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Executive Summary

Geochemical tests provide evidence for the transit of a plume of caustic waste solution through the
sediment column at the Hanford 241-B and -BX Tank Farms. Direct-push samples recovered from
boreholes surrounding Tanks 241-B-110 and 241-BX-102 and related waste transfer lines and diversion
boxes included sediments typical of those previously recovered from other localities on the Hanford Site.
The Hanford formation sediments are dominantly quartzo-feldspathic sands containing lithic fragments,
displaying a range of particle size distributions and sorting characteristics. Some moderately well-sorted,
fine-grained lithologies are interpreted as lenticular bodies irregularly dispersed in coarser-grained, more
poorly sorted sediments. Tier I tests conducted on the vadose zone sediments revealed an inverse corre-
lation between moisture content and sediment size fraction (i.e., there is greater moisture content in finer-
grained sediments). The Tier I tests also showed that the pore water solutions were likely sodium-rich,
moderately saline, and possessed higher pH values than background (uncontaminated) sediments. These
data are characteristic of sediments that have encountered sodium-rich, saline, caustic waste solution, as
documented in other reports at other suspect contamination sites around Hanford. Analyses of solutions
from 1:1 water extracts reveal relatively balanced cation and anion concentrations, indicating that most of
the geochemical species have been accounted for. The water extract data for affected sediments also
indicate unusually high concentrations of aluminum, iron, and phosphorus. The relatively high concen-
trations of aluminum and iron may be the result of dissolution of secondary amorphous phases that
precipitated after a reactive plume partially dissolved aluminum- and iron-bearing phases as it migrated
through the sediment column. On the other hand, the presence of elevated concentrations of phosphorous
may be the tell-tale signature of wastes derived from the bismuth phosphate separation process. Elements
typically mobile in the subsurface, such as technetium-99, are present at either low concentrations or are
below the analytical detection limit. However, we expect that the mobile elements would be present
mainly along a narrow plume front, and if this front had passed deeper into the sediment profile than
depths sampled, the retention of these elements would be minor. Alternatively, uranium-238 was
detected in nearly all the direct-push sediments (by acid extract experiments) from around the BX Tank
Farm at concentrations above the natural crustal average (0.76 pCi/g), and we also detected the presence
of several anthropogenic radioisotopes, such as cobalt-60, cesium-137, europium-154, and europium-155
(by gamma energy analysis). These data confirm contamination of the sediments.

We selected a pair of lithologies from a single direct-push hole from near BX-102 that we anticipated
would reveal details of the mechanism of radionuclide binding in the sediments and subjected them to a
series of Tier II tests. These samples, coarse- and fine-grained specimens subdivided from a single
lithologic entity, are labeled BIJWWO6C fine and coarse. The positioning of fine- and coarse-grained
materials provided a good opportunity to probe the controls that mineralogy, sediment size fraction, and
hydraulic properties exert on the distribution of radionuclide elements. To determine the total concen-
tration of uranium in the sediments, we completely dissolved aliquots of sediment using an acid mixture
and a specially designed microwave apparatus. The fine-grained sample contained nearly four times the
concentration of uranium as the coarse-grained sample (390 versus 108 pug/g U). Another set of tests was
performed on the coarse-grained sample that was subdivided by dry sieving into its various size fractions,
which revealed that most of the uranium resides in the finer size fractions. It is not yet evident, however,
if this preference for the finer particle fraction is a reflection of mineralogical, hydraulic, or kinetic
factors. A pair of tests was carried out in an attempt to distinguish between mobile or “labile” and
immobile (sequestered) uranium. The first test consisted of exposing the sediment to a bicarbonate-
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carbonate leach solution. The solution was designed to remove weakly sorbed uranium from mineral
grains by forming strong uranyl-carbonate aqueous complexes without liberating sequestered uranium by
dissolving solid reservoirs. The second test consisted of equilibrating the uranium-contaminated sediment
with a synthetic groundwater solution and then spiking the solution with a uranium isotope that can easily
be distinguished analytically from common uranium. The dopant in this case was uranium-233, which
can be conveniently detected using liquid scintillation counting. This test relies on the supposition that
weakly sorbed common uranium (from contamination) can exchange with the doped uranium-233 such
that the uptake of the tracer isotope can be quantified. Therefore, the extent of uptake of uranium-233
correlates with the amount of labile uranium in the system.

