'.) Check for updates

Groundwater

Monitoring&Remediation

/ //

Vadose Zone Soil Flushing for Chromium
Remediation: A Laboratory Investigation
to Support Field-scale Application

by James E. Szecsody, Hilary P. Emerson, Amanda R. Lawter, Charles T. Resch, Mark L. Rockhold, Rob D. Mackley
and Nikolla P. Qafoku

Abstract

Cr(VI) flushing from the vadose zone to the groundwater (with subsequent Cr(VI) removal in groundwater by pump-and-treat system) is a
promising remedial technique that has recently been used at field scale. This laboratory study was conducted to provide the technical basis to
design a field soil flushing strategy. The objectives were to (1) quantify the relationship between sediment Cr(VI) and Cr(lll) mass and release
rates and subsequent Cr(VI) leaching; (2) investigate different methodologies to maximize Cr(VI) leaching, and (3) investigate methods to mini-
mize leaching of remaining residual Cr. Characterization of Cr-contaminated sediments (Hanford Site, WA) exhibited Cr(VI) showed that leach
rates that were correlated to different Cr surface phases. Sediments with low leachable Cr(VI) (<2 pg/g) leached Cr rapidly, so slow infiltration
of water in a single pulse was sufficient to leach most Cr. In contrast, sediments with high Cr (2 to 200 ug/g) released some Cr(VI) quickly but 10
to 50% Cr(VI) slowly (tens to hundreds of hours). Efficient unsaturated leaching of these sediments required a different infiltration strategy that
includes: multiple slow leach pulses with time between flushing cycles; the use of a surfactant to increase Cr leaching from low-permeability
zones, and the use of a reductant (Na-dithionite or Ca-polysulfide) in the final leach water was highly effective at decreasing residual Cr leach-
ing. This study clearly demonstrated that the methodology of basing laboratory Cr flushing on parameters such as Cr release mass and rates
could be used to improve the efficiency of soil flushing at field scale.

Introduction (reductive) barriers (Wilkin et al. 2005), application(s)
of strong abiotic reductants to reduce and remove Cr(VI)

Despite many efforts over the last few decades to reme- ‘ 3 e
from solution via precipitation (Vermeul et al. 2004; Dresel

diate hexavalent chromium (Cr(VI)) contaminated sites . )
around the world (Jacobs and Testa 2005), Cr(VI) con- et. a.l. 2008; Zhong et al. 2009), bioreduction, phytoreme-
tamination persists in many soils, subsoils, and sediments diation (Shams et al. 2010; Zheng et al. 2020), and natural

(Szecsody et al. 2019; Rockhold et al. 2020). This is a major attenuation (Last et al. 2015; Truex et al. 2015). However,
concern because the oxidized hexavalent form, Cr(VI), has remedlatlon of Cr-contaminated s.1tes remains challenging
a higher toxicity than the reduced, mostly immobile, triva- malPly pecause of the heterogeneity f’f subsurface Cr.cgn-
lent form, Cr(III). Many in situ remediation technologies tamination; the.o.ccu.rre.:nce of a variety of Cr-.contammg
have been developed and applied in Cr(VI)-contaminated phases that exhibit difficult-to-predict geochemical behav-

groundwater sites, such as the use of permeable reactive ior; the presence of other redox-sensitive co-contaminants
b . . .
as part of a complex contaminant mixture; and the existence

of hard-to-access subsurface locations, or concentrated
Article impact statement: Field scale Cr soil flushing can be efficiently designed vadose zone Cr hot spots, that serve as a continuous source
based on characterization of sediment Cr surface phases, release rate, and field scale of groundwater (GW) contamination.

heterogeneities. The Hanford Site, a former nuclear-materials produc-
tion site in southeastern Washington State (United States),
has multiple Cr GW plumes due to releases decades ago
from historical corrosion inhibition use in nuclear reactors.
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Cr contamination persists in the vadose zone due to geo-
chemical and physical processes. The majority of Cr at the
site was released as aqueous chromate (CrO 42‘) that exhibits
nearly no adsorption to sediments under neutral and slightly
alkaline conditions (Zachara et al. 1989, 2004; Qafoku
et al. 2009; Szecsody et al. 2019) or near-surface releases of
acidic, high-concentration sodium dichromate (Na,Cr,O.,).
Considerable chromate adsorption and partial reduction has
been observed under acidic conditions (Stanin 2005; Dresel
et al. 2008; Qafoku et al. 2010). As the acid is neutralized
by reactions with sediments (carbonates and clay miner-
als; Szecsody et al. 2013), chromate either precipitates with
calcium (Ca) or barium (Ba) (Palmer and Willbrodt 1991;
Arcon et al. 2005), coprecipitates with calcium carbon-
ate (CaCO,) (Robles-Camacho and Armienta 2000; Tang
et al. 2007), or adsorbs to manganese (Mn), aluminum (Al),
and iron (Fe) oxides and clay minerals (Zachara et al. 1987,
Rai et al. 1989; Vermeul et al. 2004).

Significant aqueous Cr removal has been also reported
when highly basic saline waste fluids interact with the sedi-
ments (Qafoku et al. 2003). The mineral dissolution that
occurs under either acidic or alkaline conditions may have
triggered the release of Fe(Il) from the Fe(Il)-bearing min-
erals, which subsequently reduces aqueous Cr(VI) (Qafoku
et al. 2003, 2010, 2011). Other studies have shown that
under acidic conditions, Fe(Il) in phyllosilicates (Szecsody
et al. 2013) and Fe oxides (Dong et al. 2003) can also reduce
aqueous Cr(VI). These previous studies provide evidence
for Cr contamination persistence, and for large differ-
ences in released Cr mass from different sediments, mainly
because of the contributions of multiple Cr(VI)-bearing sol-
ids. The existence of multiple forms of Cr(VI), that is, aque-
ous, adsorbed, and coprecipitated, makes the remediation
of Cr-contaminated sites challenging. A continued source
of Cr from the vadose zone is inferred from GW sampling
data, which show persistent Cr in GW and increasing Cr
following periods of an elevated water table.

Worldwide, Cr remediation is achieved by excavation
of contaminated sediments, pump-and-treat (P&T) in GW
(Jacobs and Testa 2005), in situ abiotic and biotic reductive
barriers in GW (Vermeul et al. 2002; Brodie et al. 2011),
reductive gas injection in the vadose zone (Thornton
et al. 2007), and soil flushing in the vadose zone coupled
with GW P&T (DOE/RL-2019-77 2020). Soil flushing is
a technology that has the potential to remove Cr from con-
taminated vadose zone sediments (DOE-RL-2021-31 2020;
Szecsody et al. 2021). Soil flushing consists of percolating
excess water in the vadose zone at a specific rate in one
or more pulses, and if needed, adding appropriate mobiliz-
ing agents to increase Cr mobility so that it can be flushed
downward into the GW system. Once the Cr is in GW, it can
be hydraulically captured and subsequently removed with
a P&T system. At the Hanford Site, soil flushing and GW
P&T operations rely on Cr leaching from the vadose zone
to change Cr concentrations in GW. Increased effectiveness
of soil flushing activities will likely be achieved by design-
ing field-based operations based on an improved technical
understanding of the key geochemical and physical factors
controlling removal of residual Cr(VI) from the aqueous,
adsorbed, and solid phases in sediments as well as track-
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ing the wetting front advance during soil flushing. Even in
homogeneous sediments, infiltration of water occurs pri-
marily through larger advective pores, and Cr trapped in
smaller diffusive pores, which usually occur next to smaller
grains, migrates more slowly due to decreased flow. In het-
erogeneous vadose zone sediments, low-permeability zones
that typically have a higher water content and greater aque-
ous Cr are more difficult to flush, as capillary forces tend to
limit water migration through the lenses and cause infiltrat-
ing water to flow around low-permeability lenses. Efficient
soil flushing of Cr from the vadose zone requires that (1)
Cr leach mass and rate from sediments is known in order to
optimize the infiltration rate and duration and (2) field scale
heterogeneities (i.e., low permeability zones with trapped
Cr) are characterized such that efficiency of increasing Cr
leaching using surfactant amendments to increase water
flow through these zones can be evaluated.

