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Executive Summary

The 200-DV-1 Operable Unit (OU), located in the inner cleanup area of the Hanford’s Central
Plateau, was delineated to include forty-three waste sites selected based on (1) the remediation challenges
associated with mobile contaminants in the vadose zone; (2) the complex technical and regulatory
challenges, such as co-mingled plumes or determining the nature and extent of contamination; and (3) the
geographic proximity to waste management areas associated with vadose zone contamination in the
Central Plateau from within the B-, S-, and T-Complexes (DOE 2016). The final remedy selection for the
200-DV-1 OU will be supported by a combined Comprehensive Environmental Response, Compensation,
and Liability Act of 1980 (CERCLA) remedial investigation (RI) and feasibility study (FS) and Resource
Conservation and Recovery Act of 1976 (RCRA) facility investigation (RFI) and corrective measures
study (CMS). Because deep vadose zone contaminants at the 200-DV-1 OU waste sites present a
significant issue as a potential source for continued release of contaminants to the groundwater, both
RI/FS and RFI focus on determining the nature and extent of the contamination within this OU to assess
ongoing and potential future contaminant impacts to groundwater and select appropriate remedies and
remedial treatment technologies. These remedial investigation activities also provide information and
approaches relevant to designing and implementing characterization at other vadose zone operable units
in the Central Plateau.

As recognized in the ‘Characterization Sampling and Analysis Plan for the 200-DV-1 Operable Unit
Addendum 1: Attenuation Process Characterization’ (Attenuation SAP Addendum, DOE 2017),
information about contaminant attenuation and transport processes is important to meet the needs of the
remedial investigation and feasibility study objectives. In particular, this type of information is
foundational for conducting the fate and transport modeling efforts whereby ongoing and future
contaminant flux to groundwater are estimated to support risk assessment and remedy evaluation. The
report herein, in conjunction with the previous two 200-DV-1 OU attenuation characterization reports
(Truex et al. 2017; Szecsody et al. 2017), provide information on the nature and extent of contaminants,
observation of attenuation processes, and quantification of attenuation and transport parameters through
an effort of detailed laboratory studies for the selected vadose zone samples from various 200-DV-1
waste sites. Waste sites selected and associated contaminants identified and evaluated by these laboratory
studies are listed in Table ES.1. The laboratory analyses were conducted using approaches defined in
national guidance for quantifying attenuation processes.

The results presented in this report and the previous two reports provide important findings for the
200-DV-1 OU RI/FS efforts. One of the major outcomes presented is that only a small fraction of the total
uranium and iodine contamination was observed in mobile forms in the vadose zone. These contaminants
have been attenuated and uranium- and iodate-carbonate precipitation was identified as an important
attenuation mechanism that will have to be accounted for in transport assessments. In contrast, Tc-99 was
present only in aqueous and adsorbed phases and is therefore only attenuated by hydraulic processes in
the vadose zone. Cr(VI) concentrations were low in almost all samples. Some historical chromate
reduction may have occurred, but the observed total chromium concentrations were interpreted to be
primarily from naturally occurring mineral phases. Overall geochemical evaluations presented varying
effects of waste chemistry at different waste sites. While the majority of the samples from S- and T-
complexes showed a limited influence of waste chemistry, B-complex samples showed more significant
effects with varying characteristics between boreholes and with depth. However, some S- and T-complex
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boreholes also showed high nitrate concentrations with very minimal attenuation potential. These results
demonstrate that attenuation of contaminants has occurred and will continue to occur for major
contaminants in the vadose zone, such as uranium and iodine rendering these contaminants relatively less
mobile, whereas contaminants like Tc-99 and nitrate are more mobile. These results support the
quantification of the attenuation processes and transport parameters for each of the targeted mobile
contaminants selected for analysis, as identified in the Attenuation SAP Addendum (DOE 2017).

Table ES.1. Waste sites selected for contaminant characterization and attenuation assessment for the 200-

DV-1 OU.
Waste Site COCs Report
B-42 Trench (C9497) Tecm{iﬁgﬁ;iiﬁ?ﬁﬁ’ ﬁﬂ;gtr:l“m’ Current Report
T-3 Reverse Well (C9555) Uranium, Chromium, Cr(VI), Nitrate Current Report
T-7 Tile Field (C9503) Uranium, Chromium, Cr(VI), Nitrate Current Report
S-13 Crib (C9513) Uranium, Chromium, Cr(VI), Nitrate Current Report
B-8 Crib and Tile Field (C9488)* -- Current Report

T-19 (C9507)

T-25 (C9510)

S-9 (C9512)

BY Cribs (C9552)
B7-AB (C9487)

B-8 Crib and Tile Field (C9488)

Technetium-99, Uranium, U(VI),
Chromium, Total Iodine, Iodate, Iodide,
Cr(VI), Cyanide, Nitrate
Technetium-99, Uranium, U(VI),
Chromium, Total Iodine, Cr(VI),
Cyanide, Nitrate
Technetium-99, Uranium, U(VI),
Chromium, Total Iodine, Todate, Todide,
Cr(VI), Cyanide, Nitrate
Technetium-99, Uranium, Chromium,
Iodine, Cr(VI), Cyanide, Nitrate
Technetium-99, Uranium, Chromium,
Iodine, Cr(VI), Cyanide, Nitrate
Technetium-99, Uranium, Chromium,
Iodine, Cr(VI), Cyanide, Nitrate

Truex et al. 2017

Truex et al. 2017

Truex et al. 2017

Szecsody et al. 2017

Szecsody et al. 2017

Szecsody et al. 2017

(a) These perched zone samples were selected only for sediment total carbon, total organic carbon, and x-ray
diffraction analyses for the current report.
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Summary

Contaminants disposed of at the land surface must migrate through the vadose zone before entering
groundwater. Processes that occur in the vadose zone can attenuate contaminant concentrations during
transport through the vadose zone. Thus, quantifying contaminant attenuation and contaminant transport
processes in the vadose zone, in support of the conceptual site model (CSM) and fate and transport
assessments, is important for evaluating the need for, and type of, remediation in the vadose zone and
groundwater. The framework to characterize attenuation and transport processes provided in U.S.
Environmental Protection Agency (EPA)' guidance documents was used to guide the laboratory
characterization effort reported herein.

The 200-DV-1 Operable Unit (OU) is in the process of characterizing the vadose zone to support a
remedial investigation and feasibility study. Through a data quality objectives process, specific
200-DV-1 waste sites were selected for evaluation of attenuation and transport processes for mobile
uranium (U), technetium-99 (T¢-99), iodine-129 (I-129), chromium (Cr), and nitrate (NO3’) contaminants.
Not all of these constituents are present at every waste site, so a site-specific set of these contaminants
was assessed based on the waste disposal inventory information for each site. The specific elements of
the laboratory characterization effort were selected to provide data and associated interpretation to
support the following three objectives:

¢ Define the contaminant distribution and the hydrologic and geochemical setting
o [dentify attenuation processes and describe the associated attenuation mechanisms

e Quantify the mobility of contaminants and transport parameters for use in evaluating remedies

These objectives are elements of the framework identified in EPA guidance for evaluating Monitored
Natural Attenuation (MNA) of inorganic contaminants, and they directly support updating the CSM for
these waste sites (and generally for the Hanford Central Plateau). Importantly, the information supports
defining suitable parameters for evaluating transport of contaminants through the vadose zone and to the
groundwater. This type of transport assessment supports a coupled analysis of groundwater and vadose
zone contamination. The laboratory study information, in conjunction with transport analyses, can be
used as input to evaluate the feasibility of remedies for the 200-DV-1 OU. This remedy evaluation will
be enhanced by considering these study results that improve the understanding of controlling features and
processes for transport of contaminants through the vadose zone to the groundwater.

The laboratory study described in this report was conducted using the samples shown in Table ES-1
for the following selected waste sites in the 200-DV-1 OU: B-42 Trench (borehole C9497), T-3 Reverse
Well (borehole C9555), T-7 Tile Field (borehole C9503), S-13 Crib (borehole C9513), and B-8 Crib and
Tile Field (borehole C9488). The laboratory study included categories of individual analysis and
experiments derived from EPA guidance for MNA of inorganic contaminants. Sediment characterization
included determining contaminant concentrations, concentrations of important geochemical constituents,
physical properties, and pore-water oxygen and hydrogen isotopes. The character of iron and manganese

"EPA. 2015. Use of Monitored Natural Attenuation for Inorganic Contaminants in Groundwater at Superfund
Sites. OSWER Directive 9283.1-36, U.S. Environmental Protection Agency, Office of Solid Waste and Emergency
Response, Washington, D.C.
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phases in the sediments was also determined in relation to their role in redox reactions. For the majority
of these baseline analyses an initial set of core samples was used. For more detailed analyses, a
combination of both core and grab samples (i.e., samples, other than those originally targeted for
attenuation testing, collected and analyzed by CH2M Hill Plateau Remediation Company (CHPRC)) were
selected during collective discussions between PNNL and CHPRC. These detailed analyses provided
additional information to help assess attenuation processes through sequentially applying increasingly
harsh extraction solutions to the sediment and measuring contaminants in the extractions (sequential-
extraction analysis). This technique helps interpret the distribution of contaminants among mobile,
partially mobile, and functionally immobile phases in the sediments. Several types of methods were
applied to evaluate transport characteristics and to develop transport parameters for contaminants. Where
existing contaminant concentrations were high enough to enable testing, soil-column leaching
experiments were conducted that are used to evaluate and quantify contaminant release rates.

Table ES.2. Samples included in this laboratory study.

Nominal Geologic Depth Interval
Waste Site Borehole ID Core Unit (ft bgs)
B-42 C9497 39C CCUg 237238
S-13 C9513 18E H2/CCUz 115.6-116.6
s-13 C9513 25D CCUc 151.7-152.7
S-13 C9513 39D Rwei 201.5-222.5
T-3 9555 57B H2/CCUz 106-107
T-3 9555 31D Rwie 181.3-182.3
g 9503 sC H2/CCUz 87-88
T-7 9503 6B CCUZCCUc 91-92
g 9503 18C Rwei 152-153
B-8 9488 37D cCp Perched 22352245
B8 9488 37TE CCIII{ tgfvr;{led 204.5-2255
B-42 C9497 23 (Grab) H2 161-163.5
B-42 C9497 44 (Grab) CCUg 260-261.2
5-13 C9513 13 (Grab) H2 90.5-92
5-13 C9513 21 (Grab) CCUc 131.5-133.5
5-13 C9513 24 (Grab) CCUc 146.1-148.8
5-13 C9513 29 (Grab) Below CCUc 171-172

CCU is Cold Creek Unit; CCUc is Cold Creek unit — carbonate; CCUg is Cold Creek unit — gravel-dominated;
CCUz is Cold Creek unit — silt-dominated; H2 is Hanford formation unit 2 — sand-dominated; Rwei is Ringold

Formation member Wooded Island unit E.

Interpretation of this laboratory study can be considered from several perspectives relevant to
supporting 200-DV-1 OU activities. Results for each contaminant were evaluated across all of the

samples to identify contaminant-specific conclusions and to enable consideration of how results from this

study may be relevant to other waste sites. Results were also evaluated with respect to conclusions

relevant to the specific waste sites included in the study. Lastly, study results were evaluated with respect

v
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to updating CSMs and future evaluation of remedies, including the associated fate and transport
assessment needed as a basis for remedy evaluation.

The data and information from this laboratory study were interpreted to support the following
conclusions for each contaminant included in the study.

e Uranium

— Uranium concentrations were low in most samples analyzed for this study, which indicates that a
significant fraction of uranium may be associated with natural background. However, moderate
levels of uranium were observed in two of the core samples (B39X10 and B39X55) from
borehole S-13 (C9513) and one of the core samples (B39VY 1) from borehole T-7 (C9503). The
total uranium found in B39VY1 was still significantly lower than the S-13 (C9513) samples, and
mostly in mineral precipitate forms. Sample B39X55 was from the CCU caliche unit with a high
carbonate concentration. Consistently, the results for this sample indicated high total inorganic
carbon which suggests formation of uranium carbonate compounds potentially attenuating
uranium in this formation. Sequential extraction results for the same unit as discussed below
confirmed this behavior. Sample B39X10 was from a transition zone between H2 and CCUz
formations. Sequential extractions conducted for a grab sample in H2 formation for this borehole
also indicated moderate levels of uranium with about 20% being in the aqueous and adsorbed
phases. Thus, some portion of uranium in this borehole (S-13, C9513) may be migrating from H2
sediments into CCUc and where it may then complex with carbonate. Uranium-carbonate
precipitation was identified as an important attenuation mechanism that reduce uranium mobility.
This attenuation mechanism will have to be accounted for in transport assessments.

— Uranium surface phases showed significant differences for different boreholes. Aqueous and
adsorbed uranium, that would be transported under equilibrium conditions, ranged from 0.5% to
20% among the samples from the S-13 (C9513), T-3 (C9555), and T-7 (C9503) boreholes, with
the highest fraction observed in sample B3DCJ2 (grab sample, S-13, C9513). The mobile
fraction of uranium that also includes part of the acetate-extractable uranium in addition to the
aqueous and adsorbed phases ranged from 10% to 55%, with the highest mobility observed in the
samples from borehole S-13 (C9513). While the T-3 (C9555) sample yielded the highest amount
of total contamination (29.44 pg/g), most of the uranium in borehole T-3 (C9555) was associated
with precipitates where transport of uranium would be controlled by slow dissolution processes.

— Slow-release uranium transport behavior that is potentially due to slow carbonate dissolution was
observed in soil-column leaching experiments for the samples from borehole S-13 (C9513).
However, core sample B3DB67 (T-3, C9555) showed an unusual transport behavior with initially
decreasing concentrations followed by slight increase, indicating a slowly released uranium-
complex that is unidentified.

— Uranium distribution coefficient (Kq) values varied across the different samples tested. The
highest K4 value was associated with the sample (B3DB67) from borehole T-3 (C9555), which
also had the highest amount of uranium contamination. Thus, in transport assessments, selection
of a K4 value for uranium should consider spatial variation of the K4 value.

e Jodine

— Total iodine concentrations in the vadose zone were only measured for the sample from borehole
B-42 (C9497), which showed a very low level.
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e Tc-99

Tc-99 was only measured for the sample from borehole B-42 (C9497) and was a non-detect.

A grab sample (i.e., samples other than those originally targeted for attenuation testing) from
borehole B-42 (C9497) with a Tc-99 concentration of 11.1 pCi/g was selected collectively by
PNNL and CHPRC for sequential extractions. A sample adjacent to this grab sample was
analyzed for Tc-99. The result indicated a very small amount of total extractable Tc-99 in this
sediment (about four orders of magnitude lower than the grab sample targeted ), indicating
heterogeneity in Tc-99 distribution. No further soil-column leaching tests were conducted for this
sample due to the low value observed for this sample. However, sequential extraction restuls
indicate that Tc-99 is in the mobile phase in this sediment.

e Chromium

Cr(VI) was not detected in most core samples and, when detected, was present at a low
concentration. Total chromium measured in acid extractions was likely from natural background.

Sequential extraction results (conducted with a set of grab samples) showed a wide range of total
Cr concentrations (8.9 to 68 ug/g) among the selected samples. However, the mobile chromium
ranged only from 0.95 to 1.6 png/g. Some of the elevated K4 values determined in sequential
extractions for Cr indicated more sorption than expected for the sediment from borehole S-13
(C9513), attenuating its mobility in this borehole.

e Nitrate

study.

Nitrate concentrations were low in all of the samples, except the samples from borehole T-7
(C9503), which indicated an increasing trend with depth, indicating very little attenuation
potential.

The following conclusions were developed for the specific boreholes/waste sites analyzed in this

e B-42

One core sample selected for the laboratory study from the B-42 waste site (borehole C9497) was
comprised of CCU gravel material. This sample did not show any signs of altered geochemistry
induced by the waste discharge. Contaminant levels were also observed to be very low or non-
detect.

Six samples analyzed for isotopic signature, with varying depths from this borehole, showed two
distinct patterns over the depth profile correlated to the historic water table depth for this location
(256 ft below surface). Results suggested mixing of a distinct upper water (above 256 ft) with a
distinct lower water near the location of the historical water table. Furthermore, upper data (above
256 ft) also showed isotopic shifts that are consistent with a flux of industrial process water near
the surface that is propogating downward.

S-13

Core samples for the contaminant concentration and geochemical evaluation from the S-13 waste
site (borehole C9513) included materials from the transition of Hanford formation to CCU silt,
CCU caliche (CCUc), and Ringold (silty, sandy gravel). The samples from the transition zone
and CCUc showed moderate levels of uranium and total chromium with very small amounts of

vi
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Cr(VI). The sample from the Ringold Formation only had very small amounts of contaminants
present. None of these samples showed any significant nitrate levels. The sediment from the
CCUc formation also showed high levels of total carbon and total inorganic carbon, as well as
higher calcium and magnesium, indicating the presence of carbonate in this sample. Slightly
elevated levels of uranium found in this sample are likely due to formation of uranium carbonate
compounds.

— A total of four grab samples were selected for sequential extractions for this borehole for uranium
and chromium analyses. For the two samples analyzed for uranium, it was observed that some
uranium was in mobile phase (aqueous, adsorbed, and acetate extractable), which may transport
in aqueous phase under equilibrium-partitioning conditions. The sample from the CCUc
formation showed uranium associated with the acetate-extractable portion, indicating
complexation with carbonate. All four samples were analyzed for chromium and showed total
chromium concentrations ranging from 30.28 to 67.60 pg/g with a very small fraction of mobile
chromium. Slightly elevated K4 values for Cr (0.382-7.64 mL/g) indicated more sorption
behavior than expected. Soil-column leaching experiments confirmed a decreasing release rate
over time for uranium consistent with dissolution of a solid phase. For chromium, these
experiments indicated a small release during the early stages of the experiment and a very slow
kinetic dissolution of a Cr-containing precipitate.

