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Abstract

Performing repeat pore-fluid sampling over long time-scales can provide valuable
information on unsaturated zone contaminants and their potential flux to ground
water. This information can be used to manage groundwater remedies and identify
contaminants that need to be sequestered in the vadose zone to minimize flux to
ground water. Pore-water samples are commonly used to obtain contaminant con-
centrations within the vadose zone, but existing methods are limited as they only
provide a single sample at one location and time. The vadose zone advanced mon-
itoring system (VZAMS) has been designed to integrate multiple technologies into
a single down-borehole system that allows for sampling of pore fluids (liquid and
gas) to provide information about contamination and hydraulic conditions at multiple
depths (~0.3-m intervals) within a cased borehole. Testing has been completed at the
laboratory scale to verify the sampling elements of VZAMS, including geochemical
testing for representative contaminants known to exist at the Hanford Site, located in
southeastern Washington State. Physical tests focused on the ability of the sampler
to draw fluid under unsaturated conditions. Initial geochemical testing showed that
the stainless steel material used with the porous cuff may affect the sampled con-
centrations of redox-sensitive contaminants under very dry conditions. Additional
laboratory testing demonstrated that the VZAMS components are able to collect rep-
resentative samples for substances of interest under expected field conditions. In this
paper, the design and functionality of a novel instrument are demonstrated in support

of subsequent testing in the field.

Abbreviations: DI, deionized; MIBK, methyl isobutyl ketone; PCAP, passive capillary sampler; VZAMS, vadose zone advanced monitoring system.
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1 | INTRODUCTION

Movement of contamination from the unsaturated zone to
the ground water creates the potential for exposure to recep-
tors through the groundwater pathway, potentially leading
to significant effects to human health and the environment.
However, under natural recharge conditions, contaminant
migration in the deep vadose zone at arid sites is a slow pro-
cess (decades to hundreds of years) relative to groundwater
transport resulting in unique challenges for characterization,
monitoring, and remediation (Dresel et al., 2011; Oostrom
et al., 2016).

For unsaturated soils, contaminant flux is determined by
several important factors, including the recharge or deep
drainage rate, and soil hydraulic properties. Water flow
through the vadose zone is generally at rates determined by
the unsaturated hydraulic conductivity and matric suction gra-
dient of the sediments. Several U.S. Department of Energy
legacy waste sites have contaminated deep vadose zones,
including the Hanford Site (Gee et al., 2007), Idaho National
Laboratory (Nimmo et al., 2004), and Los Alamos National
Laboratory (Birdsell et al., 2005). Although the presence of
radionuclides is a primary concern at these sites within the
thick vadose zone, the fate and transport of other contaminants
is also a concern, including metals (Dresel et al., 2011; Hua
et al., 2007) and organic solvents (Gee et al., 2007; Oostrom
& Lenhard, 2003).

Measurements related to the presence of contaminants in
the unsaturated zone currently rely heavily on geochemical
analyses performed on core samples obtained during drilling
of groundwater monitoring wells. The use of groundwater
monitoring alone does not provide information on expected
arrival times of vadose zone contaminants to ground water,
nor does it verify when fluxes are reduced due to a diminishing
source (Dahan, 2020). Groundwater monitoring wells provide
spatial and temporal contaminant concentration information
that supports remediation management for the groundwater
aquifer but provide no information regarding vadose zone
concentrations. Groundwater contamination can be monitored
at several depths in aquifer systems using multilevel sam-
plers (Einarson & Cherry, 2002; Miiller et al., 2010), but the
technology has yet to be adapted in practice to unsaturated
sediments.

Vadose zone cores can provide insight into geochemi-
cal and microbiological activity in contaminated sediments,
which can affect the fate and transport of contaminants
(Demirkanli et al., 2018; Fredrickson et al., 1993; Szecsody,
Truex, et al., 2018; Truex et al., 2017). Additionally, stud-
ies of agricultural contaminant (nitrate) transport have used
core samples collected at known times after fertilizer appli-
cations to examine how solutes are distributed in the vadose
zone (Harter et al., 2005). While direct soil or sediment
sampling can provide important characterization information,

Core Ideas

* A new down-borehole tool to sample vadose zone
pore fluid was designed, constructed, and tested in
the laboratory.

* Laboratory-scale tests demonstrate the ability of
the sampler components to effectively draw fluid
samples.

* The downhole tool is able to collect representa-
tive fluid samples without geochemical alteration
of constituents.

these measurements are typically limited to a single snap-
shot in time for any given sample location. Although repeat
pore-fluid sampling is feasible in the shallow vadose zone,
it is much more difficult to accomplish at sites such as Han-
ford where the unsaturated sediments are very thick (up to
~100 m).