To understand key geochemical and physical processes
controlling Cr movement in vadose zone sediments, the
objectives of this work were to (1) quantify sediment Cr
mass, release rates, and surface phase changes as Cr is
leached out from different sediments; (2) evaluate different
leach solutions and strategies to maximize the amount of
Cr leached and minimize the time required for soil flush-
ing; and (3) investigate methods to minimize leaching of
residual Cr after soil flushing ends. To achieve these objec-
tives, we conducted a laboratory study using contaminated
sediments (including an artificial sediment with multiple
Cr surface phases) that exhibited a wide variety of Cr(VI)
leach behavior (e.g., fast vs. slow, different phases, dif-
ferent concentrations). We performed chemical extrac-
tions of different strengths, and a series of water-saturated
and unsaturated column experiments that used GW, GW
mixed with cationic and anionic surfactants to enhance
Cr leaching during flushing, or reductants (Na-dithionite,
Ca-polysulfide) to decrease Cr leaching after soil flushing
ends. Because some Cr may be trapped in low-permeability
zones present in the field, two-dimensional (2D) infiltra-
tion experiments were conducted to quantify the extent
to which a cationic or anionic surfactant addition to the
infiltration water increases water flow into and through
low-permeability zones. The surfactant reduces the sur-
face tension of the infiltrating water, resulting in more
rapid infiltration through inclusions. At field scale, low-
permeability inclusions are likely to have higher water
content, and therefore may contain greater aqueous and
adsorbed Cr. These finer-grained inclusions also have
higher surface area, so they may also contain higher con-
centrations of Cr in precipitates. In addition, different
infiltration strategies were evaluated that included differ-
ent infiltration rates and multiple infiltration pulses. The
effects of these geochemical and physical processes on Cr
leaching were used to develop a technical framework and
understanding that could support highly efficient field-scale
soil flushing. Field-scale soil leaching has been conducted
in two Hanford Site areas and is being considered for other
Cr-contaminated areas (DOE/RL-2019-77 2020; SWG-
67175 2021; DOE/RL-2021-31 2022). The methodology
developed and described in this study is also applicable to
many other Cr-contaminated sites around the globe.
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Materials and Methods

Characteristics of the field-contaminated and synthetic
Hanford sediments used to evaluate chromate leaching
behavior are provided in “Sediments” section. “Sequential
extractions targeting total Cr and Cr(VI)” section describes
the sequential extractions used to quantify Cr mass and sur-
face phase changes as Cr is leached from different Hanford
sediments. Column experiments conducted for evaluation of
Cr leach rate, effect of different leach solutions, and leach
strategies to maximize Cr leaching during soil flushing and
minimize leaching of remaining residual Cr after soil flush-
ing ends are described in “Column experiments” section,
with details on liquid phase analyses in “Extraction and
leach sample analyses” section. A description of the model-
ing used to quantify the Cr release rate and mass from the
unsaturated leach experiments is provided in “Simulation of
1D infiltration experiments” section.

Sediments

Four representative Cr-contaminated sediments used in
this study were collected from the 100-D Area vadose zone
(RS, R28), 100-D Area saturated zone (R8), and 200 East
Area vadose zone (R25) at the Hanford Site (Table 1). Addi-
tional sediments from Hanford Site borehole samples were
subjected to a broader investigation (Szecsody et al. 2022).
Previous Cr characterization of the sediments, when avail-
able, was compared to sequential extractions and leach-
ing conducted in this study. Previous leach and sequential
extractions studies (of sediments from the Hanford 100
Area) generally showed that only a small portion of natural
Cr in uncontaminated Hanford sediments was leachable and
was Cr(VI) whereas the majority of natural Cr in sediments
was Cr(IIl), as confirmed by ion chromatography separa-
tion of Cr phases and inductively coupled plasma-mass
spectrometry (ICP-MS, Szecsody et al. 2020a). In addition,
X-ray adsorption near edge structure analysis of a Hanford
sediment with low Cr contamination showed mostly Cr(III)
consistent with Cr in Fe oxides, with a small fraction of
Cr(VI), consistent with CaCrO, and chromate-substituted
calcite (Szecsody et al. 2020b). In contrast, sediments with
high Cr contamination had a higher fraction of leachable Cr,
which implied that a larger fraction the anthropogenic Cr
was Cr(VI). For the 100-K area sediment.

In addition to field-contaminated sediments, a synthetic
sediment was made with multiple Cr precipitates to evalu-
ate Cr leaching rate from the different phases. This synthetic

Table 1
Cr-contaminated Sediments Used in This Study

No. Area Borehole/Depth Location
R28 100-D 100-D-104, 20’, Vadose zone

drain of 183-D

yellow YS, YS2
RS 100-D C8954 83.4 Saturated
R25 200 VZ S-13  C9513 131.5’ Vadose zone
RS 100-D (C8953 82’ Saturated
R30 Artificial sediment,

multiple Cr phases
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sediment (R30, Table 1); consisted of about 40% gravel and
60% less than 2-mm material with natural chromium in the
sediment totaled 11.62pg/g, with 0.013 pg/g leachable Cr.
Cr was then added to the sediment in multiple Cr phases,
including BaCrO, (Alfa Aesar; 14.43 pg/g Cr, considered low
leaching rate), CaCrO, (Alfa Aesar; 4.79 pg/g Cr, considered
to have a high leaching rate), and laboratory-produced Cr-
substituted calcite (0.42pg/g Cr, considered to have a slow
leaching rate), for a total of 31.26 ng/g Cr, with 19.5 pg/g labile
Cr. Sequential extractions were also conducted on CaCrO,
alone (82 mg), which should yield a total of 27.3 mg/g Cr.

Sequential Extractions Targeting Total Cr and Cr(VI)

Sequential liquid extractions have been used to evalu-
ate the aqueous, adsorbed, and solid precipitates for metals
including uranium (U), Ca, Cr, copper (Cu), phosphorous
(P), Fe, Mn, Al, and silicon (Si) (Chao and Zhou 1983; Hall
et al. 1996; Gleyzes et al. 2002; Sutherland and Tack 2002;
Mossop and Davison 2003; Larner et al. 2006). Sequential
extractions were used to determine the aqueous, adsorbed,
and precipitated Cr phases in the untreated and postleach
sediments. Concentrations of other elements were also mea-
sured in some extractions, including Ca, magnesium (Mg),
and Ba, which form Cr-bearing solid phases such as Cr-
substituted carbonates and Ba-chromate. Some sediments
had a total Cr concentration below the detection limit of
X-ray diffraction (~0.5% of each mineral), so sequential
liquid extractions were used to operationally determine Cr
phases before and after leaching.