From both the Tier I and Tier II tests, we calculated an estimated uranium partitioning value, or K4
(concentration of uranium attached to the solid divided by the concentration of uranium in solution), for
the BIJWW6C fine and coarse sediments. Based on the concentration of uranium recovered in the
bicarbonate-carbonate solution and the concentration of uranium from the 1:1 water extract solution, we
obtained Ky values of 983 and 1.56 mL/g for the fine- and coarse-grained specimens, respectively. The
concentration of uranium extracted by the bicarbonate-carbonate solution represents the uranium that
desorbs from the mineral surfaces and is therefore regarded as the amount of uranium attached to the solid
in the K4 computation. These K, values are numerically similar to those obtained from the acid extract
and 1:1 water extract data, in which values of 927 and 1.27 mL/g were obtained for the fine- and coarse-
grained specimens, respectively. The concentrations of uranium determined from isotope exchange
experiments are lower than those obtained by the acid or bicarbonate-carbonate extracts, so the resulting
K4 values are smaller (832 and 1.19 mL/g for the fine- and coarse-grained, respectively), yet are similar to
the other K, values quoted above. The values of Ky determined by the bicarbonate-carbonate and the
isotope exchange experiments are the same within 10% relative, indicating that the values are indistin-
guishable statistically. The quantities of labile uranium in the coarse- and fine-grained sediments are, by
the two test methods, similar and make up 51 to 67% and 63 to 75% of the total uranium, respectively.
These data indicate that a sizeable fraction of uranium is sequestered in a phase that is resistant to
dissolution.

The search for the identity of the uranium-sequestering phase was aided by microscopic techniques.
Specimens from the BIJWW6C fine and coarse fractions were subjected to micro-X-ray fluorescence
(u—XRF) and micro-X-ray absorption near-edge spectroscopy (UL-XANES). Small areas (400 x 400 um)
were analyzed, and X-ray maps from pu-XRF showed a strong correlation between the spatial proximity of
uranium and calcium. Evaluation of the oxidation state of uranium in these spots indicated that the
majority of uranium is in the hexavalent state [U(VI)]. These data support the supposition that the
uranium sequestering phase is the calcium uranyl silicate, uranophane [Ca(UQO,),(SiO3;0H),(H,0)s].
Further analysis using time-resolved laser induced fluorescence (TRLIF) bolstered the hypothesis that
uranophane is the main uranyl phase present in the sample. Measurement of the fluorescent signal by
TRLIF at cryogenic temperatures (6=1K) and a delay of 1.2 ms yields data that are consistent with the
spectrum of uranophane in both the fine- and coarse-grained samples.

The data provided in this report add more information to the large body of data that has been
developed regarding the contamination history of Hanford sediments. While the sediments in this report
are not the most contaminated materials recovered from boreholes at Hanford, this investigation further
delineates the extent of contamination from wastes that escaped either from storage or during transit
between waste storage tanks. It is likely that the plume front migrated down past the level of sediment

v



sampling from the direct-push boreholes, so a detailed estimate of the extent that contaminants migrated
after release to the subsurface cannot be made with this study alone. On the other hand, this study lends
considerable weight to the notion that simple geochemical tests, such as the 1:1 water extract, can quickly
supply evidence to show that pollution has occurred. Further, the data show that uranium sequestration
occurs by formation of micro-precipitates within small pore volumes in the sediment, and that an unusual
amount is present in the finer-grained fractions that are interspersed throughout the Hanford formation.
Thus, this study shifts the focus of where contaminant uranium resides from the lithic fragments to fine
sand- and silt-sized grains that are present in the majority of the sediments. Therefore, although more
data are needed, this report provides a vital link to understanding the migration of contaminants that
encounter different lithologies possessing different hydraulic qualities. Modeling the migration of con-
taminants and the movement of pore waters may thus depend on understanding the effects of capillary
barriers that form when fine- and coarse-grained sediments are coincident.