— Isotope analysis for this borehole showed an anthropogenic influence similar to borehole B-42. It
is likely that the isotopic signature indicates a high flux of Columbia River water (e.g., as process
water) into the system.

— Based on the data collected in this laboratory study, the following attenuation processes are
important at this waste site. Sorption processes are important for uranium. Formation of
uranium-carbonate precipitates also appears to be an attenuation mechanism in S-13 borehole
samples. The potential for reduction through abiotic (e.g., ferrous iron) mechanisms is very
limited, and would not affect the future contaminant migration.

T-7

- Core samples from the T-7 waste site (borehole C9503), analyzed for contaminant distribution
and geochemistry, were materials from the transition of Hanford formation to CCU silt, transition
of CCU silt to caliche, and Ringold (silty, sandy gravel). Only one sample (B39VY1) showed a
slightly elevated uranium concentration where the other two samples yielded very low
concentrations. All sampled showed low levels of chromium. However, nitrate levels were
noticeably elevated, showing an increasing trend with depth.

- Sequential extractions yielded a very small amount of total uranium, with a large fraction in
functionally immobile form associated with solid phases in the sediment. The K4 value was
calculated as 3.17 ml/g.

- Isotope analysis for this borehole yielded patterns largely consistent with expected natural
patterns, indicating very little anthropogenic influence in this area.

— Based on the data collected in this laboratory study, the following attenuation processes are
important at this waste site. Sorption processes are important for uranium. No indications of
reduction were observed in these samples and the potential for reduction through abiotic (e.g.,
ferrous iron) processes is limited.

vil
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e T-3

Core samples from the T-3 reverse well waste site (borehole C9555), analyzed for contaminant
distribution and geochemistry, were from the transition of Hanford formation to CCU silt and
Ringold (silty, sandy gravel). The sample from the transition zone showed slightly elevated
nitrate levels accompanied by a high uranium concentration in acid extractions. No Cr(VI) was
detected in water extractions and acid extractions yielded a very small amount of total chromium
for this sample. The sample from the Ringold unit didn’t show any significant contaminant
levels.

—  The sample from the transition unit was further evaluated through sequential extractions. The
total uranium contamination was observed to be the highest among the selected samples from all
boreholes. However, the majority of this uranium was found to be associated with functionally
immobile solid phases , requiring dissolution processes for contaminant release. The total
uranium leached from this sediment was less than predicted from the sequential extractions, with
an unusual leaching behavior of initially decreasing, but later slowly increasing, concentrations.
This behavior may indicate the presence of a slowly released uranium-complex that is
unidentified. The K4 value for uranium was calculated to be 14.23 mL/g. A very small
concentration of Cr was also observed in the leaching experiments with the initial few leach
samples. Stop-flow events indicated a very slow dissolution of a Cr-containing precipitate.

— Isotope analysis for this borehole indicates a strong influence of an industrial process that
correlates with a reverse well and its screen depth.

— Based on the data collected in this laboratory study, the following attenuation processes are
important at this waste site. Sorption processes are important for uranium and chromium. No
indications of reduction were observed in these samples and the potential for reduction through
abiotic (e.g., ferrous iron) processes is limited.

The study provided a set of data that addressed the study objectives and can support future evaluation
of remedies, including MNA and the associated fate and transport assessment that is needed as a basis for
remedy evaluations. The first objective was to jointly evaluate contaminant concentrations and the
biogeochemical and hydrologic setting for these data. This information provides a baseline for
interpreting attenuation and transport studies. As noted, there were significant variations in transport
parameter values and some attenuation mechanisms linked to specific sediment characteristics (e.g.,
carbonate content). For scaling and use of this information in fate and transport assessments, these
variations should be considered in light of the sample properties. For this study, the sample properties
were linked to the sediment units sampled. However, geochemical indicators did not show any
significant difference or effect of contamination. Scaling and use in future efforts can translate the
attenuation and transport information from this laboratory study to other waste sites based on the
distribution of similar sediment units (e.g., the CCU silt and CCU caliche).

Another objective of the study was to identify attenuation processes that appear to be active in these
samples and that will affect contaminant transport through the vadose zone. Sorption processes were
found important for uranium, and to a lesser extent for chromate. Carbonate content appeared to be
important for uranium and its release behavior. Accumulation in carbonate precipitates was identified as
an attenuation mechanism for uranium. Slow release of uranium was evident in leaching experiments.
Geochemical signatures of reducing conditions were minimal or non-existent in the samples. Attenuation
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mechanisms relevant to Tc-99 could not be fully assessed because of the low/non-detect concentrations of
this contaminant. Chromium release from the sediment occurred only during the initial phases of the
leaching experiments and chromium was found to be strongly associated with mineral precipitates, which
were most likely naturally occurring.

A key objective of the study was to quantify attenuation and transport parameters to support
parameterization of fate and transport assessments. This type of assessment will be needed to evaluate
transport of contaminants through the vadose zone, to evaluate the coupled vadose zone-groundwater
system, and to assess the need for, magnitude of, and/or design of remediation. The contaminant- and
sample-specific values from stop-flow portions of soil-column experiments and sequential extractions
provide a set of information that can be directly used to develop transport parameters. Soil-column
effluent concentration data can also be compared to one-dimensional simulations to assess fate and
transport model configurations for Ky or for surface complexation models.

Collectively, the information from this laboratory study can be considered in terms of updating the
CSM for contaminants in the vadose zone. It can also provide input to describing the coupled vadose
zone-groundwater system that needs to be considered for remedy determinations. CSM elements from
this laboratory study are listed below. These elements will need to be incorporated with other data
collected during the 200-DV-1 OU remedial investigation as part of updating the CSMs for the 200-DV-1
OU component waste sites.

o Sequential extraction experiments (and more coarsely indicated by comparison of water- and acid-
extraction contaminant data) show that only a small fraction of the uranium mass in samples is in a
mobile form that would transport under equilibrium-partitioning conditions. Leaching experiment
results confirmed that slow-release processes affect the transport behavior of uranium. The relative
amount of uranium mass in the mobile versus functionally immobile phases affects the potential for
future mass discharge from the vadose zone to the groundwater.

o Laboratory data suggest that formation and dissolution of uranium-carbonate precipitates is a
potential attenuation mechanism affecting the relative mobile and immobile mass fractions and the
transport characteristics of uranium.

e Attenuation and sorption are not uniform in the vadose zone, especially for uranium. Lithology (e.g.,
the presence and extent of layers such as the CCU) and carbonate content affected the transport
parameter values for these contaminants.

o For the waste sites included in this study, the effects of waste chemistry, other than contaminant
concentrations, did not penetrate deep into the vadose zone. The geochemical signature of samples
shows that transport evaluations at these waste sites will not need to include properties modified by
waste chemistry for the deep portion of the vadose zone.

e While the CSM should acknowledge the potential for transformation processes (e.g., abiotic
reduction), minimal evidence was observed that these processes are active. However, such
transformations may have occurred in the past and contributed to the currently observed contaminant
distribution within the sediment and pore water.

e Oxygen and hydrogen isotope data were collected and primarily show correlation to regional
precipitation with some variations from evaporative and condensation processes. They also indicate
anthropogenic effects (e.g., industrial processes) for some of the waste sites.
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o [t will be important to incorporate variations in physical property data into the CSM to augment
existing data and correlate to indirect measures of lithology (e.g., geophysical logging). Additional
detailed hydraulic property data were collected for this laboratory study and will be documented in a
separate report.

This laboratory study extended the characterization of the 200-DV-1 OU to include identification and
quantification of contaminant attenuation processes and parameters that will be needed to evaluate
transport of contaminants through the vadose zone into the groundwater. The data generated in this
laboratory study enable the site CSMs and transport analyses to be updated to reflect the observed
contaminant behavior. In addition, the laboratory study was structured to address the information
requirements for considering MNA as all or part of a remedy (i.e., EPA’s guidance document Use of
Monitored Natural Attenuation for Inorganic Contaminants in Groundwater at Superfund Sites') and can
be used as part of the technical defensibility for identifying attenuated transport through the vadose zone
within the remedial investigation and feasibility study for the 200-DV-1 OU.

"'EPA. 2015. Use of Monitored Natural Attenuation for Inorganic Contaminants in Groundwater at Superfund
Sites. OSWER Directive 9283.1-36, U.S. Environmental Protection Agency, Office of Solid Waste and Emergency
Response, Washington, D.C.
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1.0 Introduction

Contaminants disposed of at the land surface and present in aqueous phase migrate through the
vadose zone prior to entering groundwater. Such discharge creates a source for a contaminant plume in
the underlying groundwater. Therefore, identification and quantification of attenuation processes and
other factors that affect migration of contaminants of concern (COCs) in vadose zone are critical for
assessing the need for, and type of, remediation in the vadose and groundwater. This type of information
will enhance the existing conceptual site models (CSMs) for the 200-DV-1 Operable Unit (OU) (Serne et
al. 2010; CHPRC 2015a,b) in support of fate and transport analysis and remedy evaluation.

Contaminant transport through the vadose zone beneath waste disposal sites is affected by two types
of attenuation processes: (1) attenuation caused by advective and dispersive factors related to unsaturated
water flow and (2) attenuation caused by biogeochemical reactions and/or physical/chemical interaction
with sediments (e.g., phenomena such as sorption, solubility control, and decay/degradation that slow
contaminant movement relative to water movement). Figure 1 summarizes the types of attenuation
mechanisms that may affect contaminant transport in the vadose zone. Note that Figure 1 includes waste
fluid properties and chemistry because wastes at Hanford were typically released directly to the vadose
zone and attenuation may be affected by the nature of the waste material (e.g., Szecsody et al. 2013;
Truex et al. 2014).

Waste Fluid Properties Waste Chemistry Abiotic/Microbial Processes

— —  —

Advective and Dispersive Processes || Decay/Degradation || Sorption || Solubility

Figure 1. Attenuation mechanisms (green font) for inorganic contaminants in the vadose zone and
factors that can impact attenuation (black font) (Truex et al. 2015a).

A framework to characterize these attenuation and transport processes is provided by U.S.
Environmental Protection Agency (EPA) guidance document Use of Monitored Natural Attenuation for
Inorganic Contaminants in Groundwater at Superfund Sites (EPA 2015). Additional information about
vadose zone attenuation processes reported by Truex and Carroll (2013) and Truex et al. (2015a) is also
relevant for characterization of the vadose zone. These documents point to approaches that can be
applied to identify and describe transport parameters for a vadose zone site.

Deep vadose zone contamination is an important issue at the Central Plateau of the Hanford Site since
it presents a potential source (due to past disposal practices) for continued release and discharge of
contaminants into the underlying groundwater. The 200-DV-1 OU encompasses 43 waste sites and is
currently being characterized to support understanding the nature and extent of contamination and the
selection of appropriate remedies and remedial treatment technologies (DOE 2012, 2016). The purpose
of the analysis conducted and described in this report is to provide the necessary contamination and
attenuation characterization data and its interpretation for the selected waste sites for the 200-DV-1 OU
characterization project. Through a data quality objectives process, specific 200-DV-1 waste sites were
selected for evaluation of attenuation and transport processes for mobile uranium, technetium-99 (Tc-99),
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iodine-129 (I-129), chromium, and nitrate contaminants. These waste sites were selected based on the
following factors:

e Waste stream inventory (radiological and/or chemical component)
o Waste stream differentiation (acid/base, volume, unique characteristics)
o Disposal type (crib, trench, french drain, reverse well, etc.)

e Potential to obtain parameters from significant (site-specific) geologic units to fill data gaps in
transport parameters

The data quality objectives process also identified that the characterization of attenuation and
transport processes needed to include the following activities:

e Evaluate contaminant and geochemical constituents in the samples
o Identify interactions of contaminants with sediments
o Quantify contaminant mobility

e Evaluate factors controlling contaminant mobility

The waste sites covered in this report include B-42 Trench, T-3 Reverse Well, T-7 Tile Field, S-13
Crib, and B-8 Crib and Tile Field. The locations of the boreholes where the sediment samples were
collected are shown in Figure 2. Detailed description of these waste sites and boreholes is contained in
the 200-DV-1 OU characterization planning documents (DOE 2012, 2016) and will be compiled in future
200-DV-1 characterization reports. This report focuses only on description of the analyses conducted on
the samples selected to assess attenuation and transport processes.

This characterization information will be used to refine CSMs by enhancing the understanding of
controlling features and processes for transport of contaminants through the vadose zone to the
groundwater. The characterization approach was developed based on EPA (2015) guidance, identifying
specific objectives (Section 2.0) and types of laboratory analyses (Section 3.0) to conduct on sediment
samples. This report provides results and interpretation of these laboratory analyses from analysis of
samples collected in fiscal year 2018 (Section 4.0), and conclusions with respect to how these results are
important for the remedial investigation/feasibility study for the 200-DV-1 OU and associated
contaminant fate and transport assessment (Section 6.0). Quality assurance (QA) applied for this work is
described in Section 5.0.
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Figure 2. Location of waste sites and boreholes where samples were obtained for this laboratory study

(adapted from DOE 2012).
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2.0 Objectives

The specific types of data identified for inclusion in the laboratory study reported herein will provide
data and associated interpretation to support the following three objectives. These objectives are elements
of the framework identified in the EPA guidance (EPA 2015) for evaluating Monitored Natural
Attenuation (MNA) of inorganic contaminants, which directly supports development of suitable
contaminant transport parameters.

o Define the contaminant distribution and the hydrologic and biogeochemical setting
o Identify attenuation processes and describe the associated attenuation mechanisms

¢ Quantify attenuation and transport parameters for use in evaluating remedies

These overall objectives led to a series of laboratory analyses designed to provide suitable data and
information. A phased approach was used for this effort to progressively gather more detailed
information based on initial results. This progressive/tiered approach is consistent with EPA MNA
guidance.

The information from these analyses will be used as input to evaluate the feasibility of MNA and
other remedies for the 200-DV-1 OU. The information from these analyses will also be used as input to
refine the CSM for the targeted vadose zone sites.

The objectives listed above are accomplished through the following:

e Measuring concentration and mass of contaminants associated with aqueous, adsorbed, and various
solid phases by batch extractions

e Measuring concentration and mass of contaminants that leach from sediments over time in high
sediment-water ratio 1-D column studies

o Characterizing Fe- and Mn-oxide surface phases, including reduced phases that can potentially cause
abiotic reduction of some contaminants and oxic phases that are available for microbial reduction

e Characterizing the potential for uranium and chromate leaching in high sediment-water ratio stop-
flow columns

e Determining the oxygen and hydrogen isotopic signature of the pore water

2.1
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Samples for the laboratory analyses were collected by CH2M Hill Plateau Remediation Company
(CHPRC) as part of the drilling campaign for the 200-DV-1 OU remedial investigation. Sets of samples
for each borehole included multiple sample intervals as potential targets for the analyses. The sample
handling procedures used upon sample delivery to the laboratory are described in Section 3.1. This
section also describes the selection of the specific sample intervals and the analyses selected for these
sample intervals. Laboratory and experimental methods were derived from the approaches described in
Use of Monitored Natural Attenuation for Inorganic Contaminants in Groundwater at Superfund Sites
(EPA 2015). The laboratory analysis methods are presented in Section 3.2.

3.1 SamplesSample Handling, and Selection of Sample Intervals and

Associated Analyses

Pacific Northwest National Laboratory (PNNL) and CHPRC jointly selected samples for testing
through meetings that were held after all of the samples for a borehole were collected. The selected
samples from boreholes C9497, C9555, C9503, C9513, and C9488 for the analyses discussed in this
report are listed in Table 1, 2, and 3. The samples selected for intact hydraulic property assessment will
be described in a separate report.

Table 1. Sediment samples selected for contaminant concentration and geochemical characterization.

Depth
Borehole Borehole Nominal Interval

Designation 1D Core Sample ID Geologic Unit (ft bgs) Analysis (Report Section)
B-42 C9497 39C B39M00 CCUg 237-238 3.2.1%,3.2.2.1,3.2.3,3.2.6
S-13 C9513 18E B39X10 H2/CCUz 115.6-116.6 3.2.1°,3.2.2.1,3.2.3,3.2.6
S-13 C9513 25D B39X55 CCUc 151.7-152.7 3.2.1%3.2.2.1,3.2.3,3.2.6
S-13 C9513 39D B39XC3 Rwei 221.5-222.5 3.2.1%3.2.2.1,3.2.3,3.2.6

b
T-3 C9555 57B B3DB67 H2/CCUz 106-107 3.2.1 332224:;22622 323,
T-3 C9555 31D B3BL58 Rwie 181.3-182.3 3.2.1%,3.2.2.1,3.2.3,3.2.6
T-7 C9503 5C B39VR9 H2/CCUz 87-88 3.2.1%,3.2.2.1,3.2.3,3.2.6
T-7 C9503 6B B39VT4 CCUz/CCUc 91-92 3.2.1%,3.2.2.1,3.2.3,3.2.6
b
T-7 C9503 18C B39VYl Rwei 152-153 3.2.1% 3'2'2;& 36'2'2'2’ 3.2.3,
B-§° 9488 37D passmo ~ CCUPerched o5 5 0045 321,326
Interval
B-8° C9488 37E passmi  CCUPerched —po) 50055 321,326
Interval

B-42 C9497 23 (Grab) B3BMT1 H2 161-163.5 3222
B-42 C9497 44 (Grab) B3BMW9 CCUg 260-261.2 3222
S-13 C9513 13 (Grab) B3DCJ2 H2 90.5-92 3222,324
S-13 C9513 21 (Grab) B3DCJ7 CCUc 131.5-133.5 32.22,324
S-13 C9513 24 (Grab) B3DCK2 CCUc 146.1-148.8 3222
S-13 C9513 29 (Grab) B3DCK7 Below CCUc 171-172 3.22.2

CCU is Cold Creek Unit; CCUc is Cold Creek unit — carbonate; CCUg is Cold Creek unit — gravel-dominated; CCUz Cold
Creek unit — silt-dominated; H2 is Hanford formation unit 2 — sand-dominated; Rwie is Ringold Formation member Wooded

Island unit E.