Six increasingly acidic sequential extractions were used
in this investigation that included: (1) artificial groundwater
(AGW), (2) ion exchange solution, (3) pH 5 acetate solution,
(4) pH 2.3 acetic acid, (5) oxalic acid, and (6) nitric acid,
where target Cr phases are described in Table 2 (Szecsody et
al. 2019). Extraction 3 (pH 5 acetate solution) is operation-
ally defined as the carbonate that dissolves in a weak acetate
solution (pH 5) in 1 h in contrast to the 5-day acetic acid
extraction (extraction 4, pH 2.3), which dissolves most car-
bonates in the 5-day extraction. Anthropogenic contaminants
that incorporate into calcite can be preferentially incorporated
in a thin rind on the calcite surface. In this study, “labile Cr”
is defined as the the Cr in extractions 1, 2, and 3. Extractions
used pre- or postleach sediment (3 to 5 g) and solution (6 to
10 mL) placed in 45-mL polytetrafluoroethylene (PTFE) cen-
trifuge tubes. Extraction 1 consisted of mixing the sediment
with AGW (1:2 sediment: water ratio in a 45-mL PTFE tube)
for 1.0 h at 25°C. The chemical composition of AGW is pro-
vided in Table S1 (Supporting information). The tubes were
then centrifuged at 3000rpm for 10 min, and the liquid was
drawn off the top of the sediment and filtered (0.45-pm nylon/
polyvinylidene fluoride [PVDF]) for analysis. The same pro-
tocol was used for the second, third, fourth, and fifth extrac-
tions. The sixth extraction used a 0.45-pm PTFE or PVDF
filter, as the nylon filter is not compatible with strong acid.

Column Experiments

Twenty-one column experiments (6 hydraulically satu-
rated and 15 hydraulically unsaturated experiments) were
conducted to measure the extent and rates of Cr desorption
from sediments under hydraulically saturated or unsaturated
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Table 2

Sequential Extraction Solutions
Extraction
No. Solution Time and Temperature Extraction Phases
1 Artificial groundwater 1 hat25°C Aqueous Cr
2 0.5 mol/LMg(NO,), 1 hat 25°C Adsorbed Cr
3 0.5 mol/L Na-acetate (pH 5) 1 hat 25°C Rind-carbonate Cr
4 0.44 mol/L acetic acid, 0.20mol/L. Ca(NO,), (pH 2.3) Sdays at 25°C Total carbonate Cr
5 0.1 mol/L ammonium oxalate, 0.1 mol/L oxalic acid 1 h at 25°C Fe-oxide Cr
6 8 mol/L. HNO, 3 hat 95°C Hard-to-extract Cr

conditions. Although soil flushing at field scale is mainly
under unsaturated conditions, low-permeability zones can
create water-saturated flow conditions. In addition, water-
saturated columns are conducted with stop-flow (SF) events
that enable calculation of Cr release rate at different times
during leaching. Therefore, water-saturated leaching was
used as a baseline for Cr leached mass and Cr release rate for
comparison to unsaturated leach experiments. Cr leaching
mass was first evaluated in one-dimensional (1D) hydrau-
lically saturated columns leached with AGW. Unsaturated
column experiments (2.9 m high) were then used to study the
effect of water saturation on Cr release. Both hydraulically
saturated and unsaturated experiments with AGW were used
as a baseline for comparison of Cr leaching behavior with
different amendments to AGW. Finally, 2D column experi-
ments were conducted to evaluate the use of (1) surfactants
to decrease the surface tension of water, which increase
water flow through low-permeability lenses, and increase Cr
desorption; and (2) reductants, which decrease the mobility
of the residual Cr after Cr flushing is complete.

1D Hydraulically Saturated Column Experiments

Small water-saturated column experiments (1.6 cm diam-
eter by 20cm length) were used to determine total Cr leaching
mass of the sediment and the rate of Cr release. Although these
are saturated flow experiments, they still provide pore volumes
(PVs) to leach a specific fraction of Cr mass, Cr release rates at
different PVs (i.e., at SF events), and a baseline for comparison
to unsaturated leach experiments. AGW or other amendments
were injected into the column at a constant flow rate to achieve
a 2-h residence time for a total of 7.7 to 12 PVs. The residence
time is defined as the time it takes for 1 PV of water to travel
through the column. Effluent samples (i.e., 30 samples for
each experiment) were collected automatically in 5-mL falcon
tubes using a fraction collector (Isco Foxy 200). Because Cr
typically leaches from the sediment at a high initial rate, which
decreases over time, more effluent samples were collected in
the first two PVs than in subsequent PVs. Some experiments
also included the injection of 80mg/L bromide (Br-), added
as sodium bromide (NaBr), that behaves as a conservative
(nonreactive) tracer. Other amendment solutions which were
used to change Cr leaching rate included (1) weak acidic solu-
tions (pH reduced to 6.0 and 5.0 with nitric acid); (2) cationic
(benzalkonium-chloride) or anionic (Na lauryl sulfate) surfac-
tant solutions; and (3) reductant solutions (Na-dithionite and
Ca-polysulfide) (Table 3). The weak acidic solutions consisted
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Table 3

Solutions that were Used in Hydraulically Saturated
and Unsaturated Experiments

Solution

No. Solution Composition Experiments

1 Artificial groundwater, pH 8 Saturated and
(Table S1) unsaturated

2 Artificial groundwater, pH 6 Saturated only
equilibrated

3 Artificial groundwater, pH 5 Saturated only
equilibrated

4 Reductant: AGW +0.03M Na- Saturated and
dithionite, pH 12 unsaturated

5 Reductant: AGW +0.03 mol/L Unsaturated
Ca-polysulfide only

6 Anionic surfactant: Saturated and
AGW +500ppm Na lauryl sulfate  unsaturated

7 Cationic surfactant: Unsaturated

AGW +500 ppm benzalkonium-Cl  only

of AGW that was equilibrated to pH = 6.0 over several days
using a small addition of nitric acid (HNO,). The surfactant
solution consisted of 500 mg/L of an anionic surfactant, Na lau-
ryl sulfate (CAS 151-21-3, CH,(CH)11(OCH,CH,) OSO,Na),
or 500mg/L of a cationic surfactant, benzalkonium chloride
(CAS 63499-41-2, CH.CH N(CH,),RCI [R=CH  to C H_]).
The first reductant solution was 0.03 mol/L Na-dithionite and
0.12mol/L K,CO, (pH = 12) and was injected initially from 1.0
to 2.5 PVs (“part reductant”) or over all PVs (“full reductant”).
The second reductant solution was a Ca polysulfide solution
(0.3 mol/L) over all PVs. The conditions for the column exper-
iments are summarized in Table 4. Although there were no
direct duplicate water-saturated experiments, pH 6 and pH 8
AGW experiments showed little difference, so the standard
deviation of the leached Cr between pairs for sediments RS
and R25 was 12%.

SF events provided time for Cr to be released from
slow desorption sites, dissolving phases, and/or diffusion-
controlled pores within the sediment matrix. The SF events
lasted for about 16h (at 1 PV), 150h (at 2.5 PVs), and
500h (at 10 to 50 PVs). A relatively short SF event (i.e.,
16 h after the start) was applied at the beginning of these
experiments because aqueous and adsorbed Cr are usually
rapidly leached (with the first PV). Later during leaching,
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Table 4
Hydraulically Saturated and 1D/2D Unsaturated Cr Leach Experiments

Sediment Experiment No. Experiment Type Injection Solution Initial v! (cm/h) Final v? (cm/h)
R28 S18 Saturated pH 8 AGW 5.19
J4 Unsaturated pH 8 AGW 10.05 0.0401
J6 Unsaturated pH 8 AGW 474 0.00751
J7 Unsaturated pH 8 AGW 5.26 0.0287
J8 Unsaturated pH 8 AGW 16.5 0.0245
J9 Unsaturated Full reductant* (Na-dith) 55.8 0.00176
J10 Unsaturated Anionic surfactant 38.7 0.0043
R25 S11 Saturated pH 8 AGW 4.61
S16 Saturated pH 6 AGW 4.4
S17 Saturated Part reductant® (Na-dith) 4.62
J5 Unsaturated pH 8 AGW 56.35 0.00102
R8 S19 Saturated pH 8 AGW 6.05
R30 S22 Saturated pH 8 AGW 5.15
J13 Unsaturated pH 8 AGW, 1 pulse 71.0 0.00055
J12 Unsaturated pH 8 AGW, 2 pulse 97.8 0.0088
J14 Unsaturated Anionic surf., 1 pulse 70.05 0.00055
J11 Unsaturated Anionic surf., 2 pulse 116.1 0.00065
J19 Unsaturated Cationic surf. 1 pulse 129.8 0.00127
J20 Unsaturated Full reductant (CPS) 129.5 0.0110
J21 2D unsaturated pH 8 AGW 1 pulse 189.1 0.0359
J22 2D unsaturated Cationic surf. 1 pulse 334.6 0.458
RS S2 Saturated pH 8 AGW 5.61
S12 Saturated pH 6 AGW 5.14

'y = initial interstitial velocity (constant for water-saturated experiments).