A final recommendation is to use the pore water composition data from the shallow direct-push
sediments near the B Tank Farm diversion boxes and BX Tank Farm in the on-going efforts to “ground
truth” the field resistivity data collected by hydroGEOPHYSSICS, Inc.
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Acronyms and Abbreviations

ASA American Society of Agronomy

ASTM American Society for Testing and Materials
bgs below ground surface

DOE U.S. Department of Energy

EC electrical conductivity

EPA U.S. Environmental Protection Agency

GEA gamma energy analysis

H1 Hanford formation — H1 unit

H2 Hanford formation — H2 unit

HCI hydrochloric acid

HF hydrofluoric acid

HNO; nitric acid

IC ion chromatography or ion chromatograph
ICP-MS inductively coupled plasma-mass spectrometer
ICP-OES inductively coupled plasma-optical emission spectroscopy
Ky distribution coefficient, or sorption partition coefficient, in units of mL/g
NDIR non-dispersive infrared

Nd:YAG neodymium-doped yttrium aluminum garnet
NMR nuclear magnetic resonance

PNNL Pacific Northwest National Laboratory

TRLIF time-resolved laser-induced fluorescence
USGS U.S. Geological Survey

WMA waste management area

XANES X-ray absorption near edge structure

XRD X-ray diffraction

XRF X-ray fluorescence
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Units of Measure

°C temperature in degrees Celsius [T(°C) = T(K) — 273.15)]
Ci curie
cm centimeter
ft foot
gram
g acceleration due to gravity
in. inch
K degrees Kelvin
i micro
pCi microcurie
ueq microequivalent
ug microgram
um micrometer
m meter
M molarity, mol/L
meq/L milli-equivalent per liter
mg milligram
mL milliliter
mm millimeter
mM millimolar
mN millinormal
mol mole
mS milliSiemen
ms millisecond
N normal
nCi nanocurie
ng nanogram
pCi picocurie
s second
wt% weight percent
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1.0 Introduction

The overall goals of the Tank Farm Vadose Zone Project, led by CH2M HILL Hanford Group, Inc.,
are to define risks from past and future single-shell tank farm activities; identify and evaluate the efficacy
of interim measures; and aid, via collection of geochemical information and data, the future decisions that
must be made by the U.S. Department of Energy (DOE) regarding the near-term operations, future waste
retrieval, and final closure activities for the single-shell tank waste management areas (WMAs). A more
complete discussion of the goals of the Tank Farm Vadose Zone Project is available in the overall work
plan, Phase 1 RCRA Facility Investigation/Corrective Measures Study Work Plan for the Single-Shell
Tank Waste Management Areas (DOE 1999). Specific details of the rationale for activities performed at
WMA B-BX-BY are found in Rogers and Knepp (2000). To help facilitate these activities, CH2M HILL
Hanford Group, Inc., previously petitioned scientists from Pacific Northwest National Laboratory
(PNNL) to perform detailed analyses of vadose zone sediment collected near Tanks 241-B-110 and
241-BX-102 within the 241-B and 241-BX Tank Farms, respectively (Serne et al. 2002¢,f). Upon
completion of those activities, additional near-surface sampling (data reported in this report) was per-
formed in the B and BX Tank Farms to further investigate potential leak events. Included in Rogers and
Knepp (2000) and Knepp (2002) are discussions on shallow sediment sampling and characterization
activities needed to better determine the status of potential leaks from tanks BX-101 and BX-110 and
from around diversions boxes south of the B Tank Farm. The locations requiring additional study and
sediment characterization were designated in Figure ES.2 of the B-BX-BY Field Investigation Report
(FIR); Knepp (2002). The B-BX-BY FIR also called for more study of uranium mobility to refine solid
phase solubility and transport conditions related to bismuth phosphate wastes that were accidentally
released from several single-shell tanks, including BX-102. Such uranium studies using several of the
sediment samples obtained in the recent direct-push campaign near the BX Tank Farm were performed
and documented herein.

