrachloride, ethylene glycol and other solvents. 
These types of direct measurements can help 
provide defensible performance assessments and 
remediation strategies on schedule. 
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