%y = final interstitial velocity during residual draining of infiltration experiment.

*0.03 mol/L. Na-dithionite +0.12 mol/L. K,CO, injected at 1.0 to 2.5 pore volumes only.
#0.03 mol/L Na-dithionite +0.12mol/L K,CO, injected for all 10 pore volumes.

Cr is usually released from dissolution of calcite, Fe oxides,
and potentially other phases, so longer SF durations
were applied (Qafoku et al. 2009; Szecsody et al. 2019).
Changes in contaminant effluent concentration before and
after the SF and the length of the SF events were used
to calculate the Cr rates from the sediments (expressed
in pg contaminant/g of sediment/day). Sequential extrac-
tions were also used on the pre- and postleach sediments to
obtain mass balance on the Cr in the sediment.

1- and 2D Hydraulically Unsaturated Column Experiments
1D unsaturated column experiments were used to mea-
sure Cr leaching under conditions that better represent those
expected during field-scale soil flushing (Table 4). These
experiments consisted of infiltration of AGW or other liquid
amendments into a 9.5- to 10-feet (2.9- to 3.3-m) high by
1-inch inner diameter column filled with Cr-contaminated
and uncontaminated Hanford formation sediments (Fig-
ure S1). Characterization studies have shown that at field
scale, Cr contamination typically occurs at a specific depth
interval and the remainder of the 80- to 100-feet-deep
vadose zone is not Cr contaminated (Qafoku et al. 2011).
To approximate these conditions, the lowest 1.0 foot of the
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sediment column was packed with Cr-contaminated sedi-
ment and the remaining 8.5 to 9 feet of the column was filled
with uncontaminated sediment. Because the grain size dis-
tribution of most Hanford formation sediments at field scale
consisted of sandy gravel or gravely sand (with some silt),
sediments used in these unsaturated leach experiments were
modified to include the gravel fraction. The uncontaminated
Hanford formation sediment used in all experiments con-
sisted of 44% gravel (2 to 12mm), 39% sand, and 17% silt/
clay from the Pasco gravel pit. The Cr-contaminated sedi-
ments consisted of selected less than 2-mm sediments with
50% peak gravel added by weight. The upper size limit of
the gravel added was 12 mm to fit in the 25-mm inner diam-
eter clear PVC columns. Sediments had an initial 4% (g/g)
AGW content, which is an average field water content. The
bottom of the sediment column contains a 30-um woven
nylon screen, a layer of coarse #16 sand, and a layer of #30
fine sand (Accusand, Utica, I) next to the Cr-contaminated
sediment. The sand layers enable water to drip out of the
bottom of the column into a fraction collector.

The 1D unsaturated column experiments consisted of
dripping AGW (or other amendments) at the top of the column
(flow rate of 0.1 to 1.5 mL/min) using a high-performance
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liquid chromatography (HPLC) pump (Figure S1, blue
HPLC pumps in upper left) for 5 to 50h, and drip collection
of water samples at the bottom of the sediment column was
conducted for 100 to 600h. The interstitial velocities ranged
from 4.5 to 130cm/h (Table 4), in comparison to calculated
velocities ranging from 0.7 to 102cm/h for recent field-
scale soil flushing in the Hanford 100-K West Area (DOE/
RL-2019-77 2020). The flow rate was calculated from the
weight of each sample and time of sampling. Sample times
ranged from 4 min (for high infiltration rates of 1.0 mL/min)
to 2500min after hundreds of hours of residual water drip-
ping out of the column, as shown by the interstitial velocity
change for these infiltration experiments (Table 4). Early 1D
experiments had a fraction collector mounted in a vacuum
chamber, and there was a porous plate with a 1-bar air entry
value at the bottom of the column (Figure S1). Although lig-
uid samples were collected by maintaining 0.5 bars of suc-
tion for the fraction collector chamber, the flow rate through
the porous plate was too slow for the 1.0-mL/min infiltra-
tion rate, so collection of samples for the remaining tests
was done by gravity dripping. The Cr concentration in efflu-
ent samples was measured by inductively coupled plasma-
optical emission spectrometry (ICP-OES). After all effluent
samples were collected from the infiltration experiment, the
column was sectioned and 10 samples were taken at differing
depths to measure the final water content. Sequential extrac-
tions were also conducted on the postleach Cr-contaminated
sediment to obtain mass balance on the Cr phases remaining
in the sediment. Standard deviation of leached Cr in dupli-
cate unsaturated experiments (53%) was greater than water-
saturated experiments (12%) and included experiment pairs:
(1) J7 and J4 (AGW at 5.26 and 10.05cm/h, Table 4), (2) J12
and J13 (first 300h), and (3) J11 and J14 (first 300h).

Given the change in volumetric flow rate of water at the
bottom of the infiltration column over time and the Cr con-
centration, the Cr flux rate (ugCrh™' cm™) was calculated.
This is the scalable Cr flux to GW at field scale. Although this
10-feet-high column showed residual water leaching for hun-
dreds of hours, it is likely that field-scale soil leaching with
80 to 100feet of vadose zone would take considerably longer.
Overall, the fraction of leached Cr mass as a function of PV,
and Cr flux rate to groundwater from these laboratory experi-
ments over a range of conditions, provide a technical basis for
field-scale infiltration rate, number of PVs to flush, number
of flush cycles, and termination of the soil flushing and P&T
operations.

Extraction and Leach Sample Analyses

The Cr concentrations in the liquid sequential extrac-
tions and the water-saturated and unsaturated leach experi-
ments were analyzed after 0.45-um filtering for total Cr
by ICP-OES with a detection limit of 0.2 pg/L (undiluted).
For some amendments such as the Na-dithionite or Ca-
polysulfide solution, dilution was necessary, so the detection
limit was higher. A few other metals (Ba, Ca) were also ana-
lyzed in some extractions and leach experiments, as these
metals complex with Cr in precipitates. The Br~ tracer in the
leach experiments was quantified with ion chromatography
(IC), with a detection limit of 0.1 mg/L. Other anions, such
as sulfate (SO,*) and nitrate (NO,"), were also quantified by
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IC, particularly for leach experiments containing elevated
SO,* and NO,™ concentrations.