This report contains all the geochemical and selected physical characterization data collected on
vadose zone sediment recovered from two sampling campaigns, one south of the B Tank Farm and one
within the BX Tank Farm. In the first sampling campaign four direct-push characterization holes were
emplaced to investigate vadose zone contamination associated with potential leaks from the 241-B Tank
Farm diversion boxes (241-B-151, 241-B-152, and 241-B-153). The 241-B diversion boxes were
reported to have leaked metal waste in 1951 (Wood et al. 2000). Metal waste is considered to be the most
contaminated waste stream leaked in WMA B-BX-BY and could have contaminated the vadose zone with
tank waste contaminants, including uranium and technetium-99. Uranium and technetium-99 were two of
the primary contaminants of interest in sediments retrieved from near the diversion boxes because their
presence could necessitate additional characterization activities in the area. A map highlighting the area
of study is presented in Section 2 (Figure 2.2).

This report also contains all the geochemical and selected physical characterization data collected on
vadose zone sediment recovered from three direct-push characterization holes emplaced to investigate
vadose zone contamination south and east of Tank 241-BX-102. Wood et al. (2000) postulated that a
transfer line connecting Tanks 241-BX-102 and 241-BX-103 plugged in 1951, causing the release of
metal waste from an inlet port in Tank 241-BX-102. It has been estimated that much as 4 curies of
technetium-99 was released to the vadose zone as a result of this leak event (Wood et al. 2000). Although
an extensive characterization study involving sediments from this locale has been completed (Serne et al.
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2002¢), additional near-surface sediment samples were collected to better define the lateral extent of the
waste plume-sediment interaction. A location map highlighting the area of interest is presented in
Section 2 (Figure 2.3).

This report is divided into sections that describe the geochemical characterization methods employed
and the results of analysis of the 241-B and 241-BX Tank Farm direct-push samples. English units are
used for descriptions and discussions of drilling activities and samples because that is the system of units
used by drillers to measure and report depths. To convert feet to meters, multiply by 0.3048; to convert
inches to centimeters, multiply by 2.54. The metric system is used in this report for all other purposes.
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2.0 Geology

The 241-B-BX Tank Farms were constructed within Pleistocene Hanford formation and Holocene
eolian deposits that mantle the giant Cold Creek flood bar (Wood et al. 2000). The geology beneath the
B-BX-BY WMA has been the subject of numerous reports, including those by Wood et al. (2000),
Narbutovskih (1998), Caggiano (1996), and Price and Fecht (1976). Sediments overlying basalt bedrock
consist of predominantly Ice Age flood deposits of the Hanford formation. Locally, erosional remnants of
the Cold Creek unit (formerly referred to as the Plio-Pleistocene unit) and/or the Ringold Formation may
lie between the Hanford formation and the basalt. The upper 10.7 m (35 ft) of the Hanford formation was
removed during construction of the tank farms and the stockpiled sediments were later used as backfill
around the underground storage tanks (Wood et al. 2000). The stratigraphy is shown in Figure 2.1, while
the terminology used for the B-BX-BY WMA is summarized in Table 2.1.

