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Monitoring Vadose Zone
Desiccation with Geophysical
Methods

Soil desiccation was recently field tested as a potential vadose zone remediation technology.
Desiccation removes water from the vadose zone and significantly decreases the aqueous-
phase permeability of the desiccated zone, thereby decreasing movement of moisture and
contaminants. The two- and three-dimensional distribution of moisture content reduction
with time provides valuable information for desiccation operations and for determining
when treatment goals have been reached. This type of information can be obtained through
the use of geophysical methods. Neutron moisture logging, cross-hole electrical resistivity
tomography, and cross-hole ground-penetrating radar approaches were evaluated with
respect to their ability to provide effective spatial and temporal monitoring of desiccation
during a treatability study conducted in the vadose zone of the USDOE Hanford site in the
state of Washington.

Abbreviations: bgs, below ground surface; ERT, electrical resistivity tomography; GPR, ground-penetrating
radar; VMC, volumetric moisture content.

In situ remediation is a potential approach to address contaminants
located in the vadose zone at depths below the limit of direct exposure, where remediation
is focused on protection of the groundwater (Dresel et al., 2011). Although a vast body
of research has been performed to investigate in situ remediation of groundwater systems,
significantly fewer studies have been dedicated to remediation of contaminated vadose
zone regions. Concurrent with the development of remediation approaches, successful
vadose zone remediation will also require effective methods of remedy performance moni-
toring. In 2008, the USDOE initiated a treatability test program to evaluate the potential
of several deep vadose zone remedies for the protection of groundwater (USDOE, 2008),
with assessment of approaches that mitigate the transport of inorganic and radionuclide
contaminants from the vadose zone to the groundwater. Soil desiccation was investigated
as a potential vadose zone remediation technology, including laboratory studies (Ward et
al.,2008; Oostrom et al., 2009, 2012a, 2012b; Truex et al., 2011), modeling studies (Ward
ctal.,2008; Truex et al.,, 2011), and field testing (Truex et al., 2012a, 2012b) conducted as
part of the treatability test efforts at the USDOE Hanford site.

Desiccation of a portion of the vadose zone, in conjunction with a surface infiltration
barrier, has the potential for minimizing the migration of deep vadose zone contaminants
toward the water table (Truex et al., 2011). To apply desiccation, a dry gas is injected into
the subsurface. The dry gas evaporates water from the porous medium until the gas reaches
100% relative humidity and can no longer evaporate water. Evaporation can remove pore
water and result in a very low moisture content in the desiccated zone (Ward et al., 2008;
Oostrom et al., 2009; Truex et al., 2011). The desiccation process removes previously dis-
posed and native water from the vadose zone and significantly decreases the water relative
permeability of the desiccated zone. Due to these desiccation-induced changes, the future

rate of movement of moisture and contaminants through this zone is decreased.

The performance of desiccation in terms of mitigating future moisture movement is related
to the extent of moisture content reduction and the location and thickness of the desiccated
zone (Truex et al., 2011, 2012a, 2012b). Reducing the moisture content below the resid-
ual moisture content value for the sediment is a target for desiccation because of the low
resulting water relative permeability (Truex et al., 2012a, 2012b). Information about the
distribution of the moisture content reduction with time is needed for performance moni-

toring during desiccation implementation. These data are important for determining when




desiccation has met treatment goals and thus when the process can
be stopped. Monitoring data can also be used to guide operational
decisions, such as adjustments in system flow rates and injection
gas properties. While nominal values for these injection param-
eters can be selected based on initial site characterization data, the
impact of subsurface heterogeneities cannot be fully predicted. As
such, monitoring is needed to assess the impact of these heteroge-
neities on desiccation performance. The objective of this study was
to evaluate the effectiveness of technologies for monitoring desic-
cation under field conditions. Several geophysical approaches were
tested for monitoring desiccation-induced changes in moisture and
temperature at the Hanford site desiccation field test, including
neutron moisture logging, temperature logging, cross-hole ground-
penetrating radar and cross-hole electrical resistivity tomography.

Geophysical methods have been used extensively in the last decade
to characterize and monitor subsurface hydrologic processes (c.g.,
Rubin and Hubbard, 2005; Vereecken et al., 2006). Because geo-
physical data can be collected from many different platforms (e.g.,
from satellites and aircraft, at the ground surface of the Earth, and
at or between wellbores), the geophysical data can provide remote
subsurface characterization or monitoring information across a
variety of spatial scales and resolutions. The main advantage of
using geophysical data over conventional measurements is that geo-
physical methods can provide spatially extensive information about
the subsurface in a minimally invasive manner at a comparatively
high resolution. The greatest disadvantage is that the geophysical
methods provide only indirect proxy information about subsurface

hydrologic properties or processes.

Soil moisture content determination in the vicinity of a wellbore
using neutron scattering probes has become a standard method in
the past several decades (Hignett and Evett, 2002). A neutron probe
consists of a high-energy neutron source, a low-energy or thermal
neutron detector, and the electronics required for counting and
storing the measured response. A fast neutron source manually
placed within moist soil develops a dense cloud of thermal neutrons
around it, and a thermal neutron detector placed near the source
samples the density of the generated cloud. The concentration of
thermalized neutrons is affected by both the soil density and its
elemental composition. Elements that absorb neutrons are often in
low concentration in the soil solid phase, and when the clay content
is also low, the neutron probe response is mainly affected by changes
in moisture content (Greacen et al., 1981; Hignett and Evett, 2002).
Neutron moisture logging data can typically be collected with
high vertical resolution and can be converted to volumetric mois-
ture content (VMC) using published or site-specific relationships.
Interpolation of neutron moisture logging data between multiple
measurement wellbores can be used to generate an estimated two-

or three-dimensional moisture content distribution.