(a) These perched zone samples were selected only for sediment total carbon, total organic carbon, and x-ray diffraction

analyses.

(b) These samples were analyzed for lithology, texture, petrologic composition (sand, gravel, basalt, quartz) and photos, and
moisture content. Another set of samples was selected for more detailed hydraulic characterization (see Table 3).
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Table 2. Sediment samples selected for isotope analysis (Section 3.2.5).

Borehole Depth Interval
Designation Borehole ID Core Sample ID Nominal Geologic Unit (ft bgs)

B-42 C9497 11 B3BMPS H1 65.3-68.8

B-42 C9497 4 B3BMN2 H2 102.0-104.0
B-42 C9497 23 B3BMTO H2 161.0-163.5
B-42 C9497 37 B3BMW2 CCUg 231.0-233.0
B-42 C9497 39 B3BMO02 CCUg 235.0-236.0
B-42 C9497 44 B3BMW8 CCUg 260.0-261.2
T-7 C9503 6 B39VT5 CCUz 90.0-91.0

T-7 C9503 41 B3D1D9 CCUc 98.0-99.0

T-7 C9503 13 B3D1H2 Rwie 126.0-128.0
T-7 C9503 16 B3D1H8 Rwie 140.0-145.0
T-7 C9503 22 B3D1KO0 Rwie 171.3-174.1
T-7 C9503 25 B3DI1K7 Rwie 186.2-189.2
T-7 C9503 29 B3DIL4 Rwie 206.1-209.1
T-7 C9503 32 B3DIMO Rwie 220.5-221.5
T-3 C9555 17-18 B3FCL5 CCUz 110.4-111.2
T-3 C9555 24 B3FCM1 CCUc 135.0-136.4
T-3 C9555 28 B3FCMS8 Rtf 156.7-158.2
T-3 C9555 50 B3FLP9 Rwie 170.3-171.8
T-3 C9555 35 B3FLR3 Rwie 200.3-202.8
T-3 C9555 37 B3FLR7 Rwie 210.4-212.4
T-3 C9555 41 B3FLT1 Rwie 230.2-232.2
T-3 C9555 44 B3FLTS Rwie 245.0-247.6
S-13 C9513 10 B3DCH7 H2 76.0-79.0

S-13 C9513 13 C3DCIJ2 H2 90.5-92.0

S-13 C9513 18 B3F940 H2 115.6-116.6
S-13 C9513 21 B3DCJ7 H2 131.5-133.5
S-13 C9513 24 B3DCK2 CCUz 146.1-148.8
S-13 C9513 29 B3DCK7 Rtf 171.5-174.3
S-13 C9513 33 B3DCL2 Rtf 191.7-194.1
S-13 C9513 40 B3DCL7 Rwie 225.0-227.0
S-13 C9513 41 B3DCM2 Rwie 231.4-234.0

CCU is Cold Creek Unit; CCUc is Cold Creek unit — carbonate; CCUg is Cold Creek unit — gravel-dominated;
CCUz is Cold Creek unit — silt-dominated; H2 is Hanford formation unit 2 — sand-dominated; Rwei is Ringold
Formation member Wooded Island unit E

Table 3. Sediment samples selected for detailed hydraulic characterization (separate report, methods
described in Section 3.2.1).

Borehole
Designatio Depth Interval
n Borehole ID Core Sample ID Nominal Geologic Unit (ft bgs)
B-42 C9497 41B B39M11 CCUg 248-249
S-13 C9513 25B B39X53 CCUc 153.7-154.7
S-13 C9513 27C B39X68 Rtf 162.7-163.7
T-7 C9503 8C B39VV7 CCUc 102-103
T-7 C9503 19E B39VY9 Rwie 155-156
B-8* C9488 37D B355M0 CCU Perched Interval 223.5-224.5
B-8? C94388 37E B355M1 CCU Perched Interval 224.5-225.5

(a) These perched zone samples were selected only for a limited hydraulic characterization.
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Consistent with the recommendations given in Truex et al. (2017), two types of samples (i.e., core
and grab samples) were used in a two-tiered approach in this study. Grab samples are the additional
samples collected as a vertical profile in the borehole at selected vertical locations where contaminant of
concern analyses are conducted by CHPRC. In the two-tiered approach used here, the baseline analyses
(i.e., sediment geochemistry and contaminant distribution) used an initial set of core samples. The results
from these samples were used to evaluate the value of conducting more detailed attenuation analyses, and
where the contaminant concentrations were found insufficient, grab samples were used to augment the
number of samples available for assessing leaching characteristics. Therefore, in this study, a combination
of both core and grab samples were selected for more detailed attenuation evaluation (i.e., sequential
extractions, 1-D soil-column experiments).

The samples were in 12-inch-long liners within a 5-ft-long sonic core. The liner samples were
shipped from the drilling site to the PNNL 331 Building, where they were inspected, the chain of
custodies were completed, and the samples were placed in a refrigerator (4°C). Once selected, the sample
liner for use in isotopic analyses was frozen, except as noted in Table 1 where a subsample of liquid from
a liner containing saturated sediment and free liquid was collected and frozen as the sample for isotopic
analysis. The nominal liner sample disposition plan within a 5-ft core sample is shown in Figure 3.
Target 5-ft cores selected for testing generally divide liners for specific types of tests according to this
plan. However, the plan was modified in some cases depending on the observed sample recovery and
initial inspection of material type within the liners by the PNNL-CHPRC technical team.
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Figure 3. Nominal schematic of analysis on specific core intervals.
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3.2 Laboratory Methods

Laboratory analyses were selected to evaluate attenuation processes and other factors affecting fate
and transport of contaminants in the vadose zone. These analyses were based on the characterization
approaches described for evaluating MNA of inorganic contaminants (EPA 2007a,b, 2010, 2015). The
analyses were selected to provide data to support interpretation of contaminant behavior in the vadose
zone, and will be used in conjunction with additional information produced by CHPRC as part of their
related characterization efforts at these and other vadose zone boreholes.

The selected laboratory analyses for the overall characterization effort were applied in a two-step
process: (1) basic analysis (Tier 1), and (2) advanced analysis (Tier 2). The purpose of this stepwise
approach was to utilize the information generated during the basic analysis to inform decision making for
the second stage, resulting in more targeted selection of samples for sequential extractions and column
studies, as well as intact hydraulic property measurements.

The laboratory experimental effort was organized using the following specific analysis objectives,
which are related to the overall objectives described in Section 2.0. The subsequent sections describe the
laboratory methods applied for each of the analysis objectives.

Analysis Objectives

1. Characterize the physical aspects of the sample that are used to evaluate pore water flow and provide
the sediment information needed to interpret and scale biogeochemical analysis results.

2. Characterize the contaminant concentration, distribution, and, where appropriate, the oxidation-
reduction state and chemical form in the pore water and on sediment surfaces. This information
allows interpretation of contaminant mobility in the context of the biogeochemical system data.

3. Characterize the geochemical conditions in the pore water and on sediment surfaces to facilitate
interpretation of attenuation and transport processes. Information about elements and compounds in
the samples enables evaluation of biogeochemical processes related to the contaminant chemical form
and mobility.

4. Characterize the contaminant mobility using tests that impose specific conditions, and collect
temporal data for interpreting the mobility of the contaminant (e.g., by quantifying the rate of
contaminant transfer to the aqueous phase).

5. Determine the oxygen and hydrogen isotopic signature of the pore water for use in comparing to
existing data that may enable the source of the pore water within the sample to be evaluated.

3.2.1  Analysis Objective 1: Physical Characterization

Standard physical sediment analysis methods shown in Table 4 were applied as needed to meet
analysis objective 1. Because of the long duration required for determining unsaturated hydraulic
properties, results of the hydraulic property evaluation will be presented in a separate report.
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Table 4. Physical sediment analysis methods.

Required Data Method Basis
Moisture content ASTM D2216-10
Intact-core dry bulk density, particle density and porosity ASTM D7263-09, D854-14
Core particle size by sieve (4, 2, 1, 0.5 mm sieves) ASTM D6913-04
Core particle size by laser diffraction (< 0.5 mm) ASTM D4464-15
Lithology, texture, petrologic composition (sand, gravel, basalt, Geologist inspection of borehole samples
quartz) and photos
Mineralogy by X-ray diffraction (XRD)® RGD106SOP

(a) XRD analysis was selected and conducted only for the two samples from borehole B-8 (C9488).

3.2.2 Analysis Objective 2: Contaminant Concentration, Distribution, and
Oxidation-Reduction State

Contaminant data were interpreted based on the elements and compounds present in the sample pore
water or on sediment surfaces. Contaminant information was obtained by the analyses listed in Table 9
(Section 3.2.6). Specific types of extractions along with the concentration information were applied to
evaluate the contaminant conditions. Extractions applied to evaluate the contaminant conditions are listed
in

Table 5.
Table 5. Extraction methods for contaminant analysis.
Required Data Method Basis
Water extraction (1:1 sediment:H,O) Um et al. 2009 and Zachara et al. 2007
Acid extraction (1:3 sediment:H,O, 8M HNOs;)  Um et al. 2009 and Zachara et al. 2007
Sequential extractions: Gleyzes et al. 2002; Beckett 1989; Larner et al. 2006;
Artificial groundwater Sutherland and Tack 2002; Section 3.2.2.1

Ion exchangeable
pH 5.0 acetate

pH 2.3 acetic acid
Oxalate, oxalic acid
8M HNO3, 95°C

3.2.2.1 Water and Acid Extraction of Contaminants from Sediments

The water extraction (at 1:1 sediment/water ratio) is the aqueous contaminant fraction extracted in
deionized water with a 1.0-hour sediment-water contact time (from EPA 9045D, Rhoades 1996). The
acid extraction is conducted at a 1:3 dry sediment/water ratio using 8M HNO; for 3 hours at 90°C to
95°C. This is a modified method based on EPA 3051a to not include the HCI, because the chloride ion
interferes with U(VI) analysis.
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3.2.2.2 Sequential Extractions

Six sequential liquid extractions were conducted on a sediment sample. Extraction 1 is the aqueous
contaminant fraction, extraction 2 is the adsorbed contaminant fraction (ion exchangeable), extraction 3 is
the “rind-carbonate” contaminant fraction, extraction 4 is the total carbonate extraction fraction,
extraction 5 is the Fe-oxide contaminant fraction, and extraction 6 is defined as the hard-to-extract
contaminant fraction. These sequential extractions were conducted at a 1:2 sediment:liquid ratio at room
temperature (20°C to 25°C). The extraction used reagents 1 through 6 defined below.

e Reagent 1 - Artificial groundwater:

Concentration

Constituent (mM)
H,Si0;*nH,O0, silicic acid 0.2
KCl, potassium chloride 0.11
MgCO3, magnesium carbonate 0.15
NaCl, sodium chloride 0.26
CaSO0y, calcium sulfate 0.49
CaCOs, calcium carbonate 1.5

e Reagent 2 - 0.5 mol/L Mg(NO3),: 128.2 g Mg(NO3),*6H>O + 30 uL. 2 mol/L. NaOH to pH 8.0,
balance deionized (DI) H,O to 1.0 liter

o Reagent 3 - Acetate solution: 136.1 g sodium acetate*3H,O + 30 mL glacial acetic acid
(17.4 mol/L), pH 5.0, balance DI H»O to 2.0 liters

o Reagent 4 - Acetic acid solution: concentrated glacial acetic acid, pH 2.3; 50.66 mL glacial acetic
acid (17.4 mol/L) + 47.2 g Ca(NOs),*4H,»0, pH 2.3, balance DI H,O to 2.0 liters

e Reagent 5 - Oxalate solution: 0.1 mol/L ammonium oxalate, 0.1 mol/L oxalic acid; 9.03 g
anhydrous oxalic acid + 14.2 g ammonium oxalate*H,0O, balance DI H,O to 1.0 liter

¢ Reagent 6 - 8.0 mol/L HNO3: 502 mL conc. HNOs (15.9 mol/L) + 498 mL DI H,O

In the first extraction, 6 mL of artificial groundwater (reagent 1) is mixed with 3.0 (£0.5) g of
sediment for 50 minutes; the tube is then centrifuged at 3000 rpm for 10 minutes, and liquid is drawn off
the top of the sediment and filtered (0.45-um) for analysis. Extractions 2 and 3 are conducted with the
same procedure except using reagents 2 and 3, respectively. The fourth extraction uses the same
procedure except with a contact time of 5 days and with use of reagent 4. The fifth extraction is
conducted the same as extraction 1 except using reagent 5. In the sixth extraction, 6 mL of nitric acid
(reagent 6) is added and mixed for 2 hours at 95°C with the sediment; the tube is then centrifuged at 3000
rpm for 10 minutes, and liquid is drawn off the top of the sediment and filtered (0.45-pm) for analysis.

3.2.3 Analysis Objective 3: Geochemical Conditions

Geochemical conditions were interpreted based on the elements and compounds present in the sample
pore water or on sediment surfaces. The geochemical information was obtained by the analyses listed in
Table 9 (Section 3.2.6). However, specific types of extractions are applied to provide material for
analysis. The type of extraction and the concentration of the element/compound were both needed to
interpret the data in terms of the geochemical conditions. Extractions applied to evaluate the geochemical
conditions are listed in Table 6.
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Table 6. Extraction methods for geochemical analysis.

Required Data Method Basis
Water extraction (1:1 sediment: H>O) Um et al. 2009 and Zachara et al. 2007; Section 3.2.2.1
Acid extraction (1:3 sediment:H,O, 8M Um et al. 2009 and Zachara et al. 2007; Section 3.2.2.1
HNO;)
Sequential extractions: Gleyzes et al. 2002; Beckett 1989; Larner et al. 2006; Sutherland and
Artificial groundwater Tack 2002; Section 3.2.2.2
Ion exchangeable
pH 5.0 acetate
pH 2.3 acetic acid
Oxalate, oxalic acid

8M HNO;3, 95°C

Iron/Mn phase extractions: Heron et al. 1994; Chao and Zhou 1983; and Hall et al. 1996;
Ion exchangeable Fe(II), Mn, Section 3.2.3.1
Oxide/sulfide,

Total Fe(II), Fe(IIT), Mn,
Amorphous- Fe(III), Mn-oxides,

3.2.3.1 Iron and Manganese Extractions

Iron extractions were conducted to quantify ferrous and ferric iron (Gibbs 1976) and manganese that
are solubilized by different solutions. These extractions are conducted in an anoxic chamber.

o For the first extraction, sediment samples (2.0 £ 0.5 g) were mixed with 10.0 mL of ion exchange
solution (1.0 mM CacCl,) for 50 minutes at 6 rpm, centrifuged (3000 rpm, 10 minutes), liquid filtered
(0.45-um), and the solution was analyzed for Fe(Il) and Mn.

¢ For the second extraction, sediment samples (2.0 = 0.5 g) were mixed with 10.0 mL of 0.5M HCl
(reagent 10) for 24 hours at 6 rpm, centrifuged (3000 rpm, 10 minutes), liquid filtered (0.45-um), and
the solution was analyzed for Fe(II) and Mn.

o For the third extraction, sediment samples (2.0 £ 0.5 g) were mixed with 10.0 mL of 5.0M HCI for 24
hours at 6 rpm, centrifuged (3000 rpm, 10 minutes), liquid filtered (0.45-pum), and the solution was
analyzed for Fe(II) and Mn.

3.2.4  Analysis Objective 4. Contaminant Release Rate from Sediment and
Mobility

Contaminant mobility was evaluated for some selected sediment samples (see Table 1) in soil-column
leaching tests that impose specific conditions and collect temporal data. These tests exposed
contaminated sediment to an aqueous solution (simulated groundwater) and measured changes in
contaminant concentration over time under flowing conditions (Table 7). For the column tests, sequential
extractions for contaminants (Section 3.2.2) were conducted on a larger set of samples to select the
samples for the soil-column leaching tests. Contaminant and other geochemical constituent information
from samples collected during the tests was obtained by the analyses listed in Table 9 (Section 3.2.6).
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Table 7. Contaminant mobility tests.

Required Data Method Basis
1-D soil-column test Qafoku et al. 2004; Szecsody et al. 2013; Section 3.2.4.1

3.24.1 Soil-Column Test

Sediment column experiments were conducted with 1-D, vertical, bottom-up flow of injected
simulated groundwater solution through contaminated sediment. The concentration of contaminant in the
effluent was measured. A non-sorbing, non-reactive tracer (bromide ion) was included in the injection
solution and its breakthrough was measured to assess column flow dynamics. The flow rate was set to
achieve a residence time of between 1 and 4 hours. Sampling frequency in the effluent was varied based
on typical contaminant elution dynamics, with more dynamics present at earlier times (fewer pore
volumes).

Stop-flow events ranging from 16 to 300 hours were conducted where the flow rate of solution
through the column was stopped to provide time for contaminants present in one or more surface phases
on the sediment surface to partition into pore water (i.e., from diffusion from intraparticle pore space or
time-dependent dissolution of precipitate phases or slow desorption). Operationally, initiating a stop-flow
event involves turning off the pump and plugging both ends of the column (to prevent water movement
out of the sediment column). Ending a stop-flow event involves reconnecting the column to the pump,
turning on the effluent sample collector, and then turning on the pump. The calculation of the
contaminant release rate from sediment (ug contaminant/g of sediment/day) uses the contaminant effluent
concentration before and after the stop-flow event, and the length of time of the stop-flow event.