Commercially available samplers are generally designed
for depths <10 m, although pore-water tension samplers can
be installed at greater depths (upwards of 70 m). Several
authors have demonstrated successful measurements of solute
flux with tension samplers in the unsaturated zone (Dahan
et al., 2009; McGuire & Lowery, 1994; Sisson et al., 2011;
Turkeltaub et al., 2016; Wood, 1973). These instruments use
a porous plate or cup or tube geometry that is placed so that
its outer surface is in contact with soil. A partial vacuum is
applied to the interior that causes pore water to be drawn
into the device under the condition that the vacuum does not
exceed the air-entry pressure of the porous material (other-
wise soil gas or air will be drawn in). Both McGuire and
Lowery (1994) and Sisson et al. (201 1) developed monitoring
systems that used a tension sampler at a set depth coupled with
moisture content and water potential measurements to eval-
uate solute flux. Turkeltaub et al. (2016) used multisampler
methods to collect pore-water samples from multiple depths
along with moisture content measurements to continuously
evaluate nitrate transport through the vadose zone (Dahan
et al., 2009; Rimon et al., 2007). Existing limitations with
tension samplers include clogging, adsorption of analytes,
and contamination by the sampler porous material (Di Bonito
et al., 2008; Grossman & Udluft, 1991; McGuire et al., 1992).
Sorption of solutes is generally less of a problem for Teflon
and fritted glass, followed by stainless steel, with ceramic hav-
ing the largest effect (Alexander et al., 2018; Jabro et al., 2008;
Kim et al., 2006; McGuire et al., 1992; Rais et al., 2006;
Zhu et al., 2017). Reduction of redox reactive contaminants
has also been reported to occur on stainless steel (Alexander
etal., 2018; Kim et al., 2006; Odaka & Ueda, 1995), although
passivation of the stainless steel or use of other metal alloys
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(e.g., titanium, nickel) can nearly eliminate potential redox
reactions.

Passive capillary samplers (PCAPs) have also been used
to measure pore-water concentrations, albeit in the shallow
unsaturated zone (Frisbee et al., 2010; Holder et al., 1991; Liu
et al., 2013; Peranginangin et al., 2009). The instrument oper-
ates by placing a capillary-wicking material (typically a rope
made of many individual fibers) in contact with soil that intro-
duces a hanging water column to create tension on the soil
proportional to the length of the wick (Brown et al., 1986;
Frisbee et al., 2010; Holder et al., 1991; Jabro et al., 2008;
Knutson & Selker, 1994). Although they do not require an
applied vacuum to function, PCAPs are ineffective in very
dry soils with high matric potentials due to limitations on
the amount of tension that can be applied. Fiberglass is com-
monly used for the wick material, but this material can affect
the chemistry of the sample by the same adsorptive effects as
discussed above for the suction samplers (Goyne et al., 2000;
Perdrial et al., 2014).

Soil gases can also contribute to contaminant concentra-
tions in ground water, making them important to measure for
volatile compounds. In addition, remedies that inject gases
require information on the spatial and temporal distribution
of gas concentrations to determine the size, shape, and over-
all effectiveness of the treatment (Truex et al., 2012). Injected
gases can be used for pneumatic testing and as tracers to
assess field-scale, site-specific gas permeability (Truex et al.,
2012). A typical gas sampling design for the vadose zone
is one based on a pore-water tension sampler, consisting of
a gas-permeable porous cup or tube that is attached to a
tube extending to the surface (Truex et al., 2012). Nauer
et al. (2013) also developed a multilevel sampling system that
uses a packer system with individual sampling valves and
capillaries to collect gas samples from multiple depths.

The vadose zone advanced monitoring system (VZAMS)
has been developed to address the need for depth-discrete
aqueous and gas phase concentration measurements for thick
unsaturated sediments. The instrument is based on an exist-
ing wireline sample acquisition system used for groundwater
sampling, providing ease of use for time-series sampling in
the deep vadose zone by eliminating the need for tubing within
the borehole. This paper describes the instrument design and
laboratory testing performed to support effective deployment
in the field.

2 | MATERIALS AND METHODS

To provide sampling at multiple depths along a cased
wellbore, a wireline sample acquisition system (Westbay
Instruments) designed for use under saturated conditions
was modified for sampling in an unsaturated environment.
The VZAMS instrument relies on customized well casing
elements specifically engineered to sample liquid or gas,

depending on operational requirements and field conditions.
The liquid and gas sampling systems—also designated as
“subassemblies”—are configured with an external porous
membrane fixed to an internal frame that provides a dock-
ing point for the sample acquisition system. A vacuum is
applied to the sample container, and the Westbay wireline tool
is lowered to the desired depth and engages with the VZAMS
subassembly section of the borehole casing (Figure 1). Once
properly engaged with the sampler element, the port on the
Westbay tool is opened to allow fluid to flow into the con-
tainer. Once the fluid sample is collected into the container,
the probe and container are then retrieved to the surface for
further analysis.

2.1 | Design of VZAMS samplers

The VZAMS liquid and gas samplers are modified sections
of well casing engineered to enable the efficient withdrawal
of fluid when embedded in unsaturated sediments. Porous
316L stainless steel was used to construct the sampler cuffs
as it is very resistant to corrosion under conditions such as
those common in the vadose zone at legacy waste sites like
Hanford. The vadose zone conditions are near-neutral in pH,
low in salinity, and does not contain high concentrations of
any known corrosive chemical constituents (Szecsody, Truex,
et al., 2018). To maintain a high air-entry value, the liquid
sampler porous metal cuff has an average pore size of 0.1 pm
and is 1-mm thick. The small pores retain water and allow
pore water to move through the membrane but prevent the
passage of air, unless the air-entry pressure of the membrane
is exceeded (at ~70 kPa of soil-moisture tension). The gas
casing subassembly has larger pore size and lower air-entry
pressure to allow for gas migration. The average pore size of
the gas sampler porous cuff is 40 pm. This porous cuff is man-
ufactured twice as thick as the liquid sampler’s porous cuff
(2 vs. 1 mm).