Ground-penetrating radar (GPR) methods are also commonly

used to characterize or monitor the subsurface moisture content.
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Ground-penetrating radar methods use electromagnetic energy
at frequencies of ~10 MHz to 1GHz to probe the subsurface. At
these frequencies, the dielectric polarization within a material that
has been subjected to an external electric field dominates the elec-
trical response. Ground-penetrating radar systems consist of an
impulse generator that repeatedly sends a particular voltage and
frequency signal to a transmitting antenna. Cross-hole GPR meth-
ods involve lowering a transmitter into a wellbore and measuring
the vertical electrical field with a receiving antenna that is lowered
down another wellbore. The transmitting and receiving antennas
are manually relocated to different positions in the wellbores to
facilitate transmission of the energy through a large fraction of
the area between the measurement boreholes.

Together, the clectrical properties of the host material and the fre-
quency of the GPR signal primarily control the sampling volume and
the depth of penetration of the signal. The electromagnetic velocity
(V) is dependent on the permittivity (€), conductivity (), frequency
(w), and magnetic permittivity (1, assumed to be equal to free space)
of the subsurface material through which the signal travels:

—1/2

The loss tangent is a useful metric for determining low-loss condi-
tions and is defined as the electrical conductivity divided by the
product of the dielectric permittivity and the angular frequency.
In general, GPR performs better in low-loss environments, such as
unsaturated coarse or moderately coarse textured soils. The GPR
signal strength is strongly attenuated in electrically conductive
environments (such as systems dominated by the presence of clays
or high-ionic-strength pore fluids). When low-loss conditions pre-
vail, the velocity depends primarily on the permittivity, which can
be expressed as (Davis and Annan, 1989):

2
E%[i] 2]

where c is the propagation velocity of electromagnetic waves in free
space. The velocity of the GPR signal can be obtained by measur-
ing the travel time of the signal across a known distance between
the transmitter and the receiver. Using measurements acquired
from antennae located at many different vertical positions within
each borehole and inversion algorithms, a two-dimensional image
of GPR velocity between boreholes can be produced through
tomographic inversion (e.g., Jackson and Tweeton, 1994; Peter-
son, 2001) and used with Eq. [2] to estimate the two-dimensional

permittivity distribution.
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Soil dielectric permittivity is strongly dependent on moisture con-
tent because of the large difference between the water and bulk
soil permittivities. The relative permittivity (the dielectric permit-
tivity of a material divided by the free-space permittivity, {—:0) of
water is approximately 80, compared with values between 3 and 7
for typical soil mineral components. As such, under low-loss and
unsaturated conditions, the GPR velocity is primarily influenced
by the moisture variability and secondarily by texture, although
texture can influence moisture dynamics and thus the effective
GPR response (Grote et al., 2010). Studies have demonstrated
that GPR methods can effectively estimate and monitor subsur-
face moisture content using measured electromagnetic velocities
(Hubbard et al., 1997; Van Overmeeren et al., 1997; Huisman et al.,
2001; Binley et al., 2002; Day-Lewis et al., 2002; Laloy et al., 2012).
The dielectric permittivity of soils and sediments also depends on
temperature (Or and Wraith, 1999). For this study, however, we
considered temperature effects to be negligible based on laboratory
core permittivity measurements made throughout the temperature
range of this experiment, which corresponded to estimated VMC
errors of <0.01 m® m™3 (data not shown).

Several different petrophysical relationships have been used to
translate permittivity into moisture content estimates (Huisman
etal., 2001). An example is shown in Eq. [3], where volumetric
moisture content, 0, is a linear function of the square root of the
soil apparent dielectric permittivity, €, (Ledieu et al., 1986; White
and Zegelin, 1994; Topp and Ferré, 2002):

0=Ac, +B [3]

where 4 and B are fitted parameters. In this study, we used the coef
ficients determined by Topp and Reynolds (1998) of 4 = 0.115 and
B =-0.176. The term apparent is used here to mean the dielectric
permittivity value that is inferred from measurement of the veloc-
ity of an electromagnetic wave at a given frequency. In this study,
water content values obtained using Eq. [3] deviated from those
derived using the polynomial Topp’s equation (Topp et al., 1980;
Topp and Ferré, 2002) by <0.01 m3 m3. General guidelines for
GPR acquisition, processing, and water content estimation have
been provided by Annan (2005) and Huisman et al. (2001).

Electrical resistivity tomography (ERT) is a method of remotely
imaging the electrical conductivity (C) of the subsurface that has
been commonly used to monitor subsurface moisture variations
(e.g.» Binley and Kemna, 2005; Revil et al., 2012). For cross-hole
ERT applications, electrodes installed within borcholes are used
to strategically inject currents and measure the resulting potentials
to produce a data set that is used to reconstruct the subsurface C
structure (Daily and Owen, 1991; Johnson et al., 2010). In unsatu-
rated sediments, C can be influenced by clay content, granulomet-

ric properties, salinity, and temperature (Lesmes and Friedman,

2005), although moisture content (Slater and Lesmes, 2002) often
dominates the response. Thus, temporal changes in moisture con-
tent during desiccation can be monitored by imaging correspond-
ing changes in C using ERT. General guidelines associated with
ERT acquisition, inversion, and interpretation have been provided
by Binley and Kemna (2005).