Simulation of 1D Infiltration Experiments

Selected 10-feet-high 1D infiltration experiments were
simulated with an advection-dispersion model to obtain
parameters that could be used to simulate field-scale leach
solution infiltration (i.e., 80-feet vadose zone and longer
time scales). As Cr was present in sediments in multiple
surface phases, including aqueous pore water, adsorbed Cr,
and in one or more precipitates, a model that assumes equi-
librium Cr sorption or kinetic first order reversible sorption
was insufficient to describe the observed dynamic leach-
ing. However, a model used contained a kinetic reversible
sorption of Cr, and in addition, a log-normal distribution of
mass transfer rates (Culver et al. 1997) incorporates a range
of Cr release rates and can describe most of the observed
behavior. The partial differential equations that describe 1D
advective transport with this model:

> NK
9C _ 1 0°C _ 9C ¥ PO

7 P52 TV Z T(fKDC_Sk)a (€]
R
o = & ulKoC=Si). @)
-1
_ __ — )P
p((x)— zﬂaaexp< 20_2 (ln((x) /4) ), (3)

describe the change in aqueous concentration (C, pg/L) and
sorbed concentration (S, pg/g) from advection (v = velocity,
cm/h), dispersion (cm*h), and slow mass transfer defined
as a long-normal probability distribution (p(a)), where o is
the rate (1/h). The probability function has a mean of the
log-normal rate distribution (u in h™') and standard devia-
tion (o). This type of model was previously used to describe
uranium transport in Hanford sediments with a similar dis-
tribution of processes (i.e., aqueous U, adsorbed U, and
U present in multiple precipitates; Qafoku et al. 2005; Bai
et al. 2009).

Results and Discussion

Sediment Cr Contamination Characterization via Sequential
Extractions

The changes in Cr mass associated with different solid
phases of vadose and saturated zone sediments were deter-
mined using data from preleach sequential liquid extrac-
tions, column leached mass, and postleach sequential
extractions; the data are summarized in Table 5. The results
of these extractions are discussed in detail in the following
sections of this paper.

Hydraulically Saturated Column Experiments

Most sediments showed the Cr maximum peak con-
centration (and bulk of mass) released within the first PV.
Sediments with Cr that was quickly released (e.g., aque-
ous, adsorbed, and Cr in high-solubility precipitates, such
as CaCrO,, Table 5) showed little additional Cr released
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Figure 1. Cr leaching in 1D water-saturated columns (a, c, €) and corresponding pre- and postleach sequential extractions (b, d, f).
Sediment R28 showed fast Cr release (a, b, exp. S18), whereas sediments R8 (c, d, exp. S19) and R25 (e, f, exp. S11) showed fast and
slow Cr release. Cr concentrations in black triangles and cumulative Cr leached (pg/g) in blue diamonds.

after 2 PVs, and no increase in Cr concentration after the
SF events. For one sediment, Cr leached within the first
2.5 PVs, and low or background Cr concentrations were
observed from 2.5 to 10 PVs (R28, Figure 1a). Cr concen-
tration changed little during the SF events (shown with
black arrows), indicating that there is little additional Cr
release from the sediment. Previous studies have shown
that natural Cr in Hanford sediments exists in multiple
mineral phases predominantly as Cr(III) with a small
fraction (less than 5%) as Cr(VI) (DOE 1993). In contrast,
anthropogenic Cr released to subsurface sediments is typ-
ically released as Cr(VI), but can precipitate as Cr(VI)
or Cr(IIT) phases, depending on the redox environment
(Qafoku et al. 2003, 2010). The Cr(VI) phases include
aqueous and adsorbed Cr, CaCrO,, and BaCrO, (Szec-
sody et al. 2019). Sediment R28 contains considerable
anthropogenic Cr as BaCrO,, which has a low solubility
and low leaching, and a 10 PV leach removed 0.0373 pg/g
Cr. A comparison of the postleach sequential extraction
to preleach extractions shows little change in aqueous
and adsorbed Cr, but a decrease in extraction 4, so some
Cr-substituted carbonate may have dissolved (Table 5,
sediment R28, and Figure 1b). Chromium leaching mass
and rates were determined during continuous flow and
SF events applied at different times during leaching
(Table S2).
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In contrast, field-contaminated sediments that had
additional Cr in phases that dissolved slowly (e.g., CrO,-
substituted calcite, BaCrO,) showed elevated Cr concen-
trations over most PVs and after SF events (sediments R8
and R25, Figure 1c and le). These two sediments exhibited
both fast and slow Cr release, with initial peak concentra-
tions of 4000 (sediment R8) to 10,000 pg/L (sediment R25),
and both had additional high-concentration peaks after
SF events. Sequential extractions performed in sediments
before leaching (Table 5 and Figure 1d and 1f) showed that
the first three extractions (i.e., labile Cr) for preleach sedi-
ments correlated with the mass of Cr leached within the first
10 PVs; i.e., the leached fractions (blue in Figure 1d and 1f)
were similar to the total of the first three extractions.

In summary, leaching with a pH = 8 AGW solution
showed that the Cr mass and rate varied by orders of
magnitude in the field-contaminated Hanford sediments.
Sediments with higher Cr mass released Cr at faster rates
(Figure 2), likely due to the greater fraction of anthro-
pogenic Cr mass, which was more easily removed. The
Hanford sediments with high Cr mass (R8 in experiment
S19, R25 in experiment S11, Table 5) released more than
1 pg/g of Cr at rates that were 1 to 5 orders of magnitude
faster than sediments with low Cr mass. Sediment R30
(leach experiment S22) is a synthetic sediment composed
of Hanford formation sediment with additions of CaCrO,,
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Figure 2. Chromate leaching in 10-feet high 1D infiltration columns: (a) water flux for sediment R28, experiment J6 (b) Cr concen-
tration and flux for sediment R28, exp. J6 and (c¢) Cr concentration and flux for sediment R25 (exp. J5). Solid lines are simulation

fit to flow and Cr concentration data.

Cr-substituted calcite, and BaCrO,. Sequential extractions
on CaCrO, alone showed that 26% dissolved in extrac-
tion 1 (groundwater), 55% in extraction 2 (ion exchange
solution), and 18% in extraction 3 (Table 5). Extractions
completely dissolved the CaCrO,, yielding 26.8 mg/g
Cr, compared to the calculated yield of 27.3 mg/g Cr.
Sequential extractions for the synthetic sediment R30
showed that the Cr mass leached (16.6 pg/g) was close
to Cr lost in the in the first three extractions by leach-
ing (i.e., preleach extractions minus post leach extrac-
tions, 18.4 ug/g), so likely all of the CaCrO, leached, the
Cr-substituted calcite and most of the BaCrO, (Cr added
total 19.5 pg/g). For this artificial sediment, leaching of
the BaCrO, appeared more rapid than in field sediment
R28, which contained considerable BaCrO, (~190 pg/g,
Table 5, extraction 6 minus natural averaging 30 pg/g).
There may be additional processes that occurred in the
field for the decades of BaCrO,-sediment contact for sedi-
ment R28 that slowed the leaching of Cr compared to arti-
ficial addition of BaCrO, to sediment R30 which exhibited
more rapid Cr leaching. Sediment R30 showed similar Cr
release rates to the other field-contaminated sediment, but
with greater leached mass, indirectly implying that these
phases were contributing to Cr leaching from the naturally
contaminated sediments.

Hydraulically Unsaturated Column Experiments
Packed column (10 feet high) experiments were used
to evaluate Cr leaching behavior under unsaturated con-
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ditions. For three field sediments (R5, R25, and R28),
significantly less Cr leached in unsaturated conditions
(27.0£22.2%) with AGW compared to water-saturated
leaching (Table 5). In the experiment conducted with sed-
iment R30, only 10% of the Cr mass was removed under
unsaturated conditions compared to water-saturated con-
ditions (Table 5). There were differences between hydrau-
lically saturated and unsaturated column experiments,
but sediment-leach water contact times were similar (i.e.,
~500h including SF events for saturated and ~430h for
unsaturated experiments). Water infiltration through
unsaturated sediments is typically through larger pores,
although capillary forces can move water into smaller
pores, so mobile (i.e., leaching) pore water does not access
all pore water; thus, even adsorbed Cr leaches more
slowly due to additional diffusion time between immobile
and mobile pore water. Under saturated, pressure-driven
conditions, water is forced through most pores irrespec-
tive of size. Thus, leaching tends to be less efficient under
unsaturated conditions as only the grain surfaces of larger
pores are in contact with infiltrating water. This is a simi-
lar conclusion to those found in previous studies for leach-
ing of Cr (Qafoku et al. 2011) and uranium (Szecsody
et al. 2012a, 2012b).