The porous cuff creates a sampling contact area of approx-
imately 64 cm? directly in contact with the surrounding
unsaturated sediments. A series of interconnected drainage
channels underlie the porous cuff (Figure 1). At the center
of the drainage grid is a single small hole connecting the
surface area of the porous material to the inside wall of the
well casing. The total internal volume of the liquid sampler
(pore volume of the porous stainless steel plus the volume of
drainage channels is approximately 1.4 ml. Integral orienting
and locating features (ramp and notch) are designed to align
the commercial sampling tool to the sampling hole.

2.2 | Test cell and data acquisition system

A stainless steel test cell was constructed to test the perfor-
mance of the VZAMS samplers at a laboratory scale. The
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test cell accepts the VZAMS sampler components, as shown
in Figure 2, and has several ports for instrumentation and
fluid circulation. The test cell assembly can be filled with
2 L of fluid or sediment and includes a stainless steel top plate
that can be sealed to enclose the volume between an installed
VZAMS sampler and the test cell walls.

A custom-built data acquisition system was designed for
the evaluation of the physical performance of the VZAMS
components prior to field deployment. The data acquisition
system consists of a National Instruments CompactRIO sys-
tem, which includes a programmable controller that uses
Linux operating system. The MOSDAX (Westbay Instru-
ments) commercial wireline borehole sampling probe was
used to collect pore fluid from the VZAMS samplers. A West-
bay Instruments MAGI II datalogger was used to log data
from the wireline sampling tool.

2.3 | Laboratory performance testing

Several laboratory-based tests were carried out to evaluate
the performance of the instrument prior to field instal-
lation. These experiments were particularly focused on
quantifying the reactivity of the porous stainless steel with
known contaminants present at the Hanford Site, for exam-
ple, chromate (10-13,000 pg L), U (10-9,500 pg L),
nitrate (0-50 mg L~!), and methyl isobutyl ketone (MIBK)

Grout pack
Sand pack

Aqueous or
gas sampler
Wireline tool

alignment arm

Porous
stainless
steel

Sampling
port/pressure
monitoring

Fluid sampling
container

Aqueous or gas sample is pulled
through the porous stainless steel.

Diagram of vadose zone advanced monitoring system (VZAMS) installed in a borehole and Westbay wireline tool operation

(0—4,000 mg L) (Szecsody, Mitroshkov, et al., 2018). Test-
ing included (a) measurement of the saturated hydraulic
conductivity of the aqueous sampler; (b) measurement of the
air-entry pressure of the aqueous sampler using multiple solu-
tions of MIBK in water; (c) quantification of the flow rate and
contact time of pore water from sediments at different water
contents through the sampler; and (d) measurement of the
potential contaminant interactions (i.e., sorption, reduction)
with stainless steel and rubber components of the sampler.

2.3.1 | [Evaluation of the hydraulic conductivity
of the VZAMS porous steel

The saturated hydraulic conductivity of the porous steel of
the sampler was measured to evaluate the rate at which the
sampler could pull a water sample under tension, assuming
the bubbling pressure of the porous steel is not exceeded.
Hydraulic conductivity (K), defined by Darcy’s law, measures
how much fluid flows through a given cross-sectional area
and length of material under a known pressure differential at
steady state. Darcy’s law can be expressed as:

Q = _K dh )
A dl
where Q is the flow rate, A is the surface area of the material,

K is the saturated hydraulic conductivity, dh is the change in
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Threaded ends for
connecting sections of

2-inch well casing

FIGURE 2
translucent to display internal structure)

hydraulic head or known pressure differential, and dl is the
length of the flow path through the material. The liquid sam-
pler subassembly was saturated overnight in deionized (DI)
water. The assembly was then installed in the test cell, which
was filled with DI water and left open to atmospheric pres-
sure. The Westbay wireline tool was then engaged with the
liquid subassembly. A fluid line from the outlet of the Westbay
tool was connected to a collection flask located on a zeroed
balance. A pressure controller was used to apply a vacuum
of 100 cm of H,O to the collection flask, and the sampling
port on the Westbay tool was opened to allow fluid to flow
through the porous steel cuff and through the wireline tool
into the collection flask. The mass of water collected in the
flask was recorded each minute for 3—5 min. This procedure
was repeated for vacuums of 20-50 kPa. The rate of flow was
then used with Equation | to calculate the saturated hydraulic
conductivity of the porous steel cuff.