3.2.5 Analysis Objective 5: Oxygen and Hydrogen Isotopic Signature of the
Pore Water

Isotopic analysis for oxygen ('*0) and hydrogen (*H) can be applied to either water samples or water
extracted from sediment (Prudic et al. 1997). Within the vadose zone, the small amounts of available
water is typically associated with either mineral surfaces or contained within pore spaces. An extraction
procedure was used to quantitatively remove water from solid soil samples. It is important to note that
isotope fractionation can occur when only a portion of the total water is extracted from the soil. Thus, it
is essential that the methods applied have an extremely high extraction efficiency. Table 8 shows the
methods used for isotopic analysis.

Table 8. Isotopic analysis tests.

Required Data Method Basis
Water extraction West et al. 2006 and Goebell and Lascano 2012
Water isotope analysis Newman et al. 2009

A vacuum distillation apparatus (Figure 4) was used for extracting water from 31 grab samples taken
from the vadose zone via four different cores (C9497, C9503, C9555, and C9513). This apparatus was
constructed based on slightly modified versions of those discussed in West et al. (2006) and Goebel and
Lascano (2012). For use, a soil sample was added to a glass tube on one end of the system and then
temporarily frozen at liquid nitrogen temperatures to prevent water migration out of the material. A
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vacuum was established to remove all air from the headspace, following which the sample was heated
(~95°C) to drive off the native water. The resulting water vapor migrated through the glass transfer line
and was then condensed/frozen into a cryogenic trap cooled with liquid nitrogen. Pressure can be
monitored to help guide the overall duration of the extraction to ensure complete water transfer (typical
extractions take up to 6 hours). The 'O and *H content of the extracted water were analyzed using a
high-precision, spectroscopy-based, water analyzer. Water was extracted using the methods outlined in a
PNNL test instruction (TI-DVZ-CHPRC-0011) and isotopic analysis was performed using a PNNL
operating procedure (OP-DVZ-AFRI-002) for the analytical instrument.

Figure 4. Water extraction line system used for quantitative collection of sorbed and pore waters from
vadose zone samples. The insert shows a single cell on the line where a sample is placed in the
large tube on the right and water is cryogenically trapped in the smaller tube on the left. The
backdrop shows the larger system setup, whereby a series of these cells are connected and
share access to a common vacuum manifold (the stainless steel line behind the extraction
cells). The larger system contains a total of six extraction ports, which can be used in parallel
to extract multiple samples simultaneously.

3.2.6 Chemical Analysis Methods
Standard chemical analytical methods were applied to quantify elements and compounds that are

present in extraction solutions and temporal samples from the tests described in Section 3.2, as shown in
Table 9.
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Table 9. Chemical analyses.

Constituents
Analysis® Hold Time Analyzed Method Basis

Metals by ICP-OES 6 months Al, Ba, Ca, Fe, K, EPA 6010D

Mg, Mn, Na, Si, Sr,

Cr
U, Tc-99 by ICP-MS 6 months U, Tc-99 EPA 6020B
Iodine species by ICP-MS 6 months Iodide, iodate PNNL-ESL-ICPMS-

iodine
Kinetic phosphorescence analysis 6 months Ul Brina and Miller 1992
Cr(VI) 24 hr Cr(VI) Hach 8023
Fe(I) 24 hr Fe(Il) Hach 8147
Br by electrode 28 days Br EPA 9211
Anions by ion chromatography Nitrate, nitrite: each ~ CI, F-, Br, NOs» EPA 9056A
48 hI‘; PO4Z 48 hr NOz', PO43', SO42'

pH by electrode Immediate (12 hr) pH EPA 9040C
Specific conductance (SpC) by electrode  Immediate (12 hr) SpC EPA 9050A
Total carbon (TC) and total inorganic 28 days TC and TIC EPA 9060A
carbon (TIC)®

ICP is inductively coupled plasma; MS is mass spectrometry; OES is optical emission spectrometry.

(a) Analyses were for aqueous samples except as noted footnote b.

(b) TC and TIC were also analyzed directly on sediment samples as an information-only analysis using
manufacturer procedures (SHIMADZU SSM-5000A procedure).
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4.0 Results

The laboratory analysis data are described below and interpreted in relation to the three main
objectives of the work (Section 2.0). These objectives were developed to be consistent with EPA
guidance for evaluating natural attenuation of contaminants, and to provide data and parameters that
support contaminant fate and transport assessments. The sections below present the data for each of the
three objectives. Quantification of hydraulic properties, as described in Section 3.2.1, for selected
samples is also being conducted to support these objectives. However, because of the long-term nature of
those tests, results of hydraulic property evaluation will be provided in a separate report.

In Section 4.1, contaminant distribution data are presented in the context of the hydrologic and
biogeochemical setting from the following activities:

e Measurement of contaminant and geochemical constituents
¢ Iron and manganese characterization
o Evaluation of oxygen and hydrogen isotopes

e Sediment physical characterization

This information enables the data collected in this effort to be linked with the 200-DV-1 OU
characterization data compiled by CHPRC. Collectively, this information is a foundation for interpreting
contaminant distribution, correlations between contaminant data and other types of information, and the
sediment conditions relevant for interpreting attenuation and transport parameters. For these analyses, an
initial set of core samples were used (Table 1, Section 3.1). The data from these basic analyses allowed
the development of a targeted approach for the selection of samples for further tests. The samples for
further attenuation analyses (i.e., sequential extractions and 1-D soil-column leaching experiments) were
selected from core samples with sufficient COC concentrations and from a set of grab samples collected
and analyzed by CHPRC as part of developing a vertical COC concentration profile in the well.

Section 4.2 presents and interprets data in terms of identifying contaminant attenuation processes and
the types of attenuation mechanisms that are suggested by these data resulting from sequential
extractions. Some of these data quantify how contaminants are distributed in different phases within the
vadose zone. This distribution provides input to interpretation of attenuation processes and contaminant
mobility.

Section 4.3 presents data and interpretations that support quantification of attenuation and transport
parameters. Soil-column experimental data provide information to estimate contaminant release rates
from sediments. This report provides an initial interpretation of attenuation and transport parameters.
The data will also be useful for additional interpretation by others through modeling of the results.

4.1 Contaminant Distribution

Contaminant and geochemical constituent concentration measurements provide data about their
distributions at the selected sample locations. These data include measurements for sediments using
water, and acid extractions. Characterization of iron and manganese was conducted to assess the potential
for redox reactions and iron-oxide sorption. Oxygen and hydrogen isotopes were measured as a potential
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means to distinguish different sources of pore water. Sediment physical properties were measured,
photographs of the sediments were taken, and geologic material was classified. Collectively, this
information defines the foundation for scaling and interpreting attenuation and transport parameters for
field applications.

411 Contaminants and Geochemical Constituents

Different extractions were used for evaluating contaminant distribution and geochemical constituents
to characterize specific fractions of ions and contaminants from the pore water and sediments (adsorbed
on surfaces or as precipitates). The water extraction was used to evaluate pore water geochemistry (i.e.,
pH, specific conductance), including COCs, and cations and anions present in pore water. The water
extraction may also remove some fraction of adsorbed ion/contaminants; however, due to short
water/sediment contact time (1 hour) there is little dissolution of contaminants that are present in
precipitates. Time-dependent water elution of contaminants in 1-D columns is described in Section 4.3.
In addition, an 8M nitric acid extraction was used to dissolve most (but not all) surface precipitates that
may contain contaminants. Consequently, this extraction yields a measure of the total contaminant
present in pore water, adsorbed phases, and surface precipitates. The results of the water and acid
sediment extractions are shown in Table 10. Note that for the purpose of evaluating iodine attenuation
and transport behavior, this project used total iodine data in these extractions because its concentration is
above the method detection limit. Although total iodine is not an identified contaminant of potential
concern, its transport behavior is expected to be the same as 1-129.

Geochemical characterization of the pore water and sediments was conducted through a series of
extractions as shown in Table 11. These geochemical indicators, identified by the EPA MNA guidance,
are those associated with formation of categories of precipitates that may affect contaminants, those
associated with contaminant sorption (e.g., iron oxides), and those associated with redox processes.
Therefore, these indicators support the evaluation of geochemical conditions and interpreting the COC
behavior. Both water and acid extractions were applied to provide material for analysis. The type of
extraction and the concentration of the element/compound were both needed to interpret the data in terms
of the geochemical conditions.

As can be seen in Table 10, contaminant concentrations in all of the samples were low or non-detect,
except for moderate uranium and total chromium concentrations in two S-13 (C9513) borehole samples
(B39X10 and B39X55), and just the uranium concentration in one T-7 (C9503) borehole sample
(B39VY1). This sample also showed a significant nitrate concentration in water extractions. The total
chromium measurements from the acid extractions for boreholes B-42 (C9497), T-7 (C9503), and T-3
(C9555) showed relatively low concentrations, and are likely natural chromium present in the sediment.
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Table 10. Water and acid extractable concentration of contaminants in sediments.

Water Extracts
Technetium-

Sample 99 Uranium Chromium  Total lodine Cr(VI) Nitrate
Sample Name Location pCi/g dry ng/kg dry ug/kg dry ng/kg dry pg/kg dry pg/kg dry
C9497-B39M00 B-42 39C (CCUg) ND 6.28E-02 ND 0.480 NR 3720
C9513-B39X10 S-13 18E (H2/CCUz) NM 7.24E+02 301 NM 359¢ 386
C9513-B39X55 S-13 25D (CCUc) NM 5.79E+01 30.4 NM 53.3¢ 439
C9513-B39XC3 S-13 39D (Rwie) NM 3.62E-01 ND NM ND 495
C9555-B3DB67 T-3 57B (H2/CCUz) NM 9.51E+00 ND NM ND 6070
C9555-B3BL58 T-3 31D (Rwie) M 7.14E-01 ND NM ND 1880
C9503-B39VR9 T-7 5C (H2/CCUz) NM 2.47E+00 15.2 NM 15.8° 58500
C9503-B39VT4 T-7 6B (CCUz/CCUc) NM 4.23E+00 148 NM 153¢ 370000
C9503-B39VY1 T-7 18C (Rwie) NM 2.23E+01 258 NM 288° 1850000

® This value for Cr(VI) was not within 20% of the total Cr and it is for information only.
¢ The duplicate associated with this samples set did not meet the acceptance criteria (35%) with a value of 37.8%. This is likely due to

heterogeneity in the sample.

NM indicates that this element was not measured.
NR indicates not reported.

Acid Extracts
Technetium-

Sample 99 Uranium Chromium - - -
Sample Name Location pCi/g dry png/kg dry ug/kg dry
C9497-B39M00 B-42 39C (CCUg) ND 241 2510 - - ==
C9513-B39X10 S-13 18E (H2/CCUz) M 10400 26500 -- - -
C9513-B39X55 S-13 25D (CCUc) NM 4950 39000 -- - =
C9513-B39XC3 S-13 39D (Rwie) NM 125 3690 -- - -
C9555-B3DB67 T-3 57B (H2/CCUz) NM 16900 6250 -- - =
C9555-B3BL58 T-3 31D (Rwie) NM 288 7290 -- -- -
C9503-B39VR9 T-7 5C (H2/CCUz) NM 400 10000 -- - =
C9503-B39VT4 T-7 6B (CCUz/CCUc) NM 425 12700 -- -- -
C9503-B39VY1 T-7 18C (Rwie) NM 290 7650 -- - --
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Table 11. Geochemical characterization of sediment pore water by water/sediment (1:1) extraction.

Water Extracts
Ba Ca Fe Mg Mn K Si Na Sr Cl Fl Nitrite PO4 SO4
Sample SpC Al neg/g  pglg uglg  pgls uglg pgls pglg pglg ug/g  pglg ug/lg uglg pglg ng/g
Sample Name Location pH mS/ecm pg/gdry dry dry dry dry dry dry dry dry dry dry dry dry dry dry
C9497-B39M00 B-4239C (CCUg) 827 0.102 0.102 ND 678 0.164 18 ND 259 367 504 ND 0741 0.165 ND ND 189
C9513-B39X10 S-13 18E 881  0.53 0.0872 ND 267 0.11* 0819 ND 25 509 295 ND 109 043 ND ND 445
(H2/CCUz)
C9513-B39X55 S-1325D (CCUc) 8.58  0.425 ND ND 772 ND 568 ND 365 256 72 0052 195 191 ND ND 198
3
C9513-B39XC3 S-1339D (Rwie) 84  0.018 0.0753 ND  0.163 0.139° 0.0667 ND 047 3.11 217 ND 0.131 0233 ND 0.174 0.538
C9555-B3DB67 T-3 57B 99 0254 048 ND 0554 0.658 0285 ND 374 7.64 215 ND 131 103 ND ND 267
(H2/CCUz)
C9555-B3BL58  T-3 31D (Rwie) 10 0.442 1.56 ND 117 163 0574 0026 169 129 775 ND 187 113 ND ND 262
7
C9503-B39VR9 T-7 5C 103 127 0436 ND 0677 0434 0.199 ND 214 344 241 ND 395 39 ND 618 121
(H2/CCUz)
C9503-B39V T4 T-7 6B 9.76  4.53 2.35 ND  1.07 0.542*° 0372 ND 993 393 957 ND 159 367 ND 595 44
(CCUZ/CCUc)
C9503-B39VY1 T-7 18C (Rwie) 9.84 464 0216 ND 1.2 0.081* 0333 ND 957 494 958 ND 233 163 ND ND 653

* The duplicate failed for iron associated with these samples. The relative percent difference for Fe associated with these samples was 50.9%, which is outside the
acceptance criteria of 35%. This is likely due to heterogeneity of the sample.

Acid Extracts
Al Ba Ca Fe Mg Mn K Si Na Sr
Sample ng/g  pglg ug/gs  ug/ls  pgls  pg/s nglg  pgls  pglg pgls - - - - - - -
Sample Name Location dry dry dry dry dry dry dry dry dry dry
C9497-B39M00 B-42 39C (CCUg) 2700 37.8 3710 8390 1910 115 399 ND 173 144 - - - -- - - --
C9513-B39X10 S-13 18E 3560 58.4 6830 6500 2560 205 986 ND 169 225 B B _ B B _
(H2/CCUz)
C9513-B39X55 S-13 25D (CCUc) 9760 117 179000 9510 10000 269 1360 363 757 244 - - - -- - - --
C9513-B39XC3  S-13 39D (Rwie) 1770 15.8 966 3660 1310  79.9 402 ND 463 6.5 - - - - -- -- -
C9555-B3DB67 T-3 57B 4600 59.1 19900 8590 3910 162 2410 514 712 563 _ _ _ _ _ _
(H2/CCUz)
C9555-B3BL58  T-331D (Rwie) 3360 21.5 6540 5950 2200 114 898 ND 566 206 -- - - - -- -- -
C9503-B39VR9 T-7 5C 4880 46.9 11400 6850 3210 168 2150 28 1980 28.8 _ _ _ _ _ _
(H2/CCUz)
C9503-B39VT4 T-7 6B 13400 126 13600 14200 6090 344 5100 392 4240 339 B B _ B B _
(CCUz/CCUc)
C9503-B39VY1 T-7 18C (Rwie) 3460 27.9 1680 6120 2310 137 753 ND 1780 10.5 -- - - -- - - --
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TOC Sediment and Water Extract

TOC- TIC-
TC-sed TIC-sed TOC- WE WE _ _ _ _ _ _ . . . .
Sample neg/g ng/g sed neg/g ng/g  Moisture
Sample Name Location dry dry pg/gdry dry dry wt%

C9497-B39M00 B-42 39C (CCUg) 913 535 378 ND ND 2.54 - - -- -- -- -- -- = = = =
C9513-B39X10 S-13 18E 3930 2870 1060 26 ND 6.27 - -- -- - -- - -- - - -- -

(H2/CCUz)
C9513-B39X55 S-13 25D (CCUc) 59400 53800 5600 276 ND 14.8 - - - -- - -- -- -- = = =
C9513-B39XC3  S-1339D (Rwie) ND ND ND ND ND 397 -- -- -- -- -- -- -- -- -- -- --
C9555-B3DB67 T-3 57B 1280 852 428 ND ND 6.12 - - -- -- - -- -- -- = = -

(H2/CCUz)
C9555-B3BL58  T-3 31D (Rwie) 4380 1670 2710 ND ND 2.05 - - -- -- -- - -- -- -- -- --
C9503-B39VR9 T-75C 422 527 ND ND ND 7.08 - - -- -- - -- -- -- = = =

(H2/CCUz)
C9503-B39VT4 T-7 6B 988 424 564 ND ND 20.1 - - - -- - -- -- -- -- -- --

(CCUz/CCUc)
C9503-B39VY1 T-7 18C (Rwie) 612 306 306 ND ND 4.79 -- -- - -- -- -- -- -- -- -- =
(C9488-B355M0  B-8 37D (CCU 3250 3030 220 - - -- -- -- - -- -- -- -- -- -- -- --
Perched Interval)
C9488-B355M1  B-8 37E (CCU 4080 4010 70 -- -- -- -- -- -- -- -- -- -- -- == == ==
Perched Interval)
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Geochemical data (Table 11) show similar conditions with relatively low levels throughout the range
of indicators in general. Based on the nitrite and sulfate concentrations, no indications of reduced
conditions were observed in any of the samples. Iron and manganese concentrations in the water
extracted for all samples were low or non-detect. Similarly, organic carbon was present in some samples,
though generally at low concentrations.

Based on both the water and acid extraction results for contaminants, no significant COC
concentrations were observed in the sample analyzed for the B-42 (C9497) borehole (Table 10). Analysis
of the sample from this borehole resulted in a non-detect for Tc-99, uranium was 6.28E-02 pg/kg, and
total iodine was 0.480 pg/kg in water extractions. Similarly, very low levels of uranium and total
chromium were observed in acid extractions. Because of the low contaminant levels observed in the B-42
(C9497) borehole sediment, a decision was made collectively by the CHPRC and PNNL technical team
that the sequential extraction and soil-column leaching studies were not needed for this specific sample.
However, based on some grab sample (i.e., samples other than those originally targeted for attenuation
testing) results, two additional samples for this borehole were selected for sequential extractions. The
grab samples were collected throughout the borehole at the vertical locations where COC analyses were
conducted by CHPRC. Selected grab samples for the B-42 (C9497) borehole represent those locations
with high Tc-99 and Cr(VI) concentrations, at levels of 11.1 pCi/g and 1100 ng/kg, respectively.