In granular materials with a nonconductive solid phase, the bulk
C can be described according to (Revil et al., 2012)

C=0¢0"St +6"S0 B Qv 4]

where o ¢ls the fluid conductivity, ¢ is the porosity, S, is the water
saturation, 7 is the cementation exponent, 72 is the water saturation
exponent, B(+) represents the mobility of the cations in the pore
water, and Qy is the charge per unit pore volume of the diffuse
part of the electrical double layer. The first term of Eq. [4] describes
the component of C arising from ionic current flow within the
pore water (Archie, 1942). The second term of Eq. [4] describes the
component of C arising from current flow along the pore—grain
interface within the electrical double layer, the so-called surface
conductivity. In clean, low-clay sands with relatively small surface
area, C is dominated by the first term in Eq. [4]. The Hanford
formation, where our experiment was conducted, is comprised of
high-energy flood deposits, consisting of coarse gravels and sands
with interbedded fine sands and silt-sized materials (Serne et al.,
2009). We assumed, therefore, that the second term of Eq. [4] was
insignificant and considered only the first term (c.g., Archie’s law).
Although we have no direct information supporting the validity
of Archie’s law, as demonstrated below, the comparison between
changes in water content derived from C using Archie’s law and
the actual changes in water content measured by neutron probe are
favorable, suggesting that our assumption is reasonable. In addi-
tion to the Archie’s law assumption, the relationship between tem-
poral changes in water saturation and the corresponding changes
in C that occur during subsurface desiccation can be simplified

under the following assumptions:

1. Porosity ¢ and cementation exponent 7 are constant with time.
These parameters are dependent on the textural properties of the
sediment, and this assumption may be appropriate for many sites.

2. Fluid conductivity o¢is constant with time. This assumption is not
strictly valid because ionic concentrations increase as pore water is
evaporated during desiccation, but it may be appropriate for many
sites. This assumption was validated with core-scale measurements
in this case (data not shown) and also by comparison with neutron
probe measurements of changes in water content.

3. Water saturation exponent 7 is independent of saturation. This
assumption may be appropriate for many sites, although at low
water saturation values (less than ~5%), 7 has been observed to
decrease with decreasing water saturation (Waxman and Smits,
1968; Han et al., 2009; Hamamoto et al., 2010).
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If the assumptions stated above are valid, a desiccation-induced
change in water saturation can be derived from Eq. [4] in terms of
the corresponding change in bulk C:

S_t:10<l/n)log10(ct /Cq)

5, (5]

where S L is the water saturation at time ¢, Sy is the predesiccation
baseline water saturation, and C, and C,are the corresponding
bulk conductivities at time # and before desiccation. As we will
show, errors arising from the assumptions leading to Eq. [5] exist but
are not so large as to invalidate ERT-derived changes in saturation
expressed through the saturation ratio. It is important to note that
the same assumptions may not fare as well at other sites. Note also
that the ratios of VMC and water saturation are equivalent. Because
desiccation is a nonisothermal process, the effects of temperature on
bulk conductivity must also be considered. The temperature depen-
dence of bulk conductivity in the vadose zone is dependent on mois-
ture content but is always monotonic (Waxman and Thomas, 1974).

Temperature sensors can also provide a means to monitor the prog-
ress and distribution of desiccation usinga network of in situ sen-
sors. Temperature decreases due to evaporative cooling until the
desiccation front reaches the monitoring locations (i.e., the time
when the sediment between the injection location and the moni-
toring location is desiccated). At that time, the temperature at the
monitoring location begins to increase toward the temperature of

the injected gas because evaporative cooling is no longer occurring

in the sediment between the injection location and the monitoring
location (Oostrom et al., 2009). There can be multiple inflection
points if there are multiple layers that are being desiccated at dif-
ferent rates and these layers are within a region that can impact the

temperature at the monitoring location.

This study assessed selected geophysical monitoring approaches
applied before and during the desiccation field test at the Hanford
site. The methods were evaluated with respect to their ability to
provide effective spatial and temporal monitoring of desiccation.
Benefits and limitations of the methods were considered based on
the characteristics of the data collection and analysis techniques.

Geophysical Monitoring of Field

Desiccation Experiment

Field Test Summary

The desiccation field test was conducted in the vadose zone at the
USDOE Hanford site 200-BC-1 Operable Unit as described by
Truex et al. (2012a, 2012b) and summarized below. The total thick-
ness of the vadose zone beneath the 200-BC-1 Operable Unit is
about 100 m. About 110 million L of aqueous waste containing
high concentrations of solutes was disposed of at multiple engi-
neered cribs and trenches, primarily in the 1950s. Figure 1 shows
the predesiccation characterization data for vertical stratigraphy,
electrical conductivity (corresponding to the contaminant distri-
bution), and moisture distribution at the test site injection and
extraction wells in relation to the well screen interval. The test

was conducted within the Hanford formation and porous media
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Fig. 1. Injection and extraction well borehole laboratory moisture content, extracted pore water electrical conductivity, and well screened interval (after
USDOE, 2010; Serne et al., 2009; Um et al., 2009). Electrical conductivity was measured on pore water extracted from sediment samples.
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Fig. 2. Basic components of the desiccation field test system (ERT, electrical resistivity tomography; bgs, below ground surface).

grain-size variations in the test interval ranged from sand to loamy
sand (which is similar to the porous media observed throughout
the full depth interval). The injection well was located between
adjacent waste disposal cribs where the subsurface was impacted

by lateral movement of crib discharges.

A dipole configuration was used for the field test with injection
of dry N, gas and extraction of soil gas through wells screened in
a target depth interval from 9.1 to 15.2 m below ground surface
(bgs) to favor soil gas flow within this interval and within a defined
monitoring zone. The general operational and in situ monitoring
strategy is depicted in Fig. 2. Use of dry N, gas at a controlled
temperature of 20°C provided a constant inlet condition with a
relative humidity of zero. Injection occurred at a stable flow rate
of 510 m3 h~! from 17 Jan. through 30 June 2011 (164 d) except
during a 13-d interval from 21 April through 4 May when there
was no injection. Extraction of soil gas was maintained for the full
test duration at a stable flow rate of 170 m? h™1. The injection and
extraction wells were 12 m apart. Figure 3 depicts the lateral layout
of injection and extraction wells and the monitoring locations. A
30- by 45-m gas-impermeable membrane barrier was installed at
the surface centered over the well network to inhibit soil gas flow

at the ground surface.