2.3.2 | Physical performance of the VZAMS
aqueous sampler in filter pack

The nominal diameter of the VZAMS pore water and gas
samplers is 5.1 cm (~2 in.) as it was designed to occupy a
standard PVC well casing. The nominal diameter of a bore-
hole is anticipated to be ~10 cm (4 in.). Filter pack material
consisting of 100-200 mesh clean quartz sand is typically
used to fill this annular space for well installations, alternating
with layers of grout (Brown et al., 2006; Dumble et al., 2006;

Alignment ramp

for Westbay® tool

Test cell (2 liters)

VZAMS sampler

Porous cuff with interior

drainage channels

Schematic diagram of test cell assembly with vadose zone advanced monitoring system (VZAMS) sampler installed (shown as

Einarson, 2006). Once deployed in the field, the VZAMS
components would be centered in the ~1.5-m thick sand lifts
between ~3-m thick cement or bentonite grout seals. Dry
moisture conditions and very low surface recharge result in
limited preferential annular flow along the vertical borehole.
Annular flow may occur after atypical precipitation events,
and sampling should not occur following heavy precipitation
for risk of nonrepresentative samples. Additionally, the grout
seals in the borehole annulus between the VZAMS sampler
elements further minimizes preferential vertical downward
flow along the borehole annulus between sampler locations.
Some vertical flow can be expected within the sand lift inter-
vals, and samples collected will be representative of average
conditions along the sand interval. Placement of grout in the
borehole annulus between sampler locations is also expected
to improve the lateral hydraulic connection between the sam-
plers and the adjacent sediments such that collected samples
are representative of the pore fluids in the adjacent sediments.

After installation, the filter pack should be allowed to equi-
librate with the conditions of the surrounding sediments prior
to sample collection. The rate of this equilibration will be
dictated by the moisture content and unsaturated hydraulic
conductivity of the native sediments and the filter pack mate-
rial. Physical and hydraulic properties of the native soils or
sediments can be estimated from intact core samples col-
lected during drilling. This characterization can be helpful
in determining the filter pack material to use in the bore-
hole annulus, and in estimating the appropriate vacuum to
apply to the aqueous samplers. After equilibrating with the
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FIGURE 3 Particle-size distribution for LM 125 sand

surrounding sediments, water extracted by the VZAMS pore-
water sampler must pass through filter pack material and be
resupplied by pore water from the surrounding native sed-
iments, such that over time, the VZAMS will effectively
sample the pore water from the native sediments. Experimen-
tal data are needed to provide confidence that the VZAMS
pore-water sampler will be able to effectively extract water
from unsaturated filter pack materials under expected field
conditions.

A target quartz sand filter pack material, LM 125, was
selected for field deployment. The LM 125 sand is a locally
sourced (Lane Mountain Sand Co.) clean quartz sand that is
fine enough to maintain sufficient moisture to extract an aque-
ous sample from under expected field conditions and has high
enough hydraulic conductivity to obtain a sample in a reason-
able amount of time. The particle-size distribution data for
this material is shown in Figure 3.

No other physical or hydraulic property data are cur-
rently available for the LM 125 sand. Therefore, hydraulic
parameters for the LM 125 sand were estimated from its
reported particle-size distribution and correlation functions
developed from published grain size distributions and mea-
sured hydraulic properties (Carsel & Parrish, 1988). A
characteristic curve of soil matric tension and hydraulic con-
ductivity vs. volumetric water content of LM 125 sand using
estimated parameters is shown in Figure 4.

Typical volumetric water contents in the subsurface at the
Hanford Site are expected to range from about 0.03-0.11 with
soil matric tensions ranging from about 5-50 kPa (Brown
etal., 1986; Rockhold et al., 2017). Using an estimated poros-
ity for the filter pack of 0.478, and assuming a grain density
of 2.65 g cm™>, the estimated dry bulk density of the LM 125
filter pack is ~1.38 g cm™. Target water contents of 4 and
8% water by weight were tested because their corresponding

1000 . 1.00E-03
1
. 1.00E-04
\
- = =Tension 1.00E-0
Conductivity ’ 05
I
—_ <
£ 100 1.00E-06 &
< =
g 5
@ 1.00E-07 O
e o
() 3
= g
2 o 1.00E-08 &
© Se =
= . <
3 10 \ . 1.00E-09 %
\ @2
\ 1.00E-10
1
: 1.00E-11
1
1 1 1.00E-12
0 0.1 0.2 0.3 0.4 0.5 0.6
Volumetric Water Content
FIGURE 4 Water retention (van Genuchten, 1980) and hydraulic

conductivity (Mualem, 1976) estimates for the LM 125 sand based on
particle-size distribution data and hydraulic property correlation
functions

TABLE 1 Artificial ground water used in extractions (Szecsody,
Truex, et al., 2018)

Constituent Concentration  Mass for 1 L
mg L~! g

H,SiO;*nH, O, silicic acid 15.3 0.0153

KClI, potassium chloride 8.2 0.0082

MgCOj;, magnesium carbonate 13 0.013

NaCl, sodium chloride 15 0.015

CaSO,, calcium sulfate 67 0.067

CaCOs, calcium carbonate 150 0.15

volumetric water contents, ~0.05 and ~0.11, respectively, are
representative of field conditions.

LM 125 sand was brought to moisture contents of 4 and 8%
using artificial Hanford ground water (Table 1). The VZAMS
aqueous sampler was saturated under a vacuum overnight
in the artificial groundwater solution to ensure no air was
trapped in the porous steel. The mass of the empty sample con-
tainer was recorded, then the sample bottle was evacuated to a
pressure of —40 kPa and the sample bottle was attached to the
Westbay wireline tool. The aqueous sampler was installed in
the test cell and the pre-wetted sand was then packed in the test
cell to a density approximating Hanford soil bulk density. The
Westbay wireline tool was then inserted into the sampler and
locked into place. A tensiometer was inserted into the sand
through a port in the test cell and the test cell was closed except
for a small port to minimize evaporation while allowing atmo-
spheric pressure. The valve on the Westbay wireline tool was
then opened to collect a pore-water sample. Every minute,
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the tensiometer pressure, the sample bottle pressure, and the
pressure and temperature at the Westbay sampling port were
recorded by the data acquisition system. The test was termi-
nated when there was no longer a pressure gradient between
the test cell and the sample bottle, as measured by the trans-
ducer on the sample bottle. The mass of the sample was then
measured. This procedure was repeated three times for each
water content for a total of six tests.