Water infiltration was only constant when water was
being injected at the sediment surface. For example, for
infiltration experiment J6, water was injected at 0.85mL/
min for the first 8.5 h (gray bar, Figure 2a). Residual
leaching occurred after the infiltration water was no lon-
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Table 6
Model Parameters Used to Simulate Unsaturated Leach Experiments
Infiltration Rate
Sediment Experiment No. (cm/h) K, (cm¥/g) logu (1/h) logo
R28 J6 unsaturated 474 0.55 -3.8 3.0
J7 unsaturated 5.26 0.55 =52 3.0
J8 unsaturated 16.5 0.60 -2.0 3.0
R30 J12 unsaturated 97.8 0.45 54 1.0

ger applied (i.e., more than 8.5 h) and water leached out of
the column at a progressively slower rate. The 1D reactive
transport model fit the water drainage well (blue line, Fig-
ure 2a). This is representative of the water flux to GW at
field scale. In infiltration experiment J6, Cr concentration
was initially high, peaking at 5 h (Figure 2b, black trian-
gles), then decreased by 10 h. However, during the residual
water leaching phase (i.e., 8.5 to 300h), as the water flux
rate decreased, this resulted in higher sediment-water con-
tact times, and the Cr concentration increased slightly, from
4 to 15pg/L, then decreased after 100h. Simulation of the
Cr concentration was well approximated for the first 80h,
as shown by the black line in Figure 2b (model parameters
in Table 6). In this 10-feet-high laboratory column, the Cr
flux to GW decreased by orders of magnitude over time
during the residual leaching (red circles, Figure 2b), so it is
likely to be inconsequential at field scale. In contrast, for a
sediment that exhibits both fast and slow Cr release (sedi-
ment R25, Figure 2c), during residual water leaching, the
Cr concentration increased from 3.5 pg/L at 10 h to 43 pg/L
by 200h. In this case, the Cr flux to GW from 10 to 80h
decreased only slightly, as the increasing Cr concentration
is nearly offsetting the decrease in water flux.

In unsaturated flow conditions, water advection occurs
through larger pores, and water diffusion driven by capillary
forces occurs in smaller pores. Because slower infiltration
rates should access a greater fraction of pores, experiments
at three infiltration rates were conducted using sediment
R28. (Effluent samples were filtered to minimize the col-
loidal effect on Cr transport at faster flow rates.) A plot of
the cumulative leached Cr mass for the different infiltration
rates shows the systematic increase in Cr leaching at slower
infiltration rates (Figure 3a) at later times (and higher vol-
ume), but somewhat inconsistent leaching initially (i.e.,
experiment J8 with the intermediate flow rate was leaching
Cr more slowly). The leached mass was a function of the
infiltration rate, with the slowest infiltration rate (experiment
J7) leaching 91% and the fastest infiltration rate (experi-
ment J6) leaching 64% of the water-saturated leached Cr
mass (experiment S18, which leached 0.0373 pg/g). The
results suggest that slower infiltration should be recom-
mended at field scale. The simulated Cr release rate (,
Table 6) was also a function of the infiltration rate, with
a slower release rate for faster infiltration experiments (J7
then J8 then J6). Another experiment conducted with sedi-
ment R30 (Figure 3b) showed that injection of two 3.5-h
pulses of water, separated by 300h, leached greater Cr mass
than a single 7-h injection of water at the same flow rate.
In contrast to simulations with sediment R28 experiments,
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a simulation showed a rapid Cr release rate for experiment
J12 (sediment R30). Sediment R30 contained a large frac-
tion of high-solubility CaCrO, (likely dissolved in extrac-
tions 1 and 2, Table 5), and a small fraction of low-solubility
Cr-substituted calcite (dissolved in extractions 3 and 4), and
generally released most Cr rapidly (Figure 3b). For the two-
pulse experiment, the first pulse leached some Cr but then
left higher residual water in the unsaturated sediment for
300h, which allowed more time for the Cr to dissolve from
precipitates and partition into the pore water. This Cr was
then leached out with the second infiltration pulse. This is
similar to the Cr released during SF events in the water-
saturated experiments (“Hydraulically unsaturated column
experiments” section). In comparison, recent field-scale soil
flushing at the Hanford 100-K West Area occurred through a
series of four infiltration/drainage pulses with an estimated
total of 2.5 PVs of water flushed through the vadose zone in
the first two pulses and an estimated 2 PVs for the final two
pulses (DOE/RL-2019-77 2020; SGW-67175). Additional
Cr was leached with subsequent pulses, as in multiple pulse
laboratory experiments.

Influence of Amendments on Cr Leaching

The hydraulically saturated and unsaturated experi-
ments with AGW were used as a baseline for comparison
of Cr leaching behavior with different amendments to the
leaching solution.

Acidic Dissolution of Minerals to Induce Cr Leaching

Past research has demonstrated that Cr can be incor-
porated into soil minerals (e.g., calcite, Fe-oxides; Saslow
et al. 2019; Katsenovich et al. 2021), but immobilized Cr
may be released as minerals undergo dissolution. A previ-
ous evaluation of acid dissolution of Hanford, Cold Creek,
and Ringold sediments showed that considerable calcite
can be quickly dissolved, followed by the slow dissolution
of other minerals present in the sediments including clays,
for example, montmorillonite (Szecsody et al. 2013). To
dissolve all the calcite in the Hanford or Ringold forma-
tion sediments (at a porosity of 35% and dry bulk density
of 1.64 g/cm?), a total of 825 or 600 PVs of pH = 3 water or
82,500 and 60,000 PVs of pH = 5 water is needed, based on
the acid neutralization capacity (Szecsody et al. 2013). How-
ever, given that anthropogenic Cr was released within the
past few decades, Cr-substituted calcite is likely distributed
only near the outer surface (i.e., rind), so partial dissolution
of calcite may release considerable Cr.

Therefore, to determine the effect of acid dissolution on
Cr removal, saturated column experiments were conducted
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Figure 3. Influence of water application rate on Cr leached
mass during unsaturated flow for: (a) different infiltration
rates (sediment R28, exp. J6, J7, J8), and (b) single 7-h pulse
(black, exp. J13) or two 3.5 h pulses (gray) of infiltrating water
(sediment R30, exp. J12).

in which sediments were exposed to AGW (pH 8.0) or AGW
that had been acidified with HNO, to pH 6. The results, how-
ever, showed less Cr leaching with pH 6 groundwater for sedi-
ment RS (experiments S2, S12) and R25 (experiments S11,
S16, Table 5) compared to pH 8 groundwater. Most likely, the
weak acid solutions did not remove Cr from the contaminated
sediments because the acid was consumed by the acid dissolu-
tion of multiple minerals in the sediments. Similar to labora-
tory experiments, field-scale soil flushing with pH 6 or pH 7
water showed no evidence of a pH change in the extracted
groundwater, so likely no change in Cr leaching (DOE/RL-
2019-77 2020). Although some of these experiments showed
that weak acid solutions could be effective at increasing Cr
leaching from sediments, application of these laboratory
results to field scale is challenging because Cr contamination
occurs at different depths within the vadose zone, and the weak
acid applied to the surface will be neutralized by calcite dis-
solution in shallow sediments, greatly decreasing efficiency. If
the weak acid solutions could be applied at depth near the Cr-
contaminated sediment, Cr leaching would likely be increased.