Selected samples for sequential extractions are also shown in Table 12.

Three samples were analyzed for borehole S-13 (C9513). Relative to the other boreholes, slightly
elevated uranium and Cr(VI) concentrations were observed in water extracts in two of the S-13 (C9513)
borehole samples, B39X10 and B39X535, albeit still at very low levels. Also, these two samples from this
borehole yielded some moderate levels of uranium and total chromium in acid extractions (Table 10).
While sample B39X10 was from a transition zone from the Hanford unit to CCU silt material, sample
B39X55 was from the CCU caliche unit with a high carbonate concentration. As a result of the
geochemical analysis, a higher carbonate content in sample B39X55 (the highest content by a significant
amount) was indeed observed, as indicated by high calcium and magnesium concentrations in the acid
extractions, and by the high total inorganic carbon in the sediment analyses (Table 11). Therefore,
slightly higher uranium concentrations observed in sample B39X55 may have been due to formation of
uranium carbonate compounds. The results from the borehole S-13 (C9513) samples were compared to
some grab samples (i.e., samples other than those originally targeted for attenuation testing). Four grab
samples that represent those locations with high U and Cr(VI) levels for the S-13 borehole were selected
for sequential extractions (Table 12).

Two samples from borehole T-3 (C9555) were analyzed for contaminant concentrations and
geochemical indicators. Elevated uranium concentrations were observed in acid extractions from sample
B3DB67 at a concentration of 16,900 ug/kg. This sample was selected for sequential extractions to
analyze uranium. Total chromium concentrations in all T-3 samples were relatively low, and are likely
natural chromium present in the sediment.

Three samples from borehole T-7 (C9503) were analyzed. Uranium and chromium concentrations
were very low for these samples for both the water and acid extractions. However, an increasing trend
can be observed for total chromium (ranging from 15 to 258 pg/kg) with depth for this borehole. Also, an
elevated nitrate concentration (1,850,000 pg/kg) was observed for one of the samples (B39VY1). This
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sample was selected for sequential extraction upon a collective decision between CHPRC and PNNL.
Also of note, a high moisture content of about 20% was also observed for B39V T4.

Two perched zone samples from borehole B-8 (C9488) were only analyzed for total carbon, total
inorganic carbon, and total organic carbon. As can be seen in Table 11, both samples indicated moderate
levels of total carbon, more than 90% of which was characterized as inorganic carbon.

Table 12 below lists the final set of samples (both core and grab) selected for sequential extractions

based on the evaluation of the results discussed in this section.

Table 12. Samples selected for sequential extractions.

COCs
Depth Selected for
Borehole Borehole Sample Nominal Interval Sequential
Designation ID Core ID Geologic Unit (ft bgs) Extractions
B-42 C9497 23 (Grab) B3BMT1 H2 161-163.5 Tc-99
B-42 C9497 44 (Grab) B3BMW9 CCUg 260-261.2 Cr(V])
S-13 C9513 13 (Grab) B3DCJ2 H2 90.5-92 U, Cr
S-13 C9513 21 (Grab) B3DCJ7 CCUc 131.5-133.5 U, Cr
S-13 C9513 24 (Grab) B3DCK2 CCUc 146.1-148.8 Cr
S-13 C9513 29 (Grab) B3DCK7 Below CCUc 171-175 Cr
T-3 C9555 57B B3DB67 H2/CCUz 106-107 0]
T-7 C9503 18C B39VYl Rwei 152-153 U

4.1.2 Iron and Manganese Characterization

Iron and manganese exist in multiple redox states and chemical forms in the subsurface. The relative
distribution of iron and manganese in different forms provides insight into the sorptive and reactive
capacity of the sediments. A series of extractions with measurement of iron and manganese was
conducted to characterize the sediments using extraction techniques identified in scientific literature (and
referred to in EPA MNA guidance [EPA 2015]).

Table 13 and Table 14 show the results of the extractions and iron and manganese analyses,
respectively. For context, the information is also plotted, showing the relative portions of different iron
forms and the relative amount of redox-active iron and ferrous iron phases (Figure 5a) and Mn phases
(Figure 5b).
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Table 13. Ferrous and ferric iron phases in sediments based on liquid extractions.

ads. Fe" Fe'CO,, Fes total Fe"* [am.Fe" total Fe" |fraction Fe'/
location formation borehole  HEIS # (mg/g) (mg/g) (mg/g) | (mg/g) (mg/g) Fe'+Fe"
B-42 CCUg C9497 39C B39MO00 ND 0.542 4.67 1.40 7.05 0.398
B-42 CCUg C9497 39C B39MO00 ND 0.726 4.94 1.22 7.29 0.404
B-42 CCUg C9497 39C B39M00 ND 0.643 4.60 1.28 6.40 0.418
S-13 H2/CCUz C9513 18E B39X10 ND 0.442 1.43 0.941 8.56 0.143
S-13 CCUc C9513 25D B39X55 ND ND 1.81 ND 8.51 0.175
S-13 Rwie C9513 39D B39XC3 ND ND 0.723 0.566 5.91 0.109
T-3 Rwie C9555 31D B3BL58 ND 1.26 0.336 0.463 7.57 0.042
T-3 H2/CCUz C9555 57B B3DB67 ND 0.445 222 0.633 9.02 0.198
T-7 H2/CCUz C9503 5C B39VR9 ND 0.684 0.517 0.605 10.7 0.046
T-7 CCUz/CCUc C9503 6B B39VT4 ND 1.14 2.16 1.53 14.2 0.132
T-7 Rwie C9503 18C B39VY1 ND 0.699 0.472 0.548 8.18 0.055

*blank spike did not meet £20% acceptance criteria

Table 14. Manganese phases in sediments based on liquid extractions.

ads. Mn" am. Mn™" total Mn™"
location formation borehole HEIS # (mg/g) (mg/g) (mg/g)

B-42 CCUg C9497 39C B39MO0O0 4.21E-04 0.0724 0.344
B-42 CCUg C9497 39C B39MO00 5.04E-04 0.0860 0.397
B-42 CCUg C9497 39C B39M00 4.89E-04 0.0863 0.363
S-13 H2/CCUz  C9513 18E B39X10 1.03E-02 0.220 0.381
S-13 CCUc C9513 25D B39XS55 2.58E-03 0.0152 0.355
S-13 Rwie C9513 39D B39XC3 1.65E-04 0.0721 0.193
T-3 Rwie C9555 31D B3BL58 1.42E-03 0.0895 0.221

T-3 H2/CCUz  (C9555 57B B3DB67 5.45E-05 0.134 0.391
T-7 H2/CCUz  (C9503 5C B39VR9 7.99E-05 0.174 0.339
T-7 CCUz/CCUc C9503 6B B39VT4 1.10E-04 0.400 0.570
T-7 Rwie C9503 18C B39VY1 4.96E-04 0.140 0.293
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Figure 5. Iron (a) and manganese (b) surface phase distributions in sediments, based on liquid

extractions.

The distribution of iron and manganese surface phases in different oxidation states provides insight
into the sorption and redox reactive capacity of the sediments. Iron extractions indicated an average of
10.7 mg/g iron, which was mainly ferric iron (8.49 mg/g, average). Hanford, Ringold, and Cold Creek
formation sediments contain a mixture of mafic (i.e., sediments derived from basalt) and granitic
minerals, with mafic minerals (pyroxenes, amphiboles) and clay minerals containing significant Fe and
Mn phases (Table 15). The ferrous iron phases were a small fraction (4% to 20%) in S- and T-Complex
boreholes (in Hanford, Ringold, and Cold Creek units), but larger in the B-Complex core (Cold Creek
gravel), which showed ~40% ferrous iron phases (Table 13, Figure 5a). The ferrous iron phases consisted
of no measured adsorbed ferrous iron, a small fraction of iron sulfide/ferrous carbonate, and a larger
fraction of unidentified ferrous iron (from magnetite or other minerals).

The manganese extractions indicated an average of 0.35 mg/g Mn, or 3.3% that of the total iron
phases (Table 14, Figure 5b). However, there was some measured adsorbed Mn(II), in contrast to no
measured adsorbed ferrous iron. The most redox reactive phases in the sediments are adsorbed Fe(Il) and
Mn(II), followed by iron sulfide/ferrous carbonate phases.
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Table 15. Summary of Hanford mineralogy (after Xue et al. 2003).

Both Fm Hanford Fm Ringold Fm
Mineral Formula (% wt) (% wt) (% wt)
Quartz Si0, 37.7+ 124 38.4+£12.8 37.03+£12.4
Microcline KAISi30s 17.0+£6.7 153+44 18.7+8.0
Plagioclase NaAlSiz03-CaAl>Si,Og 18.7+7.7 222+72 155+6.8
Pyroxenes (Ca, Mg, Fe)Si,O¢ 3.03+£5.99 5.01+7.83 1.14£2.52
Calcite CaCOs3 497+7.19 1.91+1.71 0.68 £0.92
Magnetite Fe;04 5.09+4.37 446=+4.12 5.68+4.63
Amphiboles  Cax(Mg, Fe, Al)s (Al, Si)s022(OH), 5.55+5.97 5.46 £5.67 5.64 £ 6.40
Apatite Ca;o(PO4)s(OH), 0.60 + 1.04 0.52+£0.92 0.67+1.16
Mica® (K, Na, Ca)(Al, Mg, Fe)».3 (Si, 2.07 +£4.47 246 +£3.74 1.71 £5.15
Al)4040(0, F, OH),

[lmenite FeTiOs 2.51 +£2.66 1.28 +£1.51 3.67+3.00
Epidote {Cay} {AL,Fe*"} [O|OH|Si04|Si,07] 1.65+2.98 1.78 £3.75 1.52+2.14

(a) muscovite, biotite, phlogopite, lepidolite, clintonite, illite, phengite

4.1.3 Oxygen and Hydrogen Isotopes

Isotopic analysis of water for its oxygen and hydrogen isotopic content is applied for multiple
purposes (Prudic et al. 1997). For instance, the stable isotopes of water (8°H [deuterium] and §'%0 [18-
oxygen]) can be used to assist with tracking of underground contaminant plumes or linking a water source
to a measured water sample. For this study, the pore water in the vadose zone is a mixture of water from
previous natural recharge and the anthropogenic water discharges of waste streams. Isotopic data was
collected to assess whether the signatures from different areas can be correlated to mixtures of different
types of water sources. In this report, data for sediment samples collected from the B-, T-, and S-
Complex boreholes are discussed. The selected samples and the isotope data values are also shown in
Table 16. Isotopic ratios for ?H and 'O are reported in delta () notation, defined as

Rsa
6= (w— 1>X1000
where R is the ratio of the abundance of the heavy to light isotope (i.e., 2H/'H, '*0/'°0), sa denotes the
sample, and std indicates the standard (McKinney et al. 1950). Delta values are reported in per mil (%o),
with 8°H and §'%0 values relative to Vienna Standard Mean Ocean Water (which has, by convention, §*H
= 0%o, 8'30 = 0%o).
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Table 16. Sediment samples selected for isotope analyses and data values.

Bo.reho!e Core Borehole Sample Depth Interval Geolc?gic 3180 &°H
Designation ID ID (ft bgs) Unit (%o0) (%0)

B-42 11 C9497 B3BMPS8 65.3-68.8 H1 -13.27 (0.34) -120.87 (2.09)
B-42 4 C9497 B3BMN2 102.0-104.0 H2 -14.60 (0.43) -127.08 (2.01)
B-42 23 C9497 B3BMTO 161.0-163.5 H2 -16.30 (0.32) -139.31 (2.08)
B-42 37 C9497 B3BMW2 231.0-233.0 CCUg -14.82 (0.38) -132.49 (2.80)
B-42 39 C9497 B3BMO02 235.0-236.0 CCUg -18.10 (0.47) -147.57 (2.61)
B-42 44 C9497 B3BMWS8 260.0-261.2 CCUg -12.65 (0.47) -97.84 (2.60)

1 6 9503 B39VT5 90.0-91.0 CCUz  -16.88(1.59)  -129.00 (5.43)
T-7 41 9503 B3DID9 98.0-99.0 CCUc  -15.73(0.21)  -123.30(1.51)
T.7 13 9503 B3D1H2 126.0-128.0 Rwie 1672 (0.50)  -136.95 (2.92)
T-7 16 9503 B3DIHS 140.0-145.0 Rwie -16.58 (0.60)  -135.33 (2.21)
i 7 9503 B3DIKO 171.3-174.1 Rwic 1626 (0.90)  -135.46 (3.95)
T-7 25 9503 B3DIK7 186.2-189.2 Rwie 1456 (0.43)  -129.26 (0.95)
T-7 29 9503 B3DIL4 206.1-209.1 Rwie -15.98 (0.16)  -133.11 (0.66)
T.7 32 9503 B3DIMO  220.5-221.5 Rwie -1638 (0.48)  -134.88 (1.10)
T-3 17-18 C9555 B3FCLS5 110.4-111.2 CCUz -21.63 (0.98) -157.00 (9.44)
T-3 24 C9555 B3FCM1 135.0-136.4 CCUc -21.31 (0.46) -155.20 (2.97)
T-3 28 C9555 B3FCMS8 156.7-158.2 Rtf -18.66 (1.52) -139.86 (6.25)
T-3 50 C9555 B3FLP9 170.3-171.8 Rwie -18.64 (1.00) -132.05 (8.19)
T-3 35 C9555 B3FLR3 200.3-202.8 Rwie -19.63 (0.82) -141.88 (3.86)
T-3 37 C9555 B3FLR7 210.4-212.4 Rwie -18.20 (0.74) -135.81 (5.83)
T-3 41 C9555 B3FLT1 230.2-232.2 Rwie -17.41 (0.55) -131.46 (3.38)
T-3 44 C9555 B3FLT5 245.0-247.6 Rwie -18.78 (0.86) -135.20 (6.25)
S-13 10 C9513 B3DCH7 76.0-79.0 H2 -15.71 (0.29) -128.84 (2.28)
S-13 13 C9513 C3DCJ2 90.5-92.0 H2 -17.58 (0.30) -136.06 (1.88)
S-13 18 C9513 B3F940 115.6-116.6 H2 -17.16 (0.32) -139.86 (4.35)
S-13 21 C9513 B3DCJ7 131.5-133.5 H2 -18.21 (0.81) -138.98 (3.65)
S-13 24 C9513 B3DCK2 146.1-148.8 CCUz -20.13 (1.95)  -150.12 (10.37)
S-13 29 C9513 B3DCK7 171.5-174.3 Rtf -18.68 (1.36)  -147.63 (10.80)
S-13 33 C9513 B3DCL2 191.7-194.1 Rtf -15.84 (0.75) -134.89 (2.97)
S-13 40 C9513 B3DCL7 225.0-227.0 Rwie -15.94 (0.74) -128.61 (7.84)
S-13 41 C9513 B3DCM2 231.4-234.0 Rwie -16.18 (0.52) -125.53 (2.28)

The *H and '®0 isotopic ratio within water are impacted in similar ways by evaporation,

condensation/precipitation, and transport. As a result, Craig (1961) quantified this relationship using

measurements of water taken from around the globe, and thus described the global meteoric water line.
Graham (1983) performed a similar analysis focused on the regional precipitation within the

Hanford/Rattlesnake areas to define a local meteoric water line. The deviation between the local and

global meteoric water lines is attributed to evaporative processes coupled to the typically short

precipitation durations and semi-arid nature of the local region. Finally, Spane and Webber (1995)

described typical ranges for isotopic values of water within the Columbia River, which largely originates
from outside the Hanford region and carries the isotopic signature of its region of origin.
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The results of the isotopic analysis of the 31 samples are given in Table 16 and analyzed in the
context of these previous descriptions of the isotopic content of relevant waters (Figure 6). A cursory
analysis of the data shows that the overall isotopic trend, in all of the samples analyzed, was roughly
parallel to the local meteoric water line. However, closer inspection of the data shows trends in this
relationship between samples. For instance, the data from borehole T-3 (C9555) fall largely above/to the
left of the regional meteoric water line while samples from, most notably, borehole B-42 (C9497) fall to
the right/below this line. In general, data falling below the meteoric water line indicate isotopic enriched
by evaporation of portion of the water. The kinetics of water evaporation slightly favor the light isotopes,
which have slightly higher vapor pressures than water with a heavy isotope substitution. As a result,
evaporation preferentially removes water with light isotopes, resulting in increases of *H and '*O within
the residual, non-evaporated pool. Thus, while the residual water is isotopically enriched, the water
removed by evaporation is isotopically depleted in the heavier isotope. Samples analyzed from borehole
T-3 (C9555) are consistent with inclusion of recondensate of the isotopically depleted evaporate water
and likely indicate that such recondensate was collected and either pumped or allowed to percolate into
the subsurface. Note, this may have been performed in an industrial process to reduce waste volume
within a tank. In addition to borehole B-42 (C9497), samples from boreholes T-7 (C9503) and S-13
(C9513) show possible signs of an evaporitic history; namely, they contain sample points trending below
the regional meteoric water line. It is important to note that the meteoric water line captures the isotopic
trends within regional precipitation. However, evaporation of soil moisture following precipitation events
can also induce isotopic enrichment (Singleton et al. 2004), making it challenging to discern natural
isotopic enrichment from that linked to industrial processes associated with Hanford site activities.
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Figure 6. Isotopic results from the analysis of vadose zone waters extracted.
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To help clarify the water dynamics within these systems and better connect surface activities with the
isotopic content of vadose zone water samples, isotopic analysis of grab samples (collected over a depth
profile within the sample cores) was performed (Figure 7). DePaolo et al. (2004) previously reported the
isotopic depth profile of samples collected from within the 200 West area at Hanford. They observed a
shallow zone (1 to 2 m) near the surface of the core associated with evaporitic (isotopic) enrichment.
Following this, the isotopic content of the water remained relatively stable throughout the depth profile,
demonstrating migration of surface-derived water as a coherent plug as it migrated down the depth profile
once depth exceeded the zone of surface evaporation. This behavior is similar to that described by Barnes
and Allison (1988), who used a series of laboratory tests to show the relative limitation of evaporitic
enrichment (even in unsaturated soils) to relatively shallow levels. Further, the isotopic stability of water
down the depth profile measured by DePaolo et al. (2004) allowed them to identify one depth horizon
with an anomalous isotopic value, which they were able to link to a leaking pipe containing service water
derived from the nearby Columbia River. Similarly, this study used a depth profile isotopic analysis to
identify anthropogenic influence on the vadose water depth profile, although it is anticipated that any
likely influence would be through more diffuse, surface-derived inputs versus the point source (i.e.,
leaking pipe) identified by DePaolo et al. (2004).
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Figure 7. Results for each set of samples showing dual isotope plots and isotopic variability of water
isotopes (3'*0 and §°H) over core depth.