2.3.3 | Evaluation of the influence of MIBK on
bubbling pressure of VZAMS aqueous sampler

The surface tension of water decreases with increasing MIBK
concentration (Demond & Lindner, 1993). With concen-
trations of MIBK as high as 4,000 mg L' (Szecsody,
Mitroshkov, et al., 2018), a reduction in bubbling pressure
could potentially reduce the effective operational range of
the aqueous sampler in the field. Therefore, air-entry pres-
sure measurements of the VZAMS aqueous sampler were
made in water containing varying MIBK concentrations up
to 6,000 mg L-!. The nominal capillary bubbling pressure of
the porous stainless steel material used in the VZAMS aque-
ous sampler is ~70 kPa. The sampler was tested in solutions of
artificial ground water, a water composition based on the geo-
chemistry of Hanford ground water (see Table 1) with MIBK
in concentrations of 1,500, 3,000, and 6,000 mg L. The lig-
uid sampler was sealed at both ends and inserted into a beaker
of the test solution and saturated under vacuum for at least 4 h.
The interior pressure of the sampler was then increased incre-
mentally every 3 min until the air-entry pressure of the porous
frit was reached and bubbles were seen on the surface of the
porous material. The air-entry pressure of the porous material
was recorded for each concentration of MIBK.

2.3.4 | Characterization of contaminant
interaction with VZAMS sampler components

The stainless steel and rubber (O-ring) components of the
VZAMS sampler were identified as components that may
cause sorption or reduction of specific contaminants that are
present at the Hanford waste site. For example, the 316L
porous stainless steel has previously been reported to exhibit
reduction of dissolved oxygen (Alexander et al., 2018; Kim
et al., 2006), and so may reduce chromate and U(VI) aqueous
species.

Sorption—reduction experiments were performed using
selected contaminants (i.e., Cr, U, nitrate, MIBK) in artificial
ground water and to evaluate potential geochemical interac-
tion between the contaminant (or multiple contaminants) and
the stainless steel or rubber VZAMS components. Different
types of batch experiments were performed, which included:

(a) measurement of U and Cr interactions over time (0-530 h);
(b) measurement of individual contaminant U, Cr, NO;, and
MIBK removal from solution (from sorption and reduction)
at different contaminant concentration; (c) measurement of
coupled contaminant removal from solution to evaluate com-
petition for adsorption-reduction sites; and (d) measurement
of U or Cr adsorption—reduction in the presence of high MIBK
concentration.

The individual and coupled contaminant batch experiments
were conducted over 24 h at a solute concentration of 1.0 g
ml~! with Cr at 20-2,000 pg L', U at 10-1,000 pg L',
NO; at 10-100 mg L', and MIBK at 10-3,000 mg L' in
artificial ground water (Table 1). Kinetic batch experiments
were conducted at a stainless steel/water ratio concentration
of 0.68 g ml™' with 360 ug L~! chromate and 230 pg L!
U and sampling times at 0.03, 3, 21, 66, 166, 334, 500, and
530 h. At the end of the kinetic experiment, the porous stain-
less steel was separated from the remaining fluid into two
vials and solid phase Cr and U was extracted with (a) an ion
exchange solution to extract adsorbed contaminants [1.0 mol
L Mg(NOs),], and (b) 2% nitric acid to dissolve and oxi-
dize reduced or precipitated Cr and U surface phases (i.e.,
CrI”(OH)3 and UIVOZ). Some experiments were conducted
with duplicates.

The contaminant concentrations in the initial (i.e., unre-
acted) solution and after reaction(s) with solids were mea-
sured by different analytical methods. The MIBK concentra-
tion was measured by gas chromatography-mass spectrometry
by head sampling. Aqueous U was measured by two methods:
(a) inductively coupled plasma-optical emission spectrometry
(ICP-OES) for total aqueous U, and (b) kinetic phosphores-
cence analysis for U(VI) aqueous species (Brina & Miller,
1992). The purpose of the dual analysis was to confirm
adsorbed species (if any) are U(VI) aqueous species and
acid-extracted samples from the surface are U(VI) or U(IV)
species. Aqueous Cr was also measured by two methods: (a)
ICP-OES for total aqueous Cr, and (b) colorimetric analysis
by reaction with 1,5- diphenylcarbazide for aqueous Cr(VI)
species, following Hach method 8023 (based on Environmen-
tal Protection Agency Method 7196A) (Pflaum & Howick,
1956). The aqueous nitrate concentration was measured by ion
chromatography.