Evsih Stratigraphic
P Unit Formation
Holocene ﬂé" / 2| Back
e OOOOO Gravel- (H1)
dominated
O Ooo
Hanford
Pleistocene gzrrr‘ﬁlr;ated (H2) formation
----- P----—20Ma [=="=—" calcareous gray i
——=_—| toolive Cold Creek unit
Pliocene =] o Gandy Gravel and/or
-5 tsoaﬁ;ave“v Ringold Fm.
10.5 Ma Facies
Elephant
Mountain
Member
Rattlesnake Ridge  Ellens- >
; Interbed
Miocene oe g Fm. " Columbia
. River
b Basalt
Group
Esquatzel
Member

Figure 2.1. Generalized, Composite Stratigraphy for the Late Cenozoic Sediments in the Vicinity of the
B-BX-BY WMA (modified after Wood et al. 2000)
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Table 2.1. Stratigraphic Terminology Used for the B-BX-BY WMA (modified after Wood et al. 2000)

Stratigraphic
Symbol

Formation

Facies/Subunit

Description

Genesis

Holocene/Fill

NA

Backfill

Poorly sorted cobbles, pebbles, and coarse to
medium sand with some silt derived from the
Hanford formation (Price and Fecht 1976)

Anthropogenic

H1

H2

Hanford
formation

Unit H1

An upper gravel sequence consisting of high-
energy, gravel-dominated facies interbedded
with lenticular and discontinuous layers of
sand-dominated facies. Equivalent to the upper
gravel sequence discussed by Last et al. (1989)
and Lindsey et al. (1992), to the H1 sequence
discussed by Lindsey et al. (1994) and the Qfg
(Quaternary Flood Gravel-dominated)
documented by Reidel and Fecht (1994).

Unit H2

Sand sequence consisting predominantly of
sand-dominated facies, with multiple graded beds
of plane to foreset-bedded sand or gravelly sand,
which sometimes grade upward to silty sand or
silt. Equivalent to the sandy sequence discussed
in Last et al. (1989) and Lindsey et al. (1992), to
the H2 sequence discussed by Lindsey et al.
(1994) and to Qfs (Quaternary Flood Sand-
dominated) documented by Reidel and Fecht
(1994).

Cataclysmic flood
deposits

CCU

Cold Creek unit
(formerly Plio-
Pleistocene unit)

Silt Facies

Silt sequence consisting of interstratified well
sorted calcareous silt and fine sand. At least
partially correlative with the “early Palouse soil”
described by Tallman et al. (1979) and DOE
(1988) and included with the Plio-Pleistocene
unit by Lindsey et al. 1994, and Slate 1996,
2000; now referred to as the Cold Creek unit
(DOE 2002)

Fluvial overbank
and/or eolian
deposits (with some
weakly developed
paleosols)

CCU and/or
Ringold
Formation

Sandy Gravel to
Gravelly Sand
Facies

Sandy gravel to gravelly sand sequence
consisting predominantly of unconsolidated
basaltic sands and gravels.

Pre-Pleistocene
alluvium

2.1 Characterization and Sampling Methods

This document reports on seven recent vadose zone cone-penetrometer (direct-push) boreholes drilled
in the vicinity of the 241-B-BX Tank Farms. Four of the holes were drilled within the 241-B Tank Farm

(Figure 2.2), and the other three were drilled within the 241-BX Tank Farm (Figure 2.3).

Direct-push holes were drilled in two stages. First, direct-push holes were advanced to collect down-
hole geophysical logs (i.e., spectral gamma) information and to identify radioactively contaminated zones.
Next, contaminated zones of interest were sampled with a second direct-push hole drilled immediately
adjacent to the first. A small-diameter sediment core was collected from a single target interval in each
hole for geological and geochemical characterization.
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Figure 2.3. Locations of New Direct-Push Boreholes in Vicinity of the 241-BX Tank Farm

In each of the sampled push holes, an attempt was made to push a 2-ft-long core barrel down into the
sediment. The core barrel was lined with three 1.5-inch outer diameter (OD), 6-inch-long stainless steel
liners. A fourth sample was collected as a grab sample from the shoe on the core barrel. Only four of the
seven pushes produced a full core barrel; three of the pushes recovered <1.5 ft of core (Tables 2.2 and
2.3). One of the holes (C5164) was pushed twice after the first attempt (C5164A) was unsuccessful at
recovering a complete 2-ft core.