Samples collected from borehole T-7 (C9503) (Figure 7B) showed a pattern consistent with that
observed by DePaolo et al. (2004). There is little variability in the isotopic data from samples collected
between 90.5 and 207.6 feet below surface; standard deviation from the eight samples is 0.74%o and
4.61%o for 8'*0 and 8°H respectively. The historical (1970) water table level for this location is 202 feet
below surface and there is no observable shift in §'*0 and §’H of extracted water above or below this
level, suggesting little anthropogenic influence on the water isotopics in this area.

Samples collected from borehole B-42 (C9497) (Figure 7A) show isotopic variability over the vertical
profile. For instance, the data collected from the upper three data points (67.1, 103.0, 162.3 feet below
surface) show a linear correlation with depth (R? of 0.996 and 0.998 for §'30 and §H respectively), while
inclusion of the deepest three data points erases any linear correlation (R* of 0.0493 and 0.0042 for 5'*0
and 8°H respectively). The historical water table depth for this location is 256 feet below surface and,
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while the data density is somewhat sparse, this general depth appears to demarcate isotopic behavior
between shallower and deeper waters. The shallower water shows an isotopic trend with depth, while
below 256 feet a return to isotopic values more similar to both what was observed in borehole T-7
(C9503) and to values previously reported for the Hanford region was observed (Hearn et al. 1989;
DOE/RL 82-3). Taken together, the depth profile data strongly suggest mixing of a shallow water with a
deeper water body near the location of the historical water table (roughly 256 feet below surface).

The isotope depth profile further suggests more processes are occurring beyond a simple mixing of
two waters with different isotopic compositions. The upper water body does not have a constant isotope
value, but rather shows an isotopic shift with depth (until reaching near the historical water table level).
This pattern could be consistent with a variable flux of industrial process water near the surface that is
propagating downward. The higher this flux of water, the larger the isotopic shift we would expect since
it would be mixing with a small amount of natural vadose zone water. DePaolo et al. (2004)
demonstrated the downward migration of water as a plug that does not shift its isotopic signature once
depth exceeds roughly 2 meters. Therefore, the isotopic variability of the “shallow” water (depth < ~235
feet below surface) is expected to reflect variable input of industrial water to produce the observed shift in
value with depth. Confounding a more thorough interpretation is that the industrial process water is
expected to be derived from the Columbia River, which has an overall more negative/depleted isotopic
signature than native Hanford vadose water or groundwater. Thus, the isotopic trend seen in the shallow
three data points could conceivably be attributed to two explanations. First, the swing in isotope values
could be capturing the tailing front of Columbia River water (with low §'30 and §*H content) undergoing
mixing as it migrates into the deeper groundwater pool. However, the historical isotope measurements of
water from the Columbia River (Spane and Weber 1995) do not overlap with the more enriched values
observed in this borehole, suggesting that addition of Columbia River water alone cannot account for the
observed trends. Alternatively, the data could show the leading front of a more evaporitically enriched
pool of water as it migrates downward; possibly reflecting an industrial process shift from release of
Columbia River water to release of evaporitically enriched water originating in a storage pond or crib.
Age dating of representative waters, interpretation of the isotopic trends against other geochemical
signatures, and/or inclusion of additional depth points in future studies may help further elucidate the
water history in this case. It should also be noted that a restricted depth profile (four samples) of vadose
water was performed by Truex et al. (2017) on core C9552, also within the 200-DV-1 OU, and produced
similar isotopic trends.

Samples from C9513 (Figure 7D) exhibited an isotopic depth profile very similar to that observed
with C9497. In short, the historical water table depth (200 feet below surface) appeared to demarcate a
shallow from a deeper water. However, the overall §'*0 and §°H data of this sample indicates less
isotopic enrichment of the waters due to evaporation than in C9497 (Figure 6). Thus, there is a stronger
possibility in this case that the depleted isotopic signatures we see in depth profiles result from a high flux
of Columbia River water into the system. If this were true, the isotopic trends would be consistent with
the isotopic shift indicating the tailing front of a pulse of river water moving through the system. The
isotopic values from the shallow depth in this core (77.5 feet below surface) are fairly consistent with
expected native vadose zone water, suggesting water at this depth correlates with a time period when the
addition of river water was minimized or concluded.

Similar to boreholes B-42 (C9497) and T-7 (C9503), the depth profile associated with borehole T-3
(C9555) (Figure 7C) also shows an isotopic trend with depth and a possible demarcation into shallow and
deeper waters by the historical water table (245 feet below surface). In contrast to the above examples,
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however, is that borehole T-3 (C9555) shows a reverse isotopic trend with depth; namely, both §'*0 and
8”H progressively enrich with depth. Further, the depleted isotope data from this location (as depleted as
3'80 = -21.63%o and §*H=-157.0%o) are more depleted than those expected from either Columbia River
water or typical winter precipitation. Of the precipitation samples examined by Graham (1983), only two
snow samples (out of a total of 68 precipitation samples) showed isotopic signatures close to those
observed in borehole T-3 (C9555), which helps exclude a natural source for the measured isotopic
signatures. Instead, the extreme isotopic depletion observed in this borehole likely results from industrial
processing of water and injection into this reverse well. Evaporitic recondensate would be expected to
have depleted isotopic signatures that could be consistent with those observed in this sample.
Interestingly, borehole T-3 (C9555) correlates with a reverse well and all reported data points correlate to
collection within or below the screened depth of the well (105 to 204 feet below surface; Williams and
Rohay 2015). Analysis of additional samples collected from above the screen depth would be expected to
reveal a more enriched isotopic signature consistent with anticipated natural isotopic patterns.

Taken together, the isotopic evaluation of vadose zone waters provided interesting insights on the
four sets of samples analyzed. First, samples from boreholes B-42 (C9497), T-7 (C9503), and S-13
(C9513) all showed signs of isotopic enrichment in *H and 'O when compared to regional precipitation.
Based only on the measured values, it is difficult to determine whether the observed isotopic shifts
resulted from natural, anthropogenic, or a mixture of the influences. Combining depth profile
measurements provided additional clarity and showed borehole T-7 (C9503) to be largely consistent with
expected natural patterns while boreholes B-42 (C9497) and S-13 (C9513) showed likely anthropogenic
influence in producing the isotopic trends. Further, borehole T-3 (C9555) showed strong signs of being
influenced by industrial processes with the strong isotopic depletion signature being a hallmark indication
of release of recondensate.

414  Sediment Physical Characterization

Physical characterization of the sediments is conducted to define the hydrogeologic context for the
observed contaminant and geochemical data. Data presented here include the information about the
geologic logs and associated core pictures of the sediment core samples selected for contaminant
concentration and geochemical analyses. Detailed hydraulic characterization, including saturated and
unsaturated hydraulic properties as well as particle size distribution, particle and bulk density, and
porosity measurement, is currently being conducted for a set of selected samples (Table 3), and will be
described in a separate report. Full interpretation of data is best conducted by considering the information
from other samples in the vadose zone as well as the data from the detailed hydraulic characterization.
That broader interpretation will be conducted by CHPRC as part of their overall CSM efforts for the 200-
DV-1 OU.

Core photographs are shown in Figure 8 through Figure 16. The geologist logs for these samples are
included in Appendix A.
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Figure 9. Core images of borehole T-3 (C9555) for sample B3DB67 (Liner 57B, H2/CCUz sample).
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Figure 10. Core images of borehole T-3 (C9555) for sample B3BL58 (Liner 31D, Rwie sample).
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Figure 11. Core images of borehole T-7 (C9503) for sample B39VR9 (Liner 5C, H2/CCUz sample).

4.18



PNNL-27524
RPT-DVZ-CHPRC-0004 Rev 0.0

~ #0

. Yo -
C9503  B39yTs

B Borehole i St %

B39VY1

Sample Number

| ry

Figure 13. Core images of borehole T-7 (C9503) for sample B39VY1 (Liner 18C, Rwie sample).
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Figure 14. Core images of borehole S-13 (C9513) for sample B39X10 (Liner 18E, H2/CCUz sample).
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Figure 15. Core images of borehole S-13 (C9513) for sample B39X55 (Liner 25D, CCUc sample).
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Figure 16. Core images of borehole S-13 (C9513) for sample B39XC3 (Liner 39D, Rwie sample).

The physical data characterize the basic hydrogeologic setting for each sample. The set of samples
analyzed for this report represents a diverse set of hydrogeologic settings relevant to contaminant
attenuation and transport in the Hanford Central Plateau vadose zone and important lithologic features for
each targeted borehole (waste site). Additional information on hydraulic properties and physical
properties for the selected samples will be reported separately.

415 B-Complex Perched Zone XRD Analysis

A quantitative analysis of mineralogy was conducted for two perched zone samples from borehole B-8
(C9488) using the XRD technique. Table 17 and Figure 17 present the results of this analysis for the two
samples. While the fractions of the minerals that are observed in the XRD patterns are listed in the table,
Figure 17 compares the observed XRD patterns to the reference patterns (represented by colored bars).

As can be seen in these results, the perched zone samples mostly consist of quartz and feldspar with
smaller amounts of other minerals. However, a background signal of 20-30% of the response may
indicate the presence of some quantity of amorphous material in these samples. The amorphous materials
cannot be specifically identified with this technique.

Table 17. XRD analysis results of the perched zone samples from borehole B-8 (C9488).®

Sample Depth
Sample Sample Interval Quartz Feldspar Mica Chlorite Calcite ~ Amphibole
Name Location (ft bgs) (%) (%) (%) (%) (%) (%)
B-8 37D
]3(:395‘;%'0 (CCU Perched  223.5-224.5 40 37 14 6 2 2
Zone)
9488- B8 3TE (CCU )4 52255 44 34 12 6 2 2

B355M1 Perched Zone)

(a) For QA purposes, data presented in this table are for information only.
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Figure 17. Comparison of the XRD results from the perched zone sample analysis to the reference
patterns. (For QA purposes, data presented in this figure are for information only.)

4.2 Contaminant Attenuation Processes

Identifying attenuation processes involves collecting data that can be used to demonstrate whether
contaminants have interacted with sediments in a way that changes their mobility. One type of data is
from sequential extractions (Table 18). In this process, a sediment sample is sequentially exposed to
more harsh extraction solutions and the contaminant concentration in each solution is measured. These
data show how the contaminant mass in a sediment sample is distributed among different water- and
sediment-associated phases.

A set of eight sediment samples were selected for sequential extractions for this study to quantify
contaminants present in aqueous, adsorbed, and specific precipitate phases. As shown in Table 1 in
Section 3.1, the set included four samples from borehole S-13 (C9513), two samples from borehole B-42
(C9497), one sample from borehole T-3 (C9555), and one samples from borehole T-7 (C9503). These
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samples were mainly analyzed for uranium and chromium, except one of the samples from borehole B-42
(C9497) that was analyzed for Tc-99.

Table 18. Sequential extraction of contaminants from sediment samples.

Extraction Solution

Hypothesized Targeted Sediment
Components

Interpreted Contaminant Mobility of
Extracted Fraction

Color
Code

1. Aqueous:
uncontaminated
Hanford
groundwater

2. Ion exchange:
1M Mg-nitrate

3. Acetate pH 5: 1 hour
in pH 5 sodium
acetate solution

4. Acetate pH 2.3:
1 week in pH 2.3
acetic acid

5. Oxalic acid: 1 hour

6. 8M HNOs: 2 hours
in 8M nitric acid at
95°C

Contaminants in pore water and
a portion of sorbed uranium

Readily desorbed contaminants

Contaminants associated with
surface-exposed carbonate
precipitates and other readily
dissolved precipitates

Dissolution of most carbonate
compounds, and sodium
boltwoodite (a hydrous uranium
silicate)

Dissolution of some
aluminosilicates and oxides

Considered to represent total
contaminant extraction for this
study (though not completely
dissolving the sediment
particles)

Mobile phase

Readily mobile through equilibrium
partitioning

Moderately mobile through rapid
dissolution processes

Slow dissolution processes for
contaminant release from this fraction;
mobility is low with respect to
impacting groundwater

Slow dissolution processes are
associated with contaminant release;
mobility is very low with respect to
impacting groundwater

Very slow dissolution processes are
associated with contaminant release;
functionally immobile; some or all of
the contaminants in this phase may be
naturally occurring

Table 19, and associated Figure 18 and Figure 19 show the sequential extraction contaminant results
for each selected sample for uranium, chromium, and technetium. As can be seen in Table 19, there was
a very small amount of total extractable Tc-99 in sample B3BMT]1 (borehole B-42, C9497) compared to

the adjacent grab sample which indicated 11.1 pCi/g Tc-99. This indicates some heterogeneity in

technetium distribution at this location. Due to the very low level of Tc-99, no further analyses were

conducted for this sample and no additional discussion was included in this section. Uranium and

chromium results are discussed in detail below.
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Table 19. Contaminant distribution in sequential liquid extracted sediments for U-238, Cr, and Tc-99.

U-238 (all pg/g)

Borehole  Borehole Depth Interval Geologic K
Designation ID Sample ID Core (ft bgs) Unit extr. 2 extr. 3 extr. 4 extr. 5 extr. 6 Total (mL/g)

S-13 C9513 B3DCJ2 13 (Grab) 90.5-92 H2 430 2.80 2.68 3.27 2.71 5.13 20.89 2.29
S-13 C9513 B3DCJ7 21 (Grab) 131.5-133.5 CCUc 3.28 1.40 5.37 4.74 1.06 1.36 17.20 1.51
S-13 C9513 B3DCJ7 21 (Grab) 131.5-133.5 CCUc 3.09 1.42 5.09 5.13 1.15 1.29 17.17 1.58
T-3 C9555 B3DB67 57B 106-107 H2/CCUz 0.04 0.18 3.23 221 4.85 18.94 29.44 14.23
T-7 C9503 B39VY1 18C 152-153 Rwei 0.0153 0.0154 0.0393 0.0299  0.0359 0.163 0.299 3.17
Cr (all pg/g)
Borehole  Borehole Geologic - - Kq
Designation ID Sample ID Core Unit extr. 2 extr. 3 extr. 4 extr. 5 extr. 6 Total (mL/g)
S-13 C9513 B3DCJ2 13 (Grab) 90.5-92 H2 0.083 0.0090®  0.860@® 7.51 6.73 52.41 67.60 0.382
S-13 C9513 B3DCJ7 21 (Grab) 131.5-133.5 CCUc 0.24 0.509 0.845@ 5.41 4.38 31.73 43.11 3.49
S-13 C9513 B3DCJ7 21 (Grab) 131.5-133.5 CCUc 0.23 0.506 0.750@ 5.23 4.20 29.62 40.53 7.64
S-13 C9513 B3DCK2 24 (Grab) 146.1-148.8 CCUc 0.23 0.249 1.21 8.68 6.87 34.56 50.80 2.66
S-13 C9513 B3DCK7 29 (Grab) 171-172 Below 0.025 0.019®  0.978® 3.37 5.32 20.57 30.28
CCUc
B-42 C9497 B3BMWY9 44 (Grab) 260-261.2 CCUg ND 0.000 0.166 1.91 1.61 5.23 8.91

Tc-99 (all ug/g)

Borehole  Borehole Geologic Kd
Designation ID Sample ID Core Unit extr. 2 extr. 3 extr. 4 extr. 5 extr. 6 Total (mL/g)

B-42 C9497 B3BMT!1 23 (Grab) 161-163.5 H2 2.11E-4® ND ND ND ND ND 2.11E-4 --

(a) Quality control associated with these values were not within acceptable limits. Values are for information only.
(b) Equivalent to 3.58 pCi/g.
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Figure 18. Sequential liquid extractions with analysis of uranium shown as: a) total uranium
concentration in each phases, and b) fraction of uranium in each phases.

Sequential extraction data for uranium (Table 19, Figure 18) show a moderate amount of uranium
contamination (i.e., 18 to 27 png/g total U) compared to natural uranium in Hanford sediments
(< 1.5 pg/g). The T-3 borehole (C9555) sediment sample indicated the highest amount of
U-contamination with 29.44 ug/g total U. S-Complex samples also showed significant U-238 levels that
ranged from about 17.2 to 20.9 pg/g.

The distribution of uranium in different cores indicated significant differences in uranium surface
phases. The most mobile uranium (aqueous and adsorbed, shown in red in Figure 18) ranged from 0.5%
to 20%. Sample B3DCJ2 from borehole S-13 (C9513) showed the highest fraction of mobile uranium in
the H2 geologic unit, indicating some uranium mass that might transport under equilibrium-partitioning
conditions. The minimum mobile fraction was observed in the sample B3DB67 from borehole T-3
(C9555), which showed the highest total U-contamination, indicating limited or no uranium transport
under equilibrium conditions.