For contaminants that exhibited only sorption and no
reduction, a Langmuir adsorption isotherm,

S=MKC/(1+KC) 2)

was used to fit the experimental data, where S is the solute
surface phase concentration (in mg kg™'), C'is the solute final
aqueous concentration (in pg ml~!), M is the total number of
sites (mg kg!), and K is the concentration-specific adsorp-
tion affinity parameter. A distribution coefficient (K;) was
also calculated at each concentration using the relationship
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Ky=5/C=MK/(+KC) 3)

The Mott Metallurgical porous 316L stainless steel used to
construct the porous cuffs had a measured dry bulk density
(py) of 6.53 g ml™! and porosity (0) of 0.184. Rubber den-
sity was estimated at 1.2 g cm™> and a porosity of 0.24. These
values were used to calculate the retardation factor using:

Ry =1+p,Ky/0 €]

Additional batch experiments were performed on alternate
materials to evaluate whether another available porous mate-
rial may be more suitable for use in environments containing
redox-sensitive contaminants. These experiments followed
the same procedure as the stainless steel experiments, and
were performed on porous Ni, Ti, and ceramic.

Further testing was performed on the stainless steel pro-
totype sampler to evaluate the ability of the liquid sampler
element to collect chemically representative samples based on
the flow rates measured during the filter pack experiments.
Artificial groundwater solution (Table 1) containing a known
quantity of chromate was pumped through the liquid sampler
element at fixed flow rates, which encompass the range of
expected sampling rates under field conditions (2 ml d”! to
2 ml h™1). At a flow rate of 2 ml h™!, samples were collected
every 3 h for a total of six samples. At a flow rate of 2 ml d”!,
samples were collected after 48, 96, and 144 h. Measures were
taken to reduce evaporation of the samples during collection
to ensure accurate chemical analysis. The samples collected
were then analyzed for Cr content and compared against the
starting (control) concentration to determine whether Cr was
removed from the solution through interaction with the porous
stainless steel. The ICP-OES analysis was used to measure
total aqueous chromium on the collected samples as well as
several control samples.

235 |
sampler

Physical performance testing of the gas

The VZAMS gas sampling subassembly was installed in the
test cell. The Westbay wireline tool was then seated in the
sampling port on the gas sampler subassembly, and the sam-
ple bottle was evacuated to a pressure of —40 kPa. The test
cell was then purged with N, gas for 20 min before the port
on the Westbay tool was opened to draw a sample of N gas
from the test cell. Commercial Dréiger oxygen sampling tubes
and pump were used to assess the presence of oxygen in the
gas sample bottle. The presence of oxygen would indicate gas
drawn into the sample bottle from a source other than the test
cell. Figure 5 shows a schematic illustration of the method
used for testing the gas samples. The test was repeated five

times for a total of six analyses. Three samples of ambient air
were also tested for oxygen levels.

3 | RESULTS

3.1 | Hydraulic conductivity

The flow rate of water through the porous steel cuff at pressure
differentials of 10-50 kPa is shown in Table 2. The mean flow
rate (cm® min~!) over each 5-min test duration was calculated
and is also shown in Table 2.

The surface area and thickness of the porous steel cuff are
63.88 cm? and 0.1 cm, respectively. These values are used
with Equation | to calculate the mean hydraulic conductivity
of the sampler material (see Table 3). The mean saturated
hydraulic conductivity of the porous cuff is 1.49 x 107 cm
sl

3.2 | Filter pack performance tests

As noted previously, the experimentally determined saturated
hydraulic conductivity of the porous stainless steel in the
VZAMS pore-water sampler is approximately 1.5 X 107% cm
s~'. The sampling rates for the six tests (three tests at each
water content) in filter pack ranged from about 2 ml d~!
up to nearly 2 ml h™!. Results demonstrated that collection
times could be several days, especially at lower water con-
tents, as demonstrated by the 4% water content by weight
sample requiring several days to collect approximately 3 ml of
water. Additionally, some variability in sample mass collected
was observed for the tests at 8% water content by weight,
which may indicate the potential for the area adjacent to the
porous cuff to desaturate faster than fluid moving to replace
the extracted pore fluid, thereby limiting the conductivity of
the filter pack near the sampling location. In addition to mois-
ture content, additional factors such as soil composition may
affect the sampling time required. Therefore, the appropri-
ate sample duration is site-specific and should be determined
based on the soil characteristics at the site of interest. For typ-
ical Hanford soil conditions, a container pressure of —40 kPa
and sampling duration of 72 h is appropriate for collecting
liquid samples.

3.3 | Influence of MIBK on bubbling
pressure

The air-entry pressure of the liquid sampling subassembly at
concentrations of MIBK of 0, 1,500, 3,000, and 6,000 mg
L' in artificial groundwater solution (Table 1) was measured.
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FIGURE 5§

Schematic diagram of a setup for using Dréger gas sampling system to measure concentrations of O, in gas samples collected from

the vadose zone advanced monitoring system (VZAMS) gas sampler subassembly

TABLE 2 Flow rate of deionized water through the porous stainless cuff over time at different pressure differentials
Volume of deionized water collected per minute
Interval 10 kPa 20 kPa 30 kPa 40 kPa 50 kPa
min ml
1 7.56 14.03 17.8 18.96 23.94
2 7.32 14.04 17.66 18.41 22.76
3 7.23 13.66 16.09 18.01 21.7
4 7.19 13.48 16.03 17.39 20.41
Mean 7.325 13.8025 16.895 18.1925 22.2025

TABLE 3 Measured sampling rates and calculated hydraulic
conductivity values for different pressure differentials

Pressure differential Sampling rate K

kPa cm? min~! cms~!