A clustered monitoring approach was used in the test whereby a
sensor borehole, containing sensors for temperature and ERT elec-
trodes, was placed nominally adjacent to a cased, unscreened log-
ging well used to conduct manual neutron moisture logging and to
acquire cross-hole GPR data. Sensor boreholes (21.3 m total depth)
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Relative
Northing (m)
22 -
@ loggingwell
20 - X sensorborehole
= GPR survey locations %59
-=- Location of 2D plane for oL
18 ERT and neutron moisture
figures o Extraction
16 - well
14 4
X
A @3
12 eL7 ’
% 563,
10 - = e
oLs Ry
/
8- Xss  S3x,413
s
’
- X51 @ L1 // % 82
/@ oL
/\jection Wwell
4 ¥
l% ’
4 %
7 54
0 T T T r ' ;
0 2 4 6 8 10 12
Relative Easting (m)

Fig. 3. Location of test site wells, where boreholes with an “S” designa-
tion contained in situ thermistors and electrical resistivity tomogra-
phy (ERT) electrodes and wells with an “L” designation were cased
wells for neutron logging and ground-penetrating radar (GPR) access
(2D, two dimensional).



were constructed with alternating 0.76-m-thick zones of 100-mesh
(>0.125- and <0.149-mm) Colorado sand (Colorado Silica) and
granular bentonite from 3 to 21.3 m bgs. Electrical resistivity
tomography electrodes were placed within the bentonite zones
(e.g., every 1.5 m) with tubing installed to enable the addition of
water around each electrode to locally hydrate the bentonite and
maintain effective coupling between the electrode and the sub-
surface. Electrical connectivity was checked periodically during
the test, and water was added when necessary to improve electri-
cal coupling, where a threshold of >10 mA injected current was
used to indicate suitable electrode coupling. Sensor boreholes also
contained thermistors every 0.6 m from 3 to 21.3 m bgs. Logging
wells extended to 21.3 m bgs with a 5.08-cm polyvinyl chloride
casing (plugged at the bottom) in a 10.16-cm-diameter borehole
and 100-mesh Colorado sand in the annular space.

Neutron Moisture Logging

Neutron moisture logging was conducted usinga CPN 503DR
Hydroprobe (InstroTek Inc.). Neutron probe measurements were
acquired at depth increments of approximately 7.5 cm using a
count time of 30 s and then converted to a count ratio (Cy) by

dividing each measurement by the standard count.

Neutron probe data were converted to VMC using a site-specific
relationship described by Truex et al. (2012a) and summarized
below. Sediment samples were collected laterally within 0.9 m of
the neutron logging well L2 (6-18 m bgs) after the active desic-
cation phase of the test, and the sediment texture ranged from
medium sand to loamy sand with the exception of one sample of
sandy silt. Although clay content can also affect moisture content
calibration (Greacen et al., 1981), the clay content was low at the
desiccation field site, ranging between 2.4 and 8%.

Samples were grouped into sand and loamy sand texture materials.
Neutron moisture probe C, data were plotted with correspond-
ing post-desiccation laboratory-measured VMC (computed using
measured gravimetric moisture content and bulk density) from
samples at the same depth. Using only samples >0.05 m> m™, a
linear calibration relationship was observed for both sand and loamy
sand. Post-desiccation VMC for some of the very dry core samples
within the highly desiccated zones (loamy sand and sand textures)
were 0.004 + 0.002 m> m~> from laboratory gravimetric analyses,
with corresponding Cy, values of 0.21 & 0.007. For the loamy sand,
using the linear relationship based on only samples >0.05 m? m=>
would predicta Cr of 0.34 for a moisture content of 0.004 m3 m~3,
substantially different from the actual observations. Linear relation-
ships across the full range of data could be applied but provide a poor
fit to the data. For this study, a nonlinear neutron probe calibration
relationship captured the response for both soil types and provided
abetter fit to the data across the full range (Fig. 4). Regression of the
VMC () and Cy data for all core samples resulted in the relationship
0= 0'714CR2 - 0.1363CR, with a root mean square error of 0.015

for 0 and a coefficient of determination of 0.93.

0.35 -

osand
0.3 @ loamy sand

0.25 -

0.15

Volumetric Moisture Content (m*m?3)

0 0.2 0.4 0.6 0.8
Count Ratio

Fig. 4. Calibration relation for neutron moisture probe count ratio
data and corresponding laboratory-measured volumetric moisture
content (after Truex et al., 2012a).

Volumetric moisture content values from predesiccation and post-
desiccation neutron logging events were interpolated to a finely
spaced grid encompassing the logging wells using a weighted
inverse-distance interpolation scheme. Due to the high vertical
resolution of the data along the logging wells, the corresponding
low lateral resolution, and the expected high lateral correlation in
moisture content, we chose a 5:1 horizontal /vertical weighting in
the interpolation. This interpolation provided a smoothed, three-
dimensional estimate of VMC distribution.

Ground Penetrating Radar

Ground-penetrating radar data were collected with a Pulse EKKO

100 using 100-MHz borchole antennas (Sensors and Software,
Inc.). Multiple offset gather surveys (Peterson, 2001) were peri-
odically collected between logging well pairs using a vertical offset

increment of 0.25 m and an angular coverage of approximately 40°
above and below the midpoint of each gather. Wellbore deviation

logs were applied to more accurately determine the antenna posi-
tions used in the surveys. Borehole pair separation was roughly 3 m,
and the primary transect was along the plane between the injection

and extraction wells (Fig. 3). The first arrival times of the energy
were picked from the data and were inverted using MIGRATOM,
a curved-ray inversion software (Jackson and Tweeton, 1994), to

yield two-dimensional electromagnetic velocity estimates along key

transects. The data were inverted with no vertical-to-horizontal

anisotropy and using global minimum and maximum velocity

constraints of 0 and 0.25 m ns~1, respectively. The results from

cach of the inversions produced travel time residual errors <1.9

ns. The velocity estimates were converted to dielectric permittivity

using Eq. [2] (i.e., by assuming low-loss conditions). Equation [3]

was used to convert GPR-derived permittivity to VMC content.
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Fig. 5. Comparison of volumetric moisture content derived from
ground-penetrating radar (GPR) and neutron moisture logging (NP)
for Location L4 at depths <10 m before desiccation.