The acetate-extractable uranium (shown in orange and yellow in Figure 18), uranium that typically is
associated with carbonates, varied from 15% to 70% among all the selected samples. The highest fraction
of uranium mass for this extraction was observed in sample B3DCJ7 of CCU high-carbonate sediment
from borehole S-13 (C9513). The “mobile” uranium fraction is considered the aqueous, adsorbed, and
about half of the acetate-extractable fractions, so it ranged from 10% to 55% of the uranium in the
sediment, or 0.1 to 9 pg/g. The highest mobile fraction was observed in the samples from borehole S-13
(C9513).

The oxalate-extractable uranium (i.e., oxides) ranged from 5% to 12%, and the 8M nitric acid
extractable uranium ranged from 8% to 62% of the total uranium (Table 19, Figure 18). The sample
B3DB67 from borehole T-3 (C9555) showed a significant level of uranium during these two extraction
phases with a total concentration of 23.79 pg/g (about 80% of the total U for this sample).

The distribution coefficient (Kq) values for uranium calculated based on the aqueous and adsorbed
concentrations ranged from 1.51 to 14.2 mL/g (Table 19). In Section 4.3, this mobile uranium extractable
fraction is compared to the leached uranium in 1-D column studies. In typical uranium leaching behavior,
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aqueous and adsorbed fractions leach first (with some adsorption and within 10 pore volumes), followed
by the slow release of uranium from carbonates over tens of pore volumes.
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Figure 19. Sequential liquid extractions with analysis of chromium shown as a) total Cr concentration in
each phases, and b) fraction of Cr in each phases.

Sequential extraction results for chromium require a different interpretation from that of uranium.
Anthropogenic chromium as chromate generally is aqueous with little adsorption. Only a small fraction
of chromium (as chromate) may precipitate in carbonates. Therefore, anthropogenic chromium is
typically identified by the aqueous, adsorbed, and pH 5 acetate extractions, and the remaining extractions
dissolve natural minerals contaning chromium, indicating a low mobility for this fraction.

Table 19 and Figure 19 show the sequential extraction results for chromium for the selected sediment
samples. While the results from these samples ranged considerably from 8.9 to 68 ug/g total Cr, the
“mobile” chromium ranged from 0.95 to 1.6 ng/g Cr, with samples B3DCK2 and B3DCJ7 containing
aqueous Cr. The highest total Cr amounts were observed in samples from borehole S-13 (C9513).
Borehole B-42 (C9497) had the least amount of chromium in the sediment.

The distribution coefficient (Kq4) values for Cr calculated based on the aqueous and adsorbed
concentrations ranged from 0.38 to 7.64 mL/g. While chromate sorption is typically expected to be very
limited, some of the elevated K4 values may indicate more sorption than expected. In contrast to uranium,
chromium leaching behavior is generally at a high concentration within the first few pore volumes from
the aqueous phase (because of little adsorbed chromium), followed by a small (or sometimes below
detection limits) release from carbonates over tens of pore volumes.

4.3 Contaminant Mobility

To evaluate the rates of release of contaminants that are needed for fate and transport assessments,
soil-column leaching experiments were conducted for three selected sediment samples. As shown in
Table 1, these included two samples from borehole S-13 (C9513), and one sample from borehole T-3
(C9555) analyzed for both uranium and chromium, also shown in Table 20.
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Table 20. Selected sediment samples for 1-D soil-column leaching experiments.

Borehole Borehole Sample Depth Interval Geologic
Designation ID ID Core (ft bgs) Unit
S-13 C9513 B3DCJ2 13 (Grab) 90.5-92 H2
S-13 C9513 B3DCJ7 21 (Grab) 131.5-133.5 CCUc
T-3 C9555 B3DB67 57B 106-107 H2/CCUz

Soil-column leaching tests allow sediments to contact with a clean flowing artificial groundwater
under saturated conditions. Contaminant concentrations in the effluent of the column are controlled by
the magnitude of equilibrium partitioning and kinetically controlled contaminant release processes (e.g.,
dissolution of precipitates or small-pore diffusion). Soil-column tests provide data that can be interpreted
in terms of modeling contaminant release and partitioning under 1-D transport conditions. Slower release
of contaminant mass from the column (i.e., continued release over many pore volumes of water flow
through the column) indicates that the partitioning and/or kinetically controlled processes are attenuating
the mobility of the contaminant. In addition, stop-flow events, where the water flow in the column is
stopped for tens to hundreds of hours, can indicate the presence of kinetically controlled contaminant
release if the contaminant concentration increases during the stop-flow event.

During the experiments conducted and reported here, the three sediment samples were subject to
long-term leaching with artificial groundwater in 1-D column studies to evaluate the rate at which
contaminants were released from the sediment. These experiments consisted of leaching a total of 109 to
125 pore volumes of artificial groundwater through the sediment at a constant flow rate. Effluent samples
were collected during the leaching, and were analyzed for U-238, Cr, and a tracer (bromide). In addition,
three stop-flow events were used to further evaluate the presence of kinetically controlled contaminant
release rate from the sediments at 3, 16, and 100 pore volumes. The stop-flow intervals ranged from 71
hours (at 2 pore volumes), to 78 hours (at 16 pore volumes), and 509 hours (at 100 pore volumes).

For some of the data interpretation, data from S-Complex and T-Complex boreholes (Truex et al.
2016) and B-Complex boreholes (Szecsody et al. 2017) are included on figures. It was not possible to
interpret breakthrough of the bromide tracer in the injecting water, as it appeared that sediment pore water
contained low, but variable, bromide.

4.3.1 S-13 Waste Site (C9513) Samples

Two sediment samples were analyzed from the S-Complex borehole at varying depths. Sample
B3DCJ2 was contaminated with 20.89 pg/g uranium, of which a significant fraction was present in highly
mobile aqueous and adsorbed phases (Table 19). Calculated K4 for uranium for this sample was 2.29
mL/g.

For this sample, flowing artificial groundwater through the sediment resulted in a high initial uranium
concentration leaching (33,000 pg/L, Figure 20), which decreased to about 100 pg/L by 30 pore volumes
and continued to leach at that concentration to 110 pore volumes. By 10 pore volumes, 70% of the
uranium was released (compared to the total leached uranium by 110 pore volumes). The continued
uranium leaching over the 110 pore volumes and the increased uranium concentration at each stop-flow
event, indicated by red arrows in Figure 20(b) and (c), indicate slow uranium release from the sediment.
This may be due to slow carbonate dissolution, which contains uranium co-precipitate. The uranium
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sequential extraction for this sample showed high aqueous and adsorbed uranium (7.1 pg/g) and a total of
about 10 ug/g mobile uranium (i.e., aqueous, adsorbed, and half of the acetate-extractable uranium).
Leaching at 110 pore volumes consistently resulted in about 11 pg/g of uranium cumulatively.

This sample also contained a small concentration of aqueous and adsorbed Cr (likely
anthropegenically sourced); however, most of the total extracted Cr was from mineral precipitates (about
65.9 ng/g), which were most likely naturally occurring. The calculated Ky for Cr was 0.382 mL/g (Table
19). In contrast to uranium, as can be seen in Figure 20, chromium leaching behavior showed aqueous Cr
in the first three samples (< 0.4 pore volumes), followed by nearly no detectable Cr in the effluent. This
is consistent with the sequential extraction data, which indicated small aqueous and adsorbed Cr in the
sediment. Although there was no detectable chromium over most of the 110 pore volumes, the 509-hour
stop-flow event at 110 pore volumes did result in a low Cr concentration (0.52 pg/L), indicating a very
slow dissolution process likely from a Cr-containing precipitate.
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Figure 20. Contaminant leaching behavior in sample B3DCJ2 (S-13, C9513) as shown by a) U
sequential extraction, b) U leaching (0 to 10 pore volumes), c) U leaching (to 110 pore
volumes), d) Cr sequential extraction, and e) Cr leaching (to 110 pore volumes).

For sample B3DCJ7, the total uranium contamination was 17.2 pg/g, of which a significant fraction
(about 14 pg/g) was present in highly mobile aqueous, adsorbed, and acetate-extractable U (Table 19).
The calculated Kq4 for uranium for this sample was 1.54 mL/g, based on duplicate extractions. Artificial
groundwater flow through the sediment resulted in a high initial uranium concentration in the effluent
(22,000 pg/L, Figure 21), which ultimately decreased to about 200 pg/L by 30 pore volumes and
continued to leach at that concentration to 120 pore volumes. By 10 pore volumes, 60% of the uranium
was released (compared to the total leached uranium by 120 pore volumes). The continued uranium
leaching over the 120 pore volumes and the increased uranium concentration at each stop-flow event, as
shown by red arrows in Figure 21(b), indicate slow uranium release from the sediment. This may be from
slow carbonate dissolution as this sample was taken from a CCU unit with higher carbonate content, and
carbonate minerals contain some uranium co-precipitate. Uranium sequential extraction for this sample
showed high aqueous and adsorbed uranium, with a total of about 10 pg/g of mobile U (i.e., aqueous,
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adsorbed, and half of the acetate-extractable U). Leaching the sediment for 120 pore volumes yielded
about 21 ug/g of uranium cumulatively, which was higher than the ~10 pg/g predicted amount from the
sequential extractions.

The sample also contained low concentrations of aqueous and adsorbed Cr, which is likely due to
anthropogenic sources. However, most of the total extracted Cr was from mineral precipitates (about
42 ng/g), which were most likely naturally occurring. The calculated K4 for Cr was 3.49 mL/g (Table
19). The chromium leach behavior showed high initial aqueous Cr (2440 ug/L), followed by a lower Cr
concentration leached for 8 pore volumes (Figure 21(d)), after which no detectable Cr was observed. The
total Cr leached from the sediment by 125 pore volumes was 1.2 pg/g, compared with 0.8 ug/g mobile Cr
indicated by sequential extractions. Leaching showed that 97% of the Cr mass was leached by 10 pore
volumes. The sequential extraction data (Table 19) did indicate small aqueous and adsorbed Cr in this
sediment sample.

All three stop-flow events for this sample resulted in a higher Cr concentration, indicating a very slow
kinetic dissolution of a Cr-containing precipitate. Cumulative Cr leached from the sediment continued
until 10 pore volumes and then ceased. This is opposite of the cumulative U leaching behavior since U
continued to leach after 10 pore volumes.
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Figure 21. Contaminant leaching behavior in sample B3DCJ7 (S-13, C9513) as shown by a) U
sequential extraction, b) U leaching (to 125 pore volumes), ¢) Cr sequential extraction, and
d) Cr leaching (to 125 pore volumes).
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4.3.2 T-3 Reverse Well Waste Site (C9555) Sample

Sample B3DB67 from borehole T-3 (C9555) was contaminated with 29.44 pg/g uranium, of which a
small mass (0.22 pg/g) was present as aqueous and adsorbed uranium. The acetate-extractable U
accounted for most of the mobile uranium (2.7 pg/g, Table 19). The calculated Kq for uranium was
14.2 mL/g. Duplicate soil-column leach experiments were conducted. Artificial groundwater flowing
through the sediment resulted in a moderate initial uranium concentration (70 pg/L in Figure 22(b),

417 ng/L in Figure 22(c)), which decreased to less than 20 pg/g by 20 pore volumes in both experiments
and continued to leach at that concentration to 120 pore volumes. The total uranium leached from the
sediment (0.7 pg/g) was smaller than ~ 2.9 pg/g predicted from the sequential extractions. The leaching
behavior was unusual, with slowly increasing uranium concentrations between 30 and 80 pore volumes in
both leach experiments (Figure 22(b) and (¢)). In addition, at stop-flow events at 2.5 and 12 pore
volumes, the uranium concentration increased slightly, indicating some U release from the sediment.
However, the uranium concentration decreased slightly at 107 pore volumes, indicating uranium
precipitation or slow adsorption. The slow uranium release from the sediment is typically attributed to
slow carbonate dissolution (which contains some uranium), in contrast to the behavior observed in these
duplicate experiments. Since the injected artificial groundwater was the same for these experiments, this
observed leaching behavior may indicate the presence of a slowly released uranium-complex that is
unidentified.

The duplicate leach experiments were also analyzed for aqueous Cr, although the sediment was not
considered to have Cr contamination. Although the sequential extractions were not analyzed for Cr, leach
experiments showed low concentrations (12 to 73 pug/L Cr) in the first few leach samples (Figure 22(d)
and (e)). In addition, the stop-flow event at 122 pore volumes showed an increasing Cr concentration,
indicating a very slow dissolution of a Cr-containing precipitate.
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Figure 22. Contaminant leaching behavior in sample B3DB67 (T-3, C9555) as shown by a) U sequential
extraction, b) U leaching (to 120 pore volumes), ¢) U leaching (to 120 pore volumes) in a
duplicate experiment, d) Cr leaching (to 125 pore volumes), and e) Cr leaching (to 125 pore

volumes) in a duplicate experiment.
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433 Uranium and Chromium Release Rate from Sediments

The three stop-flow events (at approximately 2, 15, and 100 pore volumes) in leach experiments
were used to evaluate the uranium and chromium release rates from sediments. For uranium, the release
rate in the first few pore volumes is typically high due to uranium partitioning from the adsorbed phase
into the aqueous (leached) phase. At a higher number of pore volumes, the release rate is typically one to
two orders of magnitude lower as a result of uranium being released due to dissolution of a solid phase
(such as carbonate dissolution) or diffusion from microfractures in sediment grains.

For the three sediments analyzed in the 1-D soil-column leaching tests in this study, the typical
uranium release behavior of decreasing release rate was observed for two of the samples (B3DCJ2,
B3DCJ7, Table 21, Figure 23) with high release rates from U-contaminated sediment. The sample
B3DB67, which showed unusual release behavior in the 30 to 80 pore volume range (Figure 22) had
lower release rates, similar to that found in natural sediments. There was a regular trend of the uranium
leached mass and the leach rate, as shown in Figure 23(a) for this study and previous studies, for DV-1
and UP-1 sediments (Figure 23(b)). This regular trend indicates that, in general, high uranium
contamination is not held strongly on sediment, and it leaches at a faster rate. In contrast, natural uranium
in the sediment is close to equilibrium, so it leaches at a slower rate and a lesser cumulative amount. This
general trend can be used to estimate the uranium release rate from the sediments given the leached mass,
as the leached mass can be estimated from sequential extractions.

For chromium, the calculated release rates show a high rate for the Cr-contaminated sample
(B3DCJ7, Table 21) at 2 pore volumes, then a decrease by one order of magnitude by 12 pore volumes,
and an additional decrease by three orders of magnitude by 100 pore volumes (Figure 24). In this Cr-
contaminated sample, the total amount of Cr leached was also high (Figure 24(b)). Therefore, there was a
similar trend of mass release and release rate as observed with uranium data. The other two sediment
samples had small amounts of leached Cr, and rates were low.

Finally, while multiple previous studies have concluded that uranium incorporates into calcite
(Zachara et al. 2007a,b; Qafoku and Icenhower 2008; Catalano et al. 2008), only one recent study
indicates that Cr can incorporate into calcite (Truex et al. 2015b). For these sediments, if U and Cr were
initially being leached from aqueous and adsorbed phases, but at later pore volumes if both were being
released from the sediment as a result of calcite dissolution, then release rates should correlate between U
and Cr. While a correlation appears to exist (Figure 25), there is only a small amount of Cr leach data
available.
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Table 21. Contaminant release rates calculated for stop-flow events during soil-column leaching experiments.
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Borehole  Sample

Depth Interval Geologic

Stop
Flow

(pv)

(ng/kg/day) (ng/kg/day)

Stop
Flow

(pv)

U-238
Rel. Rate

(ng/kg/day) (ng/kg/day)

Stop
Flow

(pv)

Cr
Rel. Rate

(ng/kg/day) (ug/kg/day)

Designation ID

S-13 B3DCJ2
(C9513)

S-13 B3DCJ7
(C9513)

T-3 B3DB67
(C9555)

T-3 B3DB67

(C9555)

2.00

2.67

232

2.50

11.82

7.81

11.30

11.70

3.58E+01

-5.65E+01

8.74E-03

1.66E-01

95.70

108.3

108.6

106.7

7.22E-03

5.56E-02

1.06E-02

3.10E-02
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Figure 23. Uranium release rate calculated from sediment leach studies at stop-flow events showing
release rate as a function of: a) pore volume, b) uranium leached mass.
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Figure 24. Chromium release rate calculated from sediment leach studies at stop-flow events showing
release rate as a function of a) pore volume, b) chromium leached mass.
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5.0 Quality Assurance

The PNNL QA Program is based upon the requirements as defined in DOE Order 414.1D, Quality
Assurance, and 10 CFR 830, “Energy/Nuclear Safety Management,” Subpart A, Quality Assurance
Requirements. PNNL has chosen to implement the following consensus standards in a graded approach:

e ASME NQA-1-2000, Quality Assurance Requirements for Nuclear Facility Applications, Part 1,
Requirements for Quality Assurance Programs for Nuclear Facilities.

o ASME NQA-1-2000, Part I1, Subpart 2.7, Quality Assurance Requirements for Computer Software
for Nuclear Facility Applications, including problem reporting and corrective action.

o ASME NQA-1-2000, Part IV, Subpart 4.2, Guidance on Graded Application of Quality Assurance
(QA) for Nuclear-Related Research and Development.

The procedures necessary to implement the requirements are documented through PNNL’s “How Do
I...? (HDI), a system for managing the delivery of laboratory-level policies, requirements, and
procedures.

The DVZ-AFRI Quality Assurance Plan (QA-DVZ-AFRI-001) was applied as the applicable QA
document for this work under the NQA-1 QA program. This QA plan conforms to the QA requirements
of DOE Order 414.1D and 10 CFR 830, Subpart A. This effort is subject to the Price Anderson
Amendments Act.