Surfactant Application to Increase Diffusive Controlled Cr
Leaching

At field scale, low-permeability inclusions exhibit
slower water advection or are partially or fully bypassed
by advective water flow during leaching. In addition, low-
permeability inclusions generally have a higher water con-
tent and greater reactive surface area of the finer-grained
materials and so may contain greater aqueous, adsorbed,
and precipitated Cr. While soil flushing with groundwater
may partially or fully bypass low-permeability inclusions,
the presence of a surfactant in the leach water will decrease
the water surface tension, which leads to somewhat greater
flow in these low-permeability inclusions.

To study the effect of surfactants on Cr leaching, unsatu-
rated 1D and 2D column experiments were conducted in
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Table 7
Change in Chromate Leach Mass with the Addition of a
Surfactant
Experiment Leached

Sediment No. Solution (ng/g)
R28 S18 saturated pH 8 AGW 0.0373

J6 unsaturated  pH 8 AGW 0.0238

J10 unsaturated  Anionic Surfactant 0.0400

J13 unsaturated pH 8 AGW, 1 pulse 1.338
R30 J12 unsaturated pH 8 AGW, 2 pulse  2.067

J14 unsaturated  Anionic surf. 1 pulse 0.730

J11 unsaturated ~ Anionic Surf. 2 pulse 1.24

J19 unsaturated Cationic Surf. 1 4.041
pulse

which sediments were exposed to AGW (pH 8) without sur-
factant and AGW with anionic (Na lauryl sulfate, Williams
et al. 1955) or cationic (benzalkonium-Cl) surfactants. 1D
infiltration with an anionic surfactant increased Cr leaching
for one sediment (R28, experiment J10, Table 7) but slightly
decreased Cr leaching for a second sediment (R30, experi-
ments J14 and J11, Table 7). In contrast, 1D infiltration with
a cationic surfactant greatly increased Cr leaching (experi-
ment J19, Table 7 and Figure 4) relative to pH 8 AGW
(experiment J13). A 2D flow experiment was conducted
with the infiltration of AGW or AGW with a cationic surfac-
tant into a sediment containing Cr-contaminated inclusions
(Figure 5). This qualitative comparison of GW infiltration
in the absence (Figure 5, left) and presence (Figure 5, right)
of the cationic surfactant clearly demonstrated the role of
the cationic surfactant in penetrating the low-permeability
inclusions. Comparing Cr flux rate to groundwater with-
out and with surfactants showed that the cationic surfactant
resulted in greater Cr flux over the short and long term (red
triangles, Figure 6), whereas the anionic surfactant resulted
in less Cr flux over the short term (purple triangles) com-
pared to groundwater leaching (black circles), and the Cr
flux approached that for groundwater over the long term.

Reductant Applications to Decrease Residual Cr Leaching

For sediments that exhibit slow and fast Cr release,
water-saturated leach experiments show additional Cr
released during SF events at higher PVs (i.e., Figure lc
and le), and during unsaturated leaching, the pore water
concentration increases considerably during residual
water flow (i.e., Figure 2c). The persistent Cr flux from
the vadose zone to groundwater is observed at the Han-
ford Site in some areas (DOE/RL-2019-77 2020; DOE/RL-
2021-31 2022), indicating the need for additional vadose
treatment by excavation or soil flushing. As a large number
of soil flushing PVs would be needed for these sediments
that exhibit slow Cr release, the use of an aqueous reduc-
tant was investigated to decrease the Cr leaching during
the residual water flow (i.e., drainage) phase of soil flush-
ing. For these experiments, saturated and unsaturated 1D
column experiments were conducted with AGW and AGW
with Na-dithionite or Ca-polysulfide on sediments that
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Figure 4. Influence of addition of a cationic or anionic surfactant to increase Cr leaching for sediment R30 (AGW exp. J13, anionic

surfactant exp. J14, cationic surfactant exp. J19).

Figure 5. Qualitative comparison of groundwater infiltration
(left side) showing predominantly flow around the low perme-
ability inclusion or an anionic surfactant (right side) show-
ing flow through and around the low permeability inclusion.
Groundwater infiltration at top left green dot and surfactant
infiltration at top right red dot.

exhibited slow Cr release. The sediments exposed to aque-
ous reductants showed a significant decrease in leached Cr
under both saturated and unsaturated conditions (Table 8
and Figure 7). Previous studies have shown that these
reductants reduce aqueous Cr(VI)O 42‘ to solid chromium
hydroxide phases, Cr(III)(OH), or (Cr, Fe)(OH), (Eary and
Rai 1988; Loyaux-Lawniczak et al. 2000). In unsaturated
conditions during residual water flow, the calculated Cr
flux to groundwater was 2 to 3 orders of magnitude less
with a reductant (Ca-polysulfide, orange circles, Figure 6)
compared to groundwater leaching (black circles, Figure 6).
Negative release rates during SF (Table S2) indicated net Cr
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Figure 6. Unsaturated chromium leaching in 1D/2D infiltra-
tion experiments in different solutions or application sequence

as shown by Cr flux to groundwater (experiments J14, J19,
J20, and J21).

uptake during the SF event, possibly from the reduction of
Cr(VI) to precipitate Cr(III)(OH),. However, the Cr mass
removed decreased to 79% of the total Cr mass when the
reductant was added in unsaturated conditions, which was
less than the 93% Cr mass removed when the reductant was
added in water-saturated conditions for all 10 PVs. This is
most likely because some of the reductant was consumed
by the oxygen present in the soil gas phase under unsatu-
rated conditions. Infiltration of the AGW with reductant
through tens of feet of unsaturated sediment over days to
weeks will be even less efficient than the 10-feet infiltra-
tion experiment conducted here, as the reductant used (i.e.,
Na-dithionite) hydrolyzes with a half-life of 27h (Szecsody
et al. 2004), but infiltration of the slow-reacting reductant
(Ca-polysulfide) would show greater efficiency.

Cr Mass and Release Rate

Water-saturated experiments showed a correlation
between the leached Cr mass and the Cr release rate, as cal-
culated from SF events (Figure 8). Sediments with low labile
Cr (i.e., extractions 1, 2, and 3) released the small amount of
Cr quickly but the release rate was small (Figure 8, points
grouped in rectangle). In contrast, sediments with high
leached Cr mass (e.g., sediments R8, R25 and others) exhib-
ited more complex behavior as Cr was present in multiple
phases, which resulted in the bulk of Cr releasing quickly
and the rest continuing to leach for many PVs with a slower
release rate at high PVs (sediments on the right side of Fig-
ure 8). Although only 10 to 12 PVs were leached through the
column in this study, Szecsody et al. (2019) demonstrated
that this type of sediment showed slow Cr release even when
it was leached for 100 PVs, and after SF events.
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Table 8
Change in Chromate Leach Mass with the Addition of a
Reductant
Leached
Sediment  Experiment Solution (ng/g)
R25 S11 saturated pH 8 groundwater 1.61
S17 saturated Part reductant 1.072
(dithionite)
R28 J6 unsaturated  pH 8 groundwater 0.0238
J9 unsaturated  Full reductant 0.0050
(dithionite)
R30 J13 unsaturated pH 8 groundwater 1.338
J20 unsaturated Full reductant (Ca 0.607
polysulfide)
(a)
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Figure 7. Influence of a reductant to decrease Cr leaching dur-
ing residual water movement after unsaturated water infiltra-
tion for: (a) Na-dithionite (sediment R28, exp. J6 and J10), and
(b) Ca-polysulfide (sediment R30, exp. J13 and J20).