At the desiccation site, the C ranged up t0 0.330 S m~! and the low-
loss assumption underlying Eq. [2] was not valid at all locations. Low-
loss conditions are valid when the loss tangent is <<1. For instance,
assuming a dielectric permittivity of 10 and a frequency of 100 MHz,
the loss tangent will be <I for C values <0.05 S m~L. Before desic-
cation, ERT-derived C values were <0.05 S m™! at depths <10 m. A
comparison of baseline near-borehole VMC estimates from GPR
(derived using Eq. [2] and [3]) to those obtained from neutron mois-
ture logging indicated a good correlation for depths <10 m where C
was <0.05 S m~L. This comparison is shown in Fig. 5 for Borehole L3
and was similar for the other boreholes at the desiccation test site. At
depths >10 m, the C value was higher than the low-loss assumption
cutoff, and the linear relationship between VMC estimated from
neutron moisture logging and GPR was degraded. Interpretation of
GPR data for conditions with higher conductivity will be impacted
by violation of the low-loss assumption, which can change during

the desiccation process, as discussed below.

Electrical Resistivity Tomography

Electrical resistivity tomography data were collected before and

during desiccation using 99 electrodes—11 electrodes equally

spaced from 6.25 to 21.5 m deep in each of the nine sensor wells.
Measurements were collected using an eight-channel MPT DAS-1

impedance tomography system (Multiphase Technologies, LLC).
Full forward and reciprocal measurements were collected twice per
day to estimate data noise and quality; each data set contained 6114

measurements after filtering. The data were collected and inverted

in three dimensions with isotropic (i.c., equal weighting in all direc-
tions), first-order, spatial derivative smoothing constraints on an

unstructured tetrahedral mesh with 354,544 elements. The parallel

ERT inversion software described by Johnson et al. (2010) was used

to invert each data set using 100 processors on parallel computing
resources housed at the Pacific Northwest National Laboratory. Ele-
ments were refined around electrodes and within the imaging region

to optimize simulation accuracy and available resolution. Each data

set was individually inverted (i.e., no constraints were applied in the
time dimension), and Eq. [5] was used to compute the saturation

ratio for each element at cach ERT survey time.

Core-scale testing on site sediments showed the C response to be
primarily governed by decreases in water saturation as opposed to
increases in fluid conductivity during desiccation, validating the
assumption that fluid conductivity () may be considered constant
in time (data not shown). In addition, laboratory testing on site sedi-
ments showed 7 to be ~2.0 within the saturation range indicated
by neutron moisture logging data during the desiccation test, and
a constant value of 2.0 was used in Eq. [5]. The ERT images were
also corrected for temperature before applying Eq. [5]. Laboratory
testing on Hanford site sediments showed a temperature dependence
0f0.00017 S m~! °C~! at 5% VMC and 0.00023 S m™! °C 71 at
12% VMC, consistent with published values (Friedman, 2005; Ma
etal., 2011). A constant value of 0.00020 S m~! °C~! was assumed
for the temperature dependence and used to correct all C results to
a temperature of 20°C based on the interpolated temperature field.

In order for a sequence of time-lapse ERT inversions to be compa-
rable, each inverted data set must contain the same survey configu-
ration and the same number of measurements. This requirement
is problematic when data quality degrades during the course of
the monitoring period. At the desiccation site, electrodes were
installed within a plug of bentonite to facilitate electrical cou-
pling with the host material. Some electrodes within the desicca-
tion zone became poorly coupled to the host material on drying,
probably due to bentonite shrinkage and cracking. Measurements
using these electrodes had to be removed from every survey in the
entire data set to produce a consistent set of measurements for the
time-lapse inversion. This resulted in a loss of sensitivity and image
resolution at depth. Figure 6 shows the squared sensitivity of the
ERT measurements to the bulk conductivity distribution predesic-
cation (left) and post-desiccation (right) along a two-dimensional
transect intersecting the injection and extraction wells. The post-
desiccation decrease in sensitivity in the lower section and below
the injection well was caused by the loss of electrodes during desic-
cation, resulting in an inability to resolve changes below about the
15-m depth. This is important when interpreting the time-lapse
inversion images, which do not indicate the decreases in conductiv-
ity below 15 m that were indicated by neutron logging and radar.
Note that this problem can be addressed in future applications
by encasing the electrodes in a material less prone to desiccation

cracking such as Portland cement grout.

Temperature Monitoring

Thermistors (USP8242 encapsulated negative temperature coefhi-
cient thermistors, U.S. Sensor) were used to monitor temperature.
To achieve accurate temperature measurements across the range of
interest, a fifth-order polynomial was used to relate resistance to
temperature for each of the thermistors used in the field test. The
manufacturer’s calibration relationship was verified for a subset of
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Fig. 6. Electrical resistivity tomography data sensitivity distribution for given data available before desiccation (left) and after desiccation (right). The
loss in sensitivity surrounding the injection well from approximately the 14- to 16-m depth is caused by a loss of electrode coupling within the desicca-
tion zone. The images are shown in true dimension (i.e., no smoothing between tetrahedral elements was applied).

the thermistors in a precision water bath spanning the 0 to 40°C
temperature range, with measured accuracies >0.07°C.