10 7.325 1.89 x 1076

20 13.8025 1.78 x 1076

30 16.895 1.46 x 107°

40 18.1925 1.18 x 107°

50 22.2025 1.15 x 10°
Mean 1.49 x 10°°

The air-entry pressure of the porous sampling material was
not reduced at 1,500 mg L' MIBK. At 3,000 mg L', the
air-entry pressure was reduced to 67.5 kPa, and at 6,000 mg
L' the air-entry pressure was nominally reduced to 60 kPa.

The highest measured concentration of MIBK in Hanford sed-
iments is 4,000 mg L', and even at higher concentrations
the air-entry pressure is still higher than the greatest esti-
mated matric tension in the Hanford vadose zone (Szecsody,
Mitroshkov, et al., 2018). Based on these results, it is not antic-
ipated that concentrations of MIBK will affect the ability of
the VZAMS to effectively pull a water sample in the field.

3.4 | Contaminant interaction with stainless
steel and rubber components

3.4.1 | MIBK interactions

A minimal amount of MIBK sorption was measured to the

porous stainless steel with calculated K, values of 0.02 ml g
(at 10 mg L~! MIBK) to 0.06 L kg~! (at 1,000 mg L~! MIBK).
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FIGURE 6 Reduction of 360 mg L' chromate with porous

stainless steel

3.4.2 | Nitrate interactions

No nitrate sorption or reduction was measured with inter-
actions with the porous stainless steel component of the
VZAMS sampler. For experiments at low (10 mg L)
nitrate concentration, the final nitrate concentration after 24
h of contact with the stainless steel was 22-30% higher
than the initial nitrate concentration, indicating some nitrate
leaching from the stainless steel surface. This nitrate is
presumed to be left over from a cleaning/passivating step
during the manufacturing process (ASTM International,
2017).

3.4.3 | Chromium interactions

A batch time-course experiment was conducted to quantify
the rate of chromate aqueous species removal from solution
and determine if the surface species were adsorbed or reduced.
Chromate initially at a concentration of 360 ug L~! (with U,
as described in the following section) was removed within
330 h of contact with the porous material, and the rate was
fitted with a first-order reduction reaction with a 20-h half-life
and reduction rate of 1.53 x 10~ mmol h~! kg~! (Figure 6).
This chromate removal was consistent with reduction rather
than sorption, and proof of reduction vs. sorption was ver-
ified with recovery of adsorbed chromate and precipitated
Cr(III).

Additional chromate interaction experiments with stain-
less steel and rubber components were conducted in batch
systems at different chromate (and other solute) concentra-
tions. Over a period of 24 h, chromate removal decreased with
increasing concentration (from 20 to 2,000 pg L"), indicat-
ing a rate limitation for the porous stainless steel reduction of
chromate. Chromate removal from solution by rubber compo-
nents was small (K; = 1.2 L kg™!) and attributed to sorption.

‘ iﬁitial coné.
) 200
= ]
=
=]
m A
=]
° ] L
g 100+ A data F
g ] first-order model
second-order model ‘
———third-order model
o"z‘m_ S — oo
10 107 10° 10" 10
time (hr)
FIGURE 7 Uranium reduction rate on porous stainless steel

The presence of MIBK did not alter the chromate removal
rate.

3.4.4 | Uranium interactions

A batch time-course experiment was also conducted to quan-
tify the rate of U aqueous species (initially at 224 pg L)
removal from solution in the presence of chromate (see pre-
vious section). The U was removed from solution at a slower
rate than chromate, which left some U(VI) remaining in aque-
ous solution at 530 h. The rate of removal could not be
fit with a first- or second-order model (red and black lines,
respectively, Figure 7), but could be fit with a third-order
model (green line). The U(VI) reduction to UIV)O, precip-
itates is a second-order electron transfer reaction, so in total
a third-order reaction. Although the 12-h half-life was more
rapid than chromate, the calculated reduction rate was smaller
(8.0 x 107 mmol h™! kg~!) because of the lower starting
mass (0.022 pmol U vs. 0.167 pmol Cr).

Extraction of adsorbed U surface phases on the porous
stainless steel using the Mg-nitrate ion exchange solution
showed that 0.25% of U was U(VI), and thus was likely
present on the surface as adsorbed Ca-uranyl-carbonate
species. The total U recovered from the surface with the 2%
nitric acid extraction was 120% of initial U(VI) mass, so
nearly all uranium removed from solution was reduced and
precipitated on the stainless steel surface.

Additional U interaction experiments with stainless steel
and rubber components were conducted in batch systems at
different U (and other solute) concentrations. Over a period
of 24 h, U removal decreased with increasing concentration
(from 10 to 1,000 pg L"), indicating a rate limitation for the
porous stainless steel reduction of U, similar to that observed
for chromate. Uranium removal from solution by rubber com-
ponents was very small (K; = 0.36 L kg~!) and attributed to
sorption. The presence of MIBK did not alter the U removal
rate.
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FIGURE 8 Chromate concentration over time of samples collected through vadose zone advanced monitoring system (VZAMS) porous

stainless steel at fixed flow rates of (a) 2 ml h™! and (b) 2 ml d™!