Other than aqueous and adsorbed Cr, which leaches
quickly, significant natural Cr is present in Hanford sedi-
ments (i.e., average 18.5 pg/g, range 2.9 to 33.2 pg/g;
DOE 1993) incorporated as Cr(IIl) in mafic minerals that
have very low solubility and are not susceptible to leach-
ing. In contrast, anthropogenic Cr released to the subsurface
precipitates in high- and low-solubility phases, as previously
described (Qafoku et al. 2009; Szecsody et al. 2019). There-
fore, the leached Cr is not correlated to the total Cr in the
sediment, but the labile Cr (i.e., extractions 1, 2, and 3) is
well correlated with the leached Cr for the sediments (Fig-
ure 1b, 1d, and If) and for other sediments (Figure 9a), as
shown in sequential extractions. The release rate generally
decreased between SF events at 1, 2.5, and 10 PVs (Table S2)
because the release rate at 1 PV is likely due to Cr desorption
whereas the Cr release rate at higher PVs is likely due to par-
tial dissolution of progressively lower solubility Cr phases.
As such, there were general trends of the Cr release rate at 1,
2.5, and 10 PVs (Figure 9b), which could be used to approxi-
mate behavior for other sediments, given the labile Cr. For
sediments leached with AGW (pH 8), the initial Cr release
rates at 1.0 PV were high and correlated well with adsorbed
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Figure 8. Chromate leached mass and release rate for sedi-
ments leached with artificial groundwater. For each sediment,
the leach water is: pH 8 artificial groundwater (W), pH 5 or
6 artificial groundwater (A), anionic surfactant (S), or sodium
dithionite reductant (R).

Cr mass (R? = 0.81, Figure 9b, red diamonds), but not with
the total Cr. The Cr release rates at 2.5 PVs, in all cases, were
approximately half those at 1.0 PV. These rates were some-
what correlated with adsorbed Cr mass (i.e., R? = 0.64, Fig-
ure 9b, blue circles). The release rates at 10 PVs were about
10 times smaller than those at 1 PV and were moderately
correlated with the adsorbed Cr mass (R*> = 0.72, Figure 9b,
black triangles). Some Cr release rates, particularly at 10
PVs, were negative, most likely indicating Cr precipitation
or incorporation. Fast initial rates and subsequent slow (or
negative) release rates indicate that nearly all the mobile Cr
has been leached. This was generally the case for sediments
that had low leachable Cr and fast Cr release.

Conclusions

This study was conducted to characterize site-specific
Cr release mass and rates from field-contaminated sedi-
ments and evaluate the influence of different soil flushing
strategies and amendment additions on the efficiency of
unsaturated soil flushing. Field-scale soil flushing can be
more efficiently conducted when based on a robust technical
understanding of site-specific, key geochemical and physical
reactions and processes that control the moblility of aque-
ous and adsorbed Cr(VI), and the behavior of the Cr frac-
tion incorporated into sediments’ solid phases. This study
demonstrated that the technical information needed includes
the: (1) sediment Cr mass and release rate, which strongly
controls the soil flushing volume and time needed to mobi-
lize most Cr from homogeneous sediments; (2) effect on Cr
leaching by application of different flushing strategies or
amendment additions; and (3) effect on residual Cr leaching
by reductive amendment additions after soil flushing ends.

Results of this study showed that quantifying Cr leach
mass and removal rate from contaminated sediments can be
used to develop an efficient field-scale Cr removal/flushing
approach (along with additional field scale information such
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Figure 9. Relationship between (a) labile Cr and leached Cr and (b) labile Cr and Cr release rate at different pore volumes during

leaching.

as permeability in the sediment profile and location of Cr
contamination). The labile Cr mass (i.e., sequential extrac-
tions 1, 2, and 3) correlated well with the Cr mass leached
in the column experiments, suggesting that extractions may
provide an estimate of leachable Cr mass and rate under field
conditions. The water-saturated column experiments showed
that sediments that had low concentrations (i.e., less than
0.1 pg/g) of easily released Cr (i.e., aqueous, adsorbed, and
Cr in high-solubility precipitates such as CaCrO,) leached
most of the Cr (i.e., more than 95%) within 3 PVs. Leach-
ing under unsaturated conditions was less efficient (i.e., 21
to 64% Cr leached for the same PV), so more leaching (10
PVs or more) was needed to leach most of the Cr in labora-
tory experiments. At field scale, if low-permeability zones
are present and contain Cr, additional leach PVs would be
needed (dependent on multiple factors including perme-
ability of the zones, volume, water content, and Cr phases),
but enhanced Cr leaching in some cases can be achieved
with the use of a surfactant. These sediments had moderate
amounts of low-solubility Cr-containing precipitates (10 to
40 pg/g) that were not leachable, resulting in little additional
release at later times or during SF. In contrast, sediments that
had moderate to high Cr concentrations with varying aque-
ous and adsorbed Cr (less than 0.5 pg/g) that was readily
released, and additional Cr in slowly dissolving phases (e.g.,
CrO 42* -substituted calcite and BaCrO,), showed elevated Cr
concentrations for the duration of the experiments. These
sediments exhibited a range of Cr release behavior. A sedi-
ment with high-solubility Ca-chromate released 82% of the
Cr by 3 PVs, whereas a sediment with Cr-substituted calcite
released 12% of the Cr by 3 PVs (and 33% by 10 PVs).

A single water flush of about 10 PVs applied at a slow
infiltration rate could be used to remove Cr from homoge-
neous sediments with low concentrations of labile, highly
leachable Cr (i.e., less than 0.2 pg/g). Altering the water
application rate and use of multiple pulses could be a good
strategy to remove Cr from sediments with moderate to high
labile Cr that is associated with a variety of Cr-bearing phases

NGWA.org

serving as a slow-releasing, long-term Cr source. For these
sediments, greater Cr mass was leached when the infiltration
rate was reduced by an order of magnitude and two leach
pulses were used instead of one. These results provide a
technical basis for using multiple soil flushing pulses at field
scale; namely, after fast-release Cr is removed using the first
leach pulse, the increased moisture content in the pore water
and time between pulses results in additional Cr release from
sediments, which is flushed in subsequent pulses. If the Cr
release rate from sediments is quantified, then the wait times
between flushing cycles can be quantified.

Laboratory-scale experiments also showed that adding
amendments to the leach solution to increase or decrease Cr
removal from the sediments demonstrated that:

1. Weak acid solutions were marginally effective and did
not significantly increase Cr removal.

2. In sediments containing Cr-contaminated low-
permeability lenses, the surfactant removed Cr more
quickly out of the lenses due to the decrease in water sur-
face tension, which increased water flow through lenses.
A cationic surfactant was more efficient at removing Cr
than an anionic surfactant.

3. The use of a fast-reacting reductant (e.g., Na-dithionite)
was highly effective at decreasing residual Cr leach-
ing after flushing had ended. In contrast, the use of a
slow-reacting reductant (e.g., Ca-polysulfide) during
unsaturated leaching did not decrease initial Cr leaching
during fluid application, but significantly decreased Cr
leaching during residual water flow. Infiltration of either
reductant would likely be inefficient at field scale as it
would oxidize in the vadose zone before contact with Cr-
contaminated sediments, but the slow-reactant reductant
(Ca-polysulfide) would likely infiltrate deeper. However,
for sites that appear to have slow-release Cr trapped in
sediments near the water table, a reductant could be add-
ed to the aquifer to decrease residual Cr leaching with
little loss due to oxidation.
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In general, knowledge of the Cr release mass and rate
from contaminated sediments can be used to improve field-
scale soil flushing operations. This does require sediment
samples, but laboratory leach studies can more effectively
quantify the mass of leachable Cr and release rate, which
can indicate which sites would be more efficiently leached
with multiple infiltration pulses and the addition of a surfac-
tant and which sites would likely require the use of a reduc-
tant to decrease residual Cr leaching into groundwater.
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