Temperatures were logged continuously (10-min intervals) at cach
thermistor. In addition to use for correcting the ERT-derived C
values to a standard temperature before using the ERT data for
estimating VMC changes, three-dimensional interpolation of the
temperature data was also used to evaluate the desiccation progress.
The three-dimensional temperature field was estimated at selected
times using the same interpolation technique that was used for the

neutron moisture data.

Results and Discussion

Neutron moisture logging provides a large number of vertically
discrete data points at multiple lateral locations with time. These
data are expected to provide the most accurate and high-resolution
information about vertical variations in moisture at the borehole
locations. Cross-hole ERT and cross-hole GPR are expected to
provide indirect but more spatially extensive estimates of moisture
content and associated changes with time. The ERT data were col-
lected autonomously over several boreholes and thus offer tempo-
rally dense information in three dimensions; the GPR data were
collected manually and offer high two-dimensional spatial resolu-
tion but low temporal resolution. The temperature sensors provided
a large number of vertically discrete data points at multiple lateral
locations across the test zone and for multiple time points. We now
describe the data sets and their associated interpretations in terms
of monitoring the distribution of moisture content reduction with

time to at or below a specified threshold moisture content value. We
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compare the different data suites and discuss their relative benefits
and limitations for monitoring a desiccation treatment zone.

Field Test Data

Neutron moisture logging data with time show changes in the
VMC at monitored locations that varied with depth and the initial
moisture content associated with the sediment texture (e.g., Fig. 7).
Neutron logging data are expected to be an accurate localized indi-
cator of VMC because of their calibration to physical measurements
of moisture content from sediment samples. Desiccation was not
uniform across the injection screen depth interval. At each moni-
toring location, the neutron data show the vertical distribution of
desiccation, and zones desiccated to below selected threshold mois-
ture content values can be identified. For instance at Location L2,
the depth interval between about 13 and 17 m bgs was desiccated to
a VMC <0.02 m> m™ by the end of active desiccation. The three-
dimensional distribution of desiccation can be estimated by inter-
polating the neutron moisture logging data between monitoring
locations. Figure 8 shows the VMC for a two-dimensional plane
within the three-dimensional neutron moisture data interpolation.
The distribution of moisture content with time can be used to iden-
tify where desiccation has reached a specified threshold moisture
content, nominally in the 13- to 17-m depth interval out to a radial
distance of about 3 m from the injection well for a moisture content
threshold of 0.02 m3 m=3 (red zone) by the end of active desiccation
in the field test. Interpretation of the two-dimensional moisture
content representation should consider that interpolation does not
incorporate subsurface conditions that can impact the distribution

of desiccation away from the measurement point.
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Fig. 7. Neutron moisture data at Location L2 in days from the start
of active desiccation. Base data are predesiccation. Day 175 represents
the end of active desiccation. Zones of loamy sand (gray) and sand (no
shading) textures are shown for the depth interval 6 to 18 m below
ground surface, where samples were evaluated from a post-desiccation
borehole located 0.9 m away (adapted from Truex et al., 2012a).

The two-dimensional distribution of desiccation between access
wells can also be estimated by cross-hole GPR. Figure 9 shows
the VMC with time for a series of two-dimensional GPR surveys
between adjacent logging wells (Fig. 3). This figure was created
using Eq. [2] and [3], recognizing that the validity of the low-loss
assumption associated with Eq. [2] varies both spatially and tem-
porally. Similar to the neutron moisture data, this estimate for the
distribution of moisture content with time shows desiccation in
the 13- to 17-m depth interval out to a radial distance of about
3 m from the injection well for a moisture content threshold of
0.02 m3 m~> (dark red zone) by the end of active desiccation in
the field test. Interpretation of the two-dimensional moisture
content representation should consider that conversion of GPR-
derived permittivity to VMC is impacted by the C. Desiccation
reduces the C, however, which renders GPR data acquisition more
favorable and improves the accuracy of the GPR-derived moisture
content estimate. For example, Fig. 10 shows the ERT-derived C

distribution along the GPR survey transect before the start of the
test (left) and at Day 140 of desiccation (right). The black regions

Distance from [
injection well (m) 00z 009 046
wmc

Fig. 8. Interpolation of volumetric moisture content (VMC) from
neutron moisture logging data along the axis between the injection
(INJ) and extraction wells. Neutron moisture data are from logging
at Locations L1 to L7 (Fig. 3). The black line indicates the screened
section of the injection well.
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Fig. 9. Two-dimensional interpretation of volumetric moisture con-
tent (VMC) from cross-hole ground-penetrating radar data. Loca-
tions where the low-loss assumption is valid also need to be considered
for interpretation of the VMC. Gray vertical lines are the locations of
the logging wells. The black line indicates the screened section of the
injection well.




| Baseline

P

Day 140

b
10 -
-
£
& .
o .‘

4 -2 0 2 4

Distance from
injection well (m)

-2 0 2

Distance from
injectionwell (m)

Fig. 10. Electrical conductivity distribution showing regions where
the low-loss conditions can be assumed (light regions). Black regions
show where the electrical conductivity is >0.05 S m~!and the low-loss
assumption cannot be applied. Yellow vertical lines are the locations of

the logging wells.

illustrate where low-loss assumptions may not be valid (C > 0.05
S m™1). Before desiccation, the low-loss assumption was generally
valid above a depth of 10 m and invalid below 10 m. At the end
of desiccation, low-conductivity conditions had been established
within a zone from approximately the 13- to 15-m depth. Within
this depth interval, GPR-derived moisture content estimates cor-
relate well with estimates from neutron moisture logging (Fig. 11).
Thus, within zones where desiccation has decreased the C, GPR
can be used with confidence to estimate the moisture content dis-
tribution between wells. At other locations, the estimates should

be considered with caution.

The progression and distribution of moisture content changes as
imaged by ERT is shown in Fig. 12. The ERT data show changes
in the VMC expressed as the ratio of the VMC at the time of mea-
surement (VMC)) to the baseline VMC from an ERT data set col-
lected before desiccation (VMC,y), estimated as described in Eq. [5]
and with recognition that the ratios of VMC and water saturation
are equivalent. Thus, VMC /VMC = 1 designates areas that have
not changed from the conditions before active desiccation. Ratios
<1 indicate desiccation, for instance, where a ratio of 0.5 means
that the VMC is 0.5 times what it was before desiccation. The
representations shown in Fig. 12 are for a two-dimensional plane
extracted from three-dimensional ERT images. Areas where the
VMC,/VMC|, ratio becomes less than a specified value (e.g., 0.5)
could be used to interpret the distribution of desiccation below a
threshold of change (moisture content decreased by half) or below
an absolute threshold if used in conjunction with knowledge of the
starting moisture content. The resolution of the ERT data inver-
sion is on the order of 1 m3. Thus, the ERT images in Fig. 12 do

not resolve sharp contrasts in drying zones with time but show a
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Fig. 11. Comparison of post-desiccation volumetric moisture content
from ground-penetrating radar (GPR) and neutron moisture logging
(NP) for Location L3 within a depth interval (bgs, below ground
surface) where electrical conductivity (C) has been decreased by desic-
cation (light regions in Fig. 10).

“smoothed” image of how the subsurface is changing. Note that
changes below approximately 15 m were not resolved by the ERT
due to electrode loss as discussed above.

Figure 13 shows the temperature distribution for a two-dimen-
sional plane extracted from three-dimensional interpolation of
temperature sensor data during active desiccation. These data rep-
resentations can be used to interpret the distribution of desicca-
tion and when “significant” desiccation was obtained based on the
distribution of evaporative cooling and post-cooling temperature
increases. The progression of cooled zones shown at Days 14, 30,
and 70 are indicators of desiccation activity (evaporative cooling)
and the related dominant injected dry gas flow pattern. By Days
140 and 164, localized warming indicated that some zones had
been desiccated. Desiccation, as indicated by cooler temperatures,
continued to occur at other locations at these times. Interpretation
of the two-dimensional temperature representations should con-
sider that interpolation may not accurately reflect the temperature

distribution away from the measurement point.

Comparative Assessment

The geophysical methods and temperature monitoring applied
in the field test utilize substantially different methods to provide
data for estimating the distribution and extent of moisture content
changes during desiccation. For each method, there are benefits
and limitations for use of these data to monitor desiccation based
on the characteristics of the data collection, analysis techniques,
and sources of error. These benefits and limitations also have impli-
cations for the application of desiccation treatment on a larger scale

than was applied for the field test.
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between the injection (IN]) and extraction wells from cross-hole electrical resistivity tomography (ERT). The ERT data are from sensors at Locations
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Neutron moisture logging and GPR data can be converted using cali-
bration approaches to provide VMC locally at a wellbore or within
a two-dimensional plane, respectively. Electrical resistivity tomog-
raphy cannot be directly converted to VMC, but changes in ERT-
measured C can be converted to corresponding changes in VMC.
Temperature monitoring cannot be related to VMC but is an indi-
cator of desiccation based on evaporative cooling phenomena. Data
sets also have different sources of error; examples here include the
errors expected based on the low-loss assumption used for the GPR
interpretation and the errors associated with the loss of electrode
coupling on the ERT interpretation. Thus, each data set needs to be
interpreted differently and carefully with respect to monitoring the
distribution of desiccation and targeted threshold moisture content.

Neutron moisture logging of a borehole is a standard method
for obtaining a high-resolution vertical profile (~7.5-cm vertical
intervals) of the VMC that is accurate locally (~30-cm radius)
with calibration to sediment data. Temporal resolution of the
data depends on the manual survey frequency, which may lead
to lower temporal resolution than for methods that can operate
autonomously. Subsurface conditions would be expected to change
most rapidly near a dry gas injection well, with responses becoming
much slower at larger radial distances. Thus, the need for frequent
data associated with reaching desiccation targets is related to the
scale of the targeted treatment zone. For desiccation operational
decisions, however, more frequent carly-term data may be needed
to help guide operational adjustments that may impact the overall

long-term performance.

Interpolation of the VMC from neutron moisture logging data can
be used to generate a three-dimensional image of moisture condi-
tions that may be most appropriate for sites with significant anisot-
ropy leading to dominantly horizontal soil gas flow. As the moni-
toring scale becomes larger, however, neutron data may become
sparse compared with the targeted desiccation volume, depending
on the number of access locations installed. For instance, if drying
has occurred at one location but not yet at another location, inter-
polation cannot effectively project the extent of drying past the
first location. As distances between monitoring locations grow
larger, larger portions of the subsurface are essentially not moni-

tored for a period of time by neutron data.

Cross-hole GPR provides the means to monitor VMC in two
dimensions based on the propagation of energy through the sub-
surface between two logging boreholes. Thus, it provides data for
interpretation of VMC distribution away from subsurface access
points and does not require interpolation between access points
like the neutron moisture logging data. Ground-penetrating
radar provides high resolution within the survey plane due to
the high vertical density of data from multiple offset surveys at
the access locations. The GPR borehole spacing is constrained by
energy propagation and generally needs to be <10 m for the vadose
zone and even smaller for arcas with high C (about 3 m at the
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desiccation test site). As with the neutron logging data, temporal
resolution of the data depends on the manual survey frequency.
High Cat contaminated sites (e.g., due to high ionic contaminant
concentrations in pore water such as are present in the lower por-
tion of the test site) can severely impact the accuracy of the GPR
estimate. When the ground has a high C, the low-loss assumption
is not valid and the electromagnetic velocity is affected by both C
and permittivity changes such that accurate conversion to VMC
is difficult. In zones with significant desiccation, however, the C
drops because the moisture content decreases. In those zones, the
low-loss assumption may be valid and GPR data can be used to
estimate the moisture content through Eq. [2] and [3]. At the field
site, even very high initial C dropped to levels appropriate for the

low-loss assumption in desiccated zones.

Cross-hole ERT provides the means to monitor the change in VMC
in three dimensions based on the imaged C distribution in the sub-
surface between multiple electrodes. Decreases in temperature and
moisture content occur during desiccation, both of which cause a
decrease in C. Thus, to improve the accuracy of quantitative esti-
mates of the moisture content change using ERT, a temperature cor-
rection is necessary. This correction is moisture content dependent,
but in practice, a constant temperature correction factor is applied
in the data inversion. In addition, increasing fluid conductivity with
decreasing moisture content may dampen the ERT response and
impact moisture content change estimates. Electrical resistivity
tomography data provides limited resolution such that the distri-
bution of spatial moisture content change is depicted with lower
contrast than actually exists, appearing as a smoothed or blurred
representation of actual changes. This issue is applicable with any
geophysical method requiring an inversion, such as GPR; however,
GPR generally provides higher spatial resolution than ERT given the
same access points for electrodes and antennas. With ERT, spatial
resolution can be adapted by modifying the electrode distribution
and the proximity to the desiccation zone, and can be selected to be
appropriate for the scale of the desiccation target and the resolution
needed based on the monitoring goals. As shown in Fig. 6 and 12,
ERT imaging resolution can change with time if electrodes have to
be dropped from the network because of electrical coupling issues as
the porous medium is desiccated. In the field test, maintaining elec-
trical coupling was difficult in heavily desiccated zones, probably due
to bentonite contraction and subsequent separation from electrodes.
Full-scale applications would need to consider improved wetting
capability or nonshrinkable grout around electrodes to maintain

adequate coupling (e.g., neat Portland cement).

A significant benefit of the ERT method is that the data can be
collected autonomously, which can greatly improve temporal
resolution over manually collected data sets. Thus, ERT provides
the potential for relatively automated imaging of desiccation prog-
ress. Electrical resistivity tomography derived changes in bulk
conductivity provide qualitative information concerning when

and where desiccation is occurring without interpretation. To be

p.12 of 14




quantitative, however, ERT images must be interpreted to relate
the ERT-derived change in the VMC (e.g., VMC,/VMC,)) at the
available data resolution to the site-specific metrics for desiccation
distribution and threshold moisture content targets. Potentially,
using predesiccation measurements of the initial VMC, a thresh-
old VMC change ratio for reducing the VMC to below a specified
threshold could be set (e.g., if the target VMC is 0.02 and the ini-
tial VMC is about 0.06, a target change ratio would be about 0.3).
Interpretation would need to consider that the ERT data represent
average changes within the resolution control volume (e.g., for the
field test, a volume of ~1 m?). Final VMC values may need to be
confirmed at selected locations with another method like neutron
logging or GPR. For the field test, with consideration of the ERT
resolution issues at the bottom of the test zone, a VMC reduction
of about 50% from the initial moisture content value corresponded

to zones where other data also indicated significant desiccation.

Due to the evaporative cooling effect of desiccation, temperature
data with time can also be used to interpret the desiccation distri-
bution and roughly indicate achieving a threshold of significant
desiccation based on the inflection of cooling to warming trends.
Resolution for these determinations depends on sensor spacing,
and interpolation of the data is required, with related issues as
discussed for the neutron logging data. Temperature sensors are
robust and relatively inexpensive, and data can be collected autono-
mously. Thus, temperature monitoring appears to be useful as part

of a desiccation monitoring approach.

Conclusions

Monitoring the progression of in situ remedies such as desiccation
is needed to provide information to guide operational decisions.
Additionally, monitoring data are needed to determine when per-
formance requirements, such as the size of the desiccated zone and
the final moisture content, have been met. Monitoring options for
in situ vadose zone remedies are limited, however, and implementa-
tion can be challenging due to subsurface properties and limited
access. Geophysical monitoring methods were evaluated as part of
a field-scale treatability test of desiccation at the Hanford site, with
an emphasis on providing spatial and temporal information about
the distribution of desiccation and the extent of moisture content
reduction. The study also highlighted the benefits and limitations
of different borehole and cross-hole methods for monitoring desic-
cation. Although the method evaluation objective of the study was
met, future efforts usingjoint or coupled inversion approaches and
more sophisticated petrophysical relationships (Ferré et al., 2009;
Hubbard and Linde, 2011; Laloy et al., 2012) are expected to take
advantage of the benefits and compensate for some of the method-
specific limitations.

Traditional moisture content monitoring through neutron mois-
ture logging is well established and provides detailed vertical profile
information at discrete logging locations. Interpolation of multiple

logginglocations is possible but must be applied with caution because
interpolation does not account for subsurface heterogeneities away
from the logging locations and becomes less representative as the
distance between logging locations increases. While GPR moisture
content estimates are impacted by high C, estimates in low-C and
significantly desiccated zones appear to be similar to neutron mois-
ture data. Ground-penetrating radar scaling to larger applications
may be limited by the need for relatively closely spaced logging access.
Electrical resistivity tomography data can be collected autonomously
for good temporal resolution and can provide estimates of moisture
content change in three dimensions but not estimates of absolute
moisture content; however, ERT implementation is readily scalable
to larger sites. Interestingly, interpolation of temperature data, due
to the evaporative cooling effect of desiccation, also provided useful
three-dimensional information about the progress of desiccation and

is a robust method for vadose zone implementation.
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