3.4.5 | Contaminant interactions with alternate
porous materials

Results of additional batch testing show that reduction of U
and chromate occurs with all tested porous materials (i.e., Ti,
Ni, ceramic), at varying rates. Rates of reduction of U and
chromate by Ni and Ti were similar or even slightly faster
than 316 stainless steel. Sorption of U and chromate to porous
ceramic was also observed. These results are presented in the
Supplemental Materials.

3.4.6 | Chromate interactions with stainless
steel at expected flow rates

Based on the results of the performance testing of the fluid
sampler in filter pack materials, it was determined that the
sampling rate could vary from as low as 2 ml d~! under very
dry conditions to as high as 2 ml h™! at higher water content
conditions. Further testing to evaluate the interaction of con-
taminants with the liquid sampler element at expected sample
flow rates show no measurable loss of Cr at expected sam-
pling rates. Initial geochemical testing showed that chromate
had the fastest removal rate of the contaminants of inter-
est. Therefore, this additional chromate testing demonstrates
that at expected flow rates, no measurable loss of any redox-
sensitive contaminants of interest is expected. The measured
values of chromate concentration after 3, 6,9, 12, 15, and 18 h
at flow rate of 2 ml h™! as well as after 48, 96, and 144 h at flow
rate 2 ml d-! were all within the measurement uncertainty of
the control measurements (Figure 8).

Based on the volume of the liquid sampler porous cuff
(1.4 ml), the expected range of field sampling rates corre-
spond to a fluid contact time with the porous material of 0.7 h
to approximately 17 h. Given the observed reduction rate of U

and chromate and the results of the additional chromate test-
ing, at higher water content in the vadose zone, the sample
contact time with the porous stainless steel will result in min-
imal influence of chromate or U reduction. At very low water
contents, however, the extended contact time between the pore
fluid and the porous stainless steel during collection of lig-
uid samples could result in some observed loss of U or Cr
through reduction by the porous stainless steel. However, any
indication of contaminant presence would still provide infor-
mation on subsurface contaminant conditions. Contaminant
flux through the vadose zone would also be very small under
such dry conditions.

3.5 | Physical performance testing of the
VZAMS gas sampler

Tests of the gas sampling subassembly were performed to
ensure that the system would pull a gas sample from the region
of interest and not be susceptible to air leaks. The tests were
designed such that the test cell was initially filled with N
gas. The extracted gas was analyzed for oxygen, based on the
assumption that little to no oxygen would be detected if the
sampler was actually pulling (N) gas from the target region.
Otherwise, significant concentrations of oxygen would be
measured, which would indicate air leaks. The commercial
Driger sampling tubes used to detect the presence of oxy-
gen gas in the sample bottle have a measurement range of
5-23% O, and are accurate to within +5%. Three control mea-
surements of O, gas by volume performed on the ambient
air range from 16 to 17% O,, while all six samples collected
from the test cell measured less than the minimum threshold
of 5% O,, indicating that the VZAMS instrument successfully
draws a gas sample from the targeted source free of significant
leaks.
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4 | CONCLUSIONS

This paper describes the first phase of laboratory testing for
a multilevel pore-fluid sampling system. Results of the physi-
cal performances tests indicated that the VZAMS components
are working as expected, with the sampler able to extract water
from unsaturated sediments at relatively dry conditions. Test-
ing of the instrument once installed in the field will provide
additional confidence in the laboratory test results. Based on
the laboratory tests, the length of time to draw a sample of
sufficient volume under very dry conditions can take several
days. For example, at 4% water content by weight, approx-
imately 3 ml of liquid sample was collected from the filter
pack in 114 h. Such a limited sample volume may be suf-
ficient for some contaminants if diluted, but could be prone
to erroneous chemical analysis results, depending on the ana-
lytes of interest and method of analysis. Larger quantities of
water were extracted in less time at a higher water content,
as expected. Minimum sampling time is dependent on the
hydrologic conditions in the subsurface. When deployed in
the field, these approximate sampling times as determined
from laboratory testing can be used to determine the appro-
priate duration of sample collection from each sampling
location.

Redox-insensitive contaminants (i.e., Sr-90, Cs-137, tri-
tium, MIBK) or nonprecipitating reduction contaminants (i.e.,
iodate to iodide) are not affected by the stainless steel used in
the prototype instrument. However, initial laboratory testing
identified a need to perform further experiments to constrain
the chemical interactions between the porous sampler mate-
rial and redox-sensitive contaminants (i.e., Cr, U). Different
porous materials including Ni, Ti, and ceramic were tested
to evaluate their chemical performance in Hanford condi-
tions and exhibited similar results with reduction of chromate
and U when exposed to the different porous materials over
long periods of time. Additionally, measurements of chro-
mate loss in sampled fluid using the prototype stainless steel
instrument showed no measurable loss of contaminants when
sampling at flow rates representative of expected field condi-
tions. Measurable reduction of redox-sensitive contaminants
could result under extremely dry conditions where the contact
time between fluid and porous material is very long. How-
ever, it has been demonstrated that the VZAMS instrument
collects representative fluid samples from unsaturated soils
with volumetric moisture content as low as 0.03, indicating
that the system is ready for installation and testing in the
field. Long-term collection of pore-fluid samples at multiple
locations/depths within the deep vadose zone made possi-
ble with this system can provide important information about
contaminant flux to the water table, and guide remediation
actions.
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