In the laboratory, immediately upon extruding the cores from their liners, moisture samples were
collected and high-resolution color photographs were obtained for each core or grab sample (see
Appendices A and C). Next, standard descriptions of grain size, sorting, color, structure, consolidation,
moisture content, mineralogy, and reaction with hydrochloric acid were entered into geologic core logs
(see Appendices B and D). Cores were also sub-sampled for laboratory characterization of physical and
chemical properties at that time.

All of the direct-push samples collected within the B-BX Tank Farms came from the upper portion of
the Hanford formation. A general discussion of the Hanford formation in B-BX-BY WMA follows.
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Table 2.2. Direct-Push Samples from the 241-B Tank Farm

Upper | Lower | Mid- Companion
Lab Sample | depth | depth | depth Date Date Stratigraphic | Geophysically %
Sample # | Type (ft) (ft) (ft) | Received | Processed | Lithology Unit Logged Hole | Moisture Comments
sandy Hanford fm.,
BIM564C core 17.00 | 17.50 | 17.25 | 1/9/2007 | 2/15/2007 | gravel HI unit C5169 3.08
sandy Hanford fm.,
B1M564B core 17.50 | 18.00 | 17.75 | 1/9/2007 | 2/15/2007 | gravel H1 unit 3.08
sandy Hanford fm.,
BIMS564A core 18.00 | 18.50 | 18.25 [ 1/9/2007 | 2/15/2007 | gravel H1 unit 3.79
gravelly | Hanford fm.,
BILTYS5C core 21.00 | 21.50 | 21.25 | 1/9/2007 | 2/15/2007 | sand H2 unit C5169 8.05
fn-med Hanford fm.,
BILTYSB core 21.50 | 22.00 | 21.75 | 1/9/2007 | 2/15/2007 | sand H2 unit 10.14
fn-med Hanford fm.,
BILTY5A | core 22.00 | 22.50 | 22.25 | 1/9/2007 | 2/15/2007 | sand H2 unit 16.83
fn-med Hanford fm.,
BILTYS grab 22.50 | 23.00 | 22.75 | 1/9/2007 | 2/15/2007 | sand H2 unit 15.38
Note: samplers-only got
Hanford fm., drill in 1 inch before it got
BILTY4 grab 19.50 | 21.50 | 20.50 | 1/9/2007 | 2/15/2007 | silt H2 unit C5169 3.61 stuck (collected sample)
Hanford fm., Split into two subsamples;
BIMS65C core 17.00 | 17.50 | 17.25 | 1/16/2007 | 2/15/2007 | fine sand | H2 unit C5167 9.68 upper sample from fn-md
very fn Hanford fm., sand, lower sample from
sand lens | H2 unit 14.09 | very fine sand lens
fn-med Hanford fm.,
BIMS565B core 17.50 | 18.00 | 17.75 | 1/16/2007 | 2/15/2007 | sand H2 unit 9.83
very fn/fn | Hanford fm.,
BIMS65A core 18.00 | 18.50 | 18.25 | 1/16/2007 | 2/15/2007 | sand H2 unit 9.38
fn-med Hanford fm.,
B1M565 grab 18.50 | 19.00 | 18.75 [ 1/16/2007 | 2/15/2007 | sand H2 unit 12.00
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Table 2.3. Direct-Push Samples from the 241-BX Tank Farm

Upper | Lower | Mid- Companion
Sample| depth | depth | depth Date Date Stratigraphic | Geophysically %
Borehole | Sample # | Type (ft) (ft) (ft) | Received | Processed | Lithology Unit Logged Hole | Moisture Comments
silty fine Split in two
sand, Hanford fm., subsamples; upper
C5134 B1JWW6C | core 76.8 77.2 77.0 | 6/30/2006 | 9/11/2006 |calcareous |H2 unit C5133 12.79  [sample from silty
sand and lower
med-coarse [Hanford fm., sample from coarse
sand H2 unit 3.82 |sand
med-coarse |Hanford fm.,
B1JWW6B | core 77.2 77.8 77.5 | 6/30/2006 | 9/11/2006 |sand H2 unit 3.22
med-coarse |Hanford fm.,
BIJWWG6A | core 77.8 78.2 78.0 | 6/30/2006 | 9/11/2006 |sand H2 unit 2.07
med-coarse
C5132 BIJWW7C| core 63.0 63.5 63.3 | 7/6/2006 | 9/11/2006 |sand Hanford fm. C5131 6.41
med-coarse |Hanford fm.,
B1IJWW7B | core 63.5 64.0 63.8 | 7/6/2006 | 9/11/2006 |sand H2 unit 7.86
sl. pebbly  |Hanford fm.,
BIJWW7A | core 64.0 64.5 64.3 | 7/6/2006 | 9/11/2006 |coarse sand |H2 unit 3.14
med-very  [Hanford fm.,
B1JWW?7 | grab 64.5 65.0 64.8 | 7/6/2006 | 9/11/2006 |coarse sand [H2 unit 1.99
coarse-very |Hanford fm.,
C5124 B1JWWS8B | core 44.0 44.5 44.3 | 7/21/2006 | 9/11/2006 |coarse sand |H2 unit C5123 4.99
Coarse-very |Hanford fm.,
B1JWWS8A | core 44.5 45.0 44.8 | 7/21/2006 | 9/11/2006 |coarse sand |H2 unit 4.94




2.2 Hanford Formation

The Hanford formation is an informal name assigned to Pleistocene cataclysmic flood deposits within
the Pasco Basin (Tallman et al. 1979; DOE 1988, 2002). Ice-Age floods originated from periodic failures
of ice dams that bottled up glacial Lake Missoula and other Pleistocene water bodies (Bjornstad 2006).
The Hanford formation may include some minor fluvial, colluvial, and/or eolian deposits interbedded
with flood deposits.

The Hanford formation consists predominantly of unconsolidated sediments that cover a wide range
in grain size and sorting, from poorly sorted boulder-bearing to better-sorted sand, silty sand, and silt. In
general, the Hanford formation is subdivided into three principal facies: 1) gravel-dominated, 2) sand-
dominated, and 3) interbedded sand- and silt-dominated. Gravel-dominated flood deposits formed toward
the center of the basin where currents and energy were the strongest. Here smaller particles were kept in
suspension by the fast moving, highly turbulent flood waters. As flood energy decreased toward the
margins of the basin, flood deposits transitioned to the sand-dominated and interbedded sand- and silt-
dominated facies. Because of the widely different and complex flow dynamics during Ice Age flooding,
Hanford formation strata are extremely heterogeneous and their physical properties anisotropic (DOE
2002, Bjornstad 2006). The bulk of the vadose zone within the Pasco Basin and the Hanford Site,
including the B-BX WMA, lies within sediments of the Hanford formation.

During Ice Age flooding, sediments accumulated onto the huge Cold Creek Bar, which makes up the
200 Area Plateau. Cold Creek Bar grew as sediments were episodically laid down in series of perhaps
hundreds of floods spanning a million years or more (Pluhar et al. 2006). A network of braided flood
channels sweeping across the bar locally scoured into the pre-existing deposits and backfilled with coarse
sand and gravel. Elsewhere, thick blankets of sand were laid down at higher elevations within and
between these channels. Cold Creek Bar is a prominent land form, up to 12 miles long and several miles
wide, that grew during repeated Ice Age floods at the east end of Umtanum Ridge as floods expanded into
the basin and dropped their sedimentary load.

Gravel-dominated flood facies of the Hanford formation predominate in the northern 200 East and
200 West Areas, which were closer to high-energy flood channels. These coarse-grained deposits transi-
tion laterally into finer-grained deposits of sand and eventually sand interbedded with silt to the south.

2.2.1 Gravel-Dominated Sequence (H1 Unit)

A gravel-dominated sequence referred to as the H1 unit forms the top of the Hanford formation
within the B-BX-BY WMA (see Figure 2.4). Based on observations of outcrop and intact core samples,
the Hanford formation upper gravel sequence is interpreted to consist of the high-energy gravel-
dominated facies interbedded with lenticular and discontinuous layers of the sand-dominated facies.
Interbedded sand- and silt-dominated facies are occasionally present but constitute a relatively small
percentage of the total. Moisture content in the gravel-dominated samples is only about 3 to 4 wt%
(Table 2.2). The maximum thickness of the H1 unit reflects a north-south trending trough (i.e., channel)
that trends beneath BX and BY Tank Farms; maximum thickness of the H1 unit in this trough is about
20 m (60 ft) (Wood et al. 2000).
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Figure 2.4. Gravel-Dominated Sediment Sample from the Hanford Formation, H1 Unit. Sample
collected from push hole C5164A (B Tank Farm), 17.5 to 18.0 ft depth.

2.2.2 Sand-Dominated Sequence (H2 Unit)

A thick sand-dominated sequence, the H2 unit, dominates the lower portion of the Hanford formation
(see Figure 2.5). Internally, this sequence probably contains multiple graded beds of plane- to foreset-
bedded sand or gravelly sand several meters or more thick, which sometimes grade upward into silty sand
or silt. Cementation is very minor or absent, and total CaCOs content is generally only a few weight
percent or less. Finer-grained materials present in the H2 unit, especially fine sand beds, produce higher
moisture retention (10 to 15 wt%) due to naturally higher capillary forces present in these types of
sediment (Table 2.2).

The top of the H2 unit sand sequence rises to the south beneath the B-BX-BY WMA. The Hanford

formation sand sequence is thickest [60 m (200 ft)] in the central and southern portion of WMA
B-BX-BY and thins to as little as 30 m (110 ft) to the north (Wood et al. 2000).
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Figure 2.5. Sand-Dominated Sediment Sample from the Hanford Formation H2 Unit. Two medium to

coarse sand layers are separated by a thin bed of pale brown very fine sand. Sample
collected from push hole C5168 (B Tank Farm), 17.5 to 18.0 ft depth.
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3.0 Geochemical Methods and Materials

This chapter discusses the methods and philosophy used to characterize the 241-B and 241-BX Tank
Farm direct-push samples and the parameters that were measured and analyzed in the laboratory. It also
describes the materials and methods used to conduct analyses of the physical, geochemical, and radio-
analytical properties of the sediments.

3.1 Sample Inventory

3.1.1 241-B Tank Farm Direct-Push Samples

At the 241-B Tank Farm, sediment samples were collected from four direct-push holes (Figure 2.2).
Each direct-push sampling campaign resulted in up to three depth-discrete cores (1.25 inches in diameter
by 6 inches long) and one grab sample consisting of the material captured in the drive shoe. Each sample
interval collected within the 241-B Tank Farm was numbered using Hanford Environmental Information
System specific sample names. The core samples from each sample interval were further identified by
the letters A, B, or C, where the A Liner was always in the deeper position closest to the drive shoe. One
laboratory duplicate sample was collected during core opening and is designated by the nomenclature
DUP. Additionally, sample BIM565C from push hole C5164A was split into two samples, BIM565C
fine and BIMS565C sand, based on the presence on a fine-grained lens of sediment in the sample liner.
Recovery of samples was fairly good in most of the push holes. The one exception was push hole C5170,
which only had material recovered from the shoe. Details about the 241-B Farm direct-push samples are
presented in Table 3.1.

Table 3.1. Sample Inventory from the 241-B Farm Direct-Push Holes®"
Sample Sample

Sample Push