The implementation of the Deep Vadose Zone — Applied Field Research Initiative QA program is
graded in accordance with NQA-1-2000, Part IV, Subpart 4.2, Guidance on Graded Application of
Quality Assurance (QA) for Nuclear-Related Research and Development. The technology level defined
for this effort is Development Research, which consists of developing information that will be used
directly by the Hanford Site to support remediation decisions.

This work was conducted under the Development Research level to ensure the reproducibility and
defensibility of these experimental results. As such, reviewed calculation packages are available upon
request except where experimental information is denoted as a scoping or preliminary study.

This work used PNNL’s Environmental Sciences Laboratory (ESL) for chemical analyses. The ESL
operates under a dedicated QA plan that complies with the Hanford Analytical Services Quality
Assurance Requirements Document (HASQARD; DOE 2007), Rev. 3. ESL implements HASQARD
through Conducting Analytical Work in Support of Regulatory Programs (CAWSRP). Data quality
objectives established in CAWSRP were generated in accordance with HASQARD requirements.
Chemical analyses of testing samples and materials were conducted under the ESL QA Plan.

QA reviews of data and analyses were conducted for this work in accordance with the QA plan.
There were no reportable QA issues with the data included in this report.
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6.0 Conclusions

The data collected in this laboratory study addressed the following three objectives:
¢ Define the contaminant distribution and the hydrologic and biogeochemical setting.
o [dentify attenuation processes and describe the associated attenuation mechanisms.

¢ Quantify attenuation and transport parameters for use in evaluating remedies.

These objectives are elements of the framework identified in EPA guidance (EPA 2015) for
evaluating MNA of inorganic contaminants, and they directly support updating the CSM for these waste
sites (and generally for the Hanford Central Plateau). Importantly, the information supports defining
suitable contaminant transport parameters that are needed to evaluate migration of contaminants through
the vadose zone and to the groundwater. This type of transport assessment supports a coupled analysis of
groundwater and vadose zone contamination. The laboratory study information, in conjunction with
transport analyses, can be used as input to evaluate the feasibility of remedies for the 200-DV-1 OU. This
remedy evaluation will be enhanced by considering these study results that improve the understanding of
controlling features and processes for transport of contaminants through the vadose zone to the
groundwater.

Interpretation of this laboratory study can be considered from several perspectives relevant to
supporting 200-DV-1 OU activities. Results for each contaminant were evaluated across all of the
samples to identify contaminant-specific conclusions and to enable consideration of how results from this
study may be relevant to other waste sites. Results are also evaluated with respect to conclusions relevant
to the specific waste sites included in the study. Lastly, study results were evaluated with respect to
updating CSMs and future evaluation of remedies, including the associated fate and transport assessment
needed as a basis for remedy evaluation.

The data and information from these attenuation and transport studies were interpreted to support the
following conclusions about contaminant behavior observed across the waste sites sampled in this study.

e Uranium

— Uranium concentrations were low in most samples analyzed for this study, which indicates that a
significant fraction of uranium may be associated with natural background. However, moderate
levels of uranium were observed in two of the core samples (B39X10 and B39X55) from
borehole S-13 (C9513) and one of the core samples (B39VY 1) from borehole T-7 (C9503).
However, the total uranium found in B39VY1 was still significantly lower than the S-13 (C9513)
samples, and mostly in mineral precipitate forms. Sample B39X55 was from the CCU caliche
unit with a high carbonate concentration. Consistently, the results for this sample indicated high
total inorganic carbon which suggests formation of uranium carbonate compounds potentially
attenuating uranium in this formation. Sequential extraction results for the same unit as discussed
below confirmed this behavior. Sample B39X10 was from a transition zone between H2 and
CCUz formations. Sequential extractions conducted for a grab sample in H2 formation for this
borehole also indicated moderate levels of uranium with about 20% being in the aqueous and
adsorbed phases. Thus, some portion of uranium in this borehole (S-13, C9513) may be migrating
from H2 sediments into CCUc and where it may then complex with carbonate. Uranium-

6.1



PNNL-27524
RPT-DVZ-CHPRC-0004 Rev 0.0

carbonate precipitation was identified as an important attenuation mechanism that reduce uranium
mobility. This attenuation mechanism will have to be accounted for in transport assessments.

Uranium surface phases showed significant differences for different boreholes. Aqueous and
adsorbed uranium, that would be transported under equilibrium conditions, ranged from 0.5% to
20% among the samples from the S-13 (C9513), T-3 (C9555), and T-7 (C9503) boreholes, with
the highest fraction observed in sample B3DCJ2 (grab sample, S-13, C9513). The mobile
fraction of uranium that also includes part of the acetate-extractable uranium in addition to the
aqueous and adsorbed phases ranged from 10% to 55%, with the highest mobility observed in the
samples from borehole S-13 (C9513). While the T-3 (C9555) sample yielded the highest amount
of total contamination (29.44 pg/g), most of the uranium in borehole T-3 (C9555) was associated
with precipitates where transport of uranium would be controlled by slow dissolution processes.

Slow-release transport behavior that is potentially due to slow carbonate dissolution was observed
in soil-column leaching experiments for the samples from borehole S-13 (C9513). However, core
sample B3DB67 (T-3, C9555) showed an unusual transport behavior withinitially decreasing
concentrations followed by slight increase, indicating a slowly released uranium-complex that is
unidentified.

Uranium Kgq values were varied across the different samples tested. The highest K4 value was
associated with the sample (B3DB67) from borehole T-3 (C9555), which also had the highest
amount of uranium contamination. Thus, in transport assessments, selection of a Kq value for
uranium should consider spatial variation of the K4 value.

e Jodine

Total iodine concentrations in the vadose zone were only measured for the sample from borehole
B-42 (C9497), which showed a very low level.

e Tc-99

Tc-99 was only measured for the sample from borehole B-42 (C9497) and was a non-detect.

A grab sample (i.e., samples other than those originally targeted for attenuation testing) from
borehole B-42 (C9497) with a Tc-99 concentration of 11.1 pCi/g was selected collectively by
PNNL and CHPRC for sequential extractions. A sample adjacent to this grab sample was
analyzed for Tc-99. The result indicated a very small amount of total extractable Tc-99 in this
sediment. (about four orders of magnitude lower than the grab sample targeted), indicating
heterogeneity in Tc-99 distribution. No further soil-column leaching tests were conducted for this
sample due to the low value observed for this sample. However, sequential extraction restuls
indicate that Tc-99 is in the mobile phase in this sediment.

e Chromium

Cr(VI) was not detected in most core samples and, when detected, was present at a low
concentration. Total chromium measured in acid extractions was likely from natural background.

Sequential extraction results (conducted with a set of grab samples) showed a wide range of total
Cr concentrations (8.9 to 68 ug/g) among the selected samples. However, the mobile chromium
ranged only from 0.95 to 1.6 pug/g. Some of the elevated K4 values determined in sequential
extractions for Cr indicated more sorption than expected for the sediment from borehole S-13
(C9513), attenuating its mobility in this borehole.
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e Nitrate

study.

Nitrate concentrations were low in all of the samples, except the samples from borehole T-7
(C9503), which indicated an increasing trend with depth, indicating very little attenuation
potential.

The following conclusions were developed for the specific boreholes/waste sites analyzed in this

e B-42

One core sample selected for the laboratory study from the B-42 waste site (borehole C9497) was
of CCU gravel material. This sample did not show any signs of altered geochemistry induced by
the waste discharge. Contaminant levels were also observed to be very low or non-detect.

Six samples analyzed for isotopic signature, with varying depths from this borehole, showed two
distinct patterns over the depth profile correlated to the historic water table depth for this location
(256 ft below surface). Results suggested mixing of a distinct upper water (above 256 ft) with a
distinct lower water near the location of the historical water table. Furthermore, upper data (above
256 ft) also showed isotopic shifts that are consistent with a flux of industrial process water near
the surface that is propogating downward.

S-13

Core samples for the contaminant concentration and geochemical evaluation from the S-13 waste
site (borehole C9513) were materials from the transition of Hanford formation to CCU silt, CCU
caliche (CCUc), and Ringold (silty, sandy gravel). The samples from the transition zone and
CCUc showed moderate levels of uranium and total chromium with very small amounts of
Cr(VI). The sample from the Ringold formation only had very small amounts of contaminants
present. None of these samples showed any significant nitrate levels. The sediment from the
CCUc formation also showed high levels of total carbon and total inorganic carbon, as well as
higher calcium and magnesium, indicating the presence of carbonate in this sample. Slightly
elevated levels of uranium found in this sample are likely due to formation of uranium carbonate
compounds.

A total of four grab samples were selected for sequential extractions for this borehole for uranium
and chromium analyses. For the two samples analyzed for uranium, it was observed that some
uranium was in mobile phase (aqueous, adsorbed, and acetate extractable), which may transport
in aqueous phase under equilibrium-partitioning conditions. The sample from the CCUc
formation showed uranium associated with the acetate-extractable portion, indicating
complexation with carbonate. All four samples were analyzed for chromium and showed total
chromium concentrations ranging from 30.28 to 67.60 ug/g with a very small fraction of mobile
chromium. Slightly elevated Kq4 values for Cr (0.382-7.64 mL/g) indicated more sorption
behavior than expected. Soil-column leaching experiments confirmed a decreasing release rate
over time for uranium consistent with dissolution of a solid phase. For chromium, these
experiments indicated a small release during the early stages of the experiment and a very slow
kinetic dissolution of a Cr-containing precipitate.

Isotope analysis for this borehole showed an anthropogenic influence similar to borehole B-42. It
is likely that the isotopic signature indicates a high flux of Columbia River water (e.g., as process
water) into the system.
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— Based on the data collected in this laboratory study, the following attenuation processes are
important at this waste site. Sorption processes are important for uranium. Formation of
uranium-carbonate precipitates also appears to be an attenuation mechanism in S-13 borehole
samples. The potential for reduction through abiotic (e.g., ferrous iron) mechanisms is very
limited, and would not affect the future contaminant migration.

T-7

- Core samples from the T-7 waste site (borehole C9503), analyzed for contaminant distribution
and geochemistry, were materials from the transition of Hanford formation to CCU silt, transition
of CCU silt to caliche, and Ringold (silty, sandy gravel). Only one sample (B39VY1) showed a
slightly elevated uranium concentration where the other two samples yielded very low
concentrations. All sampled showed low levels of chromium. However, nitrate levels were
noticeably elevated, showing an increasing trend with depth.

- Sequential extractions yielded very small amount of total uranium, with a large fraction in
functionally immobile form associated with solid phases in the sediment. The K4 value was
calculated as 3.17 ml/g.

- Isotope analysis for this borehole yielded patterns largely consistent with expected natural
patterns, indicating very little anthropogenic influence in this area.

— Based on the data collected in this laboratory study, the following attenuation processes are
important at this waste site. Sorption processes are important for uranium. No indications of
reduction were observed in these samples and the potential for reduction through abiotic (e.g.,
ferrous iron) processes is limited.

T-3

— Core samples from the T-3 reverse well waste site (borehole C9555), analyzed for contaminant
distribution and geochemistry, were from the transition of Hanford formation to CCU silt and
Ringold (silty, sandy gravel). The sample from the transition zone showed slightly elevated
nitrate levels accompanied by a high uranium concentration in acid extractions. No Cr(VI) was
detected in water extractions and acid extractions yielded a very small amount of total chromium
for this sample. The sample from the Ringold unit didn’t show any significant contaminant
levels.

— The sample from the transition unit was further evaluated through sequential extractions. The
total uranium contamination was observed to be the highest among the selected samples from all
boreholes. However, the majority of this uranium was found to be associated with functionally
immobile solid phases , requiring dissolution processes for contaminant release. The total
uranium leached from this sediment was less than predicted from the sequential extractions, with
an unusual leaching behavior of initially decreasing, but later slowly increasing, concentrations.
This behavior may indicate the presence of a slowly released uranium-complex that is
unidentified. The K4 value for uranium was calculated to be 14.23 mL/g. A very small
concentration of Cr was also observed in the leaching experiments with the initial few leach
samples. Stop-flow events indicated a very slow dissolution of a Cr-containing precipitate.

— Isotope analysis for this borehole indicates a strong influence of an industrial process that
correlates with a reverse well and its screen depth.
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— Based on the data collected in this laboratory study, the following attenuation processes are
important at this waste site. Sorption processes are important for uranium and chromium. No
indications of reduction were observed in these samples and the potential for reduction through
abiotic (e.g., ferrous iron) processes is limited.

The study provided a set of data that addressed the study objectives and can support future evaluation
of remedies, including MNA and the associated fate and transport assessment that is needed as a basis for
remedy evaluations. The first objective was to jointly evaluate contaminant concentrations and the
biogeochemical and hydrologic setting for these data. This information provides a baseline for
interpreting attenuation and transport studies. As noted, there were significant variations in transport
parameter values and some attenuation mechanisms linked to specific sediment characteristics (e.g.,
carbonate content). For scaling and use of this information in fate and transport assessments, these
variations should be considered in light of the sample properties. For this study, the sample properties
were linked to the sediment units sampled. However, geochemical indicators did not show any
significant difference or effect of contamination. Scaling and use in future efforts can translate the
attenuation and transport information from this laboratory study to other waste sites based on the
distribution of similar sediment units (e.g., the CCU silt and CCU caliche).

Another objective of the study was to identify attenuation processes that appear to be active in these
samples and that will affect contaminant transport through the vadose zone. Sorption processes were
found important for uranium, and to a lesser extent for chromate. Carbonate content appeared to be
important for uranium and its release behavior. Accumulation in carbonate precipitates was identified as
an attenuation mechanism for uranium. Slow release of uranium was evident in leaching experiments.
Geochemical signatures of reducing conditions were minimal or non-existent in the samples. Attenuation
mechanisms relevant to Tc-99 (other than sorption) could not be fully assessed because of the low/non-
detect concentration of this contaminant. Chromium release from the sediment occurred only during the
initial phases of the leaching experiments and chromium was found to be strongly associated with mineral
precipitates, which were most likely naturally occurring.

A key objective of the study was to quantify attenuation and transport parameters to support
parameterization of fate and transport assessments. This type of assessment will be needed to evaluate
transport of contaminants through the vadose zone, to evaluate the coupled vadose zone-groundwater
system, and to assess the need for, magnitude of, and/or design of remediation. The contaminant- and
sample-specific values from stop-flow portions of soil-column experiments and sequential extractions
provide a set of information that can be directly used to develop transport parameters. Soil-column
effluent concentration data can also be compared to 1-D simulations to assess fate and transport model
configurations for K4 or for surface complexation models.

Collectively, the information from this laboratory study can be considered in terms of updating the
CSM for contaminants in the vadose zone. It can also provide input to describing the coupled vadose
zone-groundwater system that needs to be considered for remedy determinations. CSM elements from
this laboratory study are listed below. These elements will need to be incorporated with other data
collected during the 200-DV-1 OU remedial investigation as part of updating the CSMs for the 200-DV-1
OU component waste sites.

e Sequential extraction experiments (and more coarsely indicated by comparison of water- and acid-
extraction contaminant data) show that only a small fraction of the uranium mass in samples is in a
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mobile form that would transport under equilibrium-partitioning conditions. Leaching experiment
results confirmed that slow-release processes affect the transport behavior of uranium. The relative
amount of uranium mass in the mobile versus functionally immobile phases affects the potential for
future mass discharge from the vadose zone to the groundwater.

e Laboratory data suggest that formation and dissolution of uranium-carbonate precipitates is a
potential attenuation mechanism affecting the relative mobile and immobile mass fractions and the
transport characteristics of uranium.

e Attenuation and sorption are not uniform in the vadose zone, especially for uranium. Lithology (e.g.,
the presence and extent of layers such as the CCU) and carbonate content affected the transport
parameter values for these contaminants.

o For the waste sites included in this study, the effects of waste chemistry, other than contaminant
concentrations, did not penetrate deep into the vadose zone. The geochemical signature of samples
shows that a transport evaluation at these waste sites will not need to include properties modified by
waste chemistry for the deep portion of the vadose zone.

e While the CSM should acknowledge the potential for transformation processes (e.g., abiotic
reduction), minimal evidence was observed that these processes are active. However, such
transformations may have occurred in the past and contributed to the currently observed contaminant
distribution within the sediment and pore water.

e Oxygen and hydrogen isotope data were collected and primarily show correlation to regional
precipitation with some variations from evaporative and condensation processes. They also provide
an indication of anthropogenic effects (e.g., industrial processes) for some of the waste sites.

o [t will be important to incorporate variations in physical property data into the CSM to augment
existing data and correlate to indirect measures of lithology (e.g., geophysical logging). Additional
detailed hydraulic property data were collected for this laboratory study and will be documented in a
separate report.

This laboratory study extended the characterization of the 200-DV-1 OU to include identification and
quantification of contaminant attenuation processes and parameters that will be needed to evaluate
transport of contaminants through the vadose zone into the groundwater. This type of site-specific
information enhances the technical basis to support remedy evaluation. Quantifying transport of
contaminants in the vadose zone in terms of a source to groundwater under existing and future conditions
without additional intervention is a basic element of remedy evaluation for the vadose zone. This type of
evaluation and the supporting laboratory data describing the factors that affect transport (i.e., attenuation
processes) are used in the process of considering MNA as all or part of a remedy. For cases where future
contaminant discharge from the vadose zone will create or continue plumes of concern in the
groundwater, the transport behavior and magnitude of the source discharge are used to define the target
for vadose remediation (i.e., the extent of an engineered remedy needed in addition to natural attenuation)
and assess potential remedy options. Thus, the information in this laboratory study was included in the
200-DV-1 OU characterization efforts to support the upcoming remedy evaluation in the feasibility study.
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Appendix A

Geologist Descriptions of Samples

The following files show the geologist description of the samples used in this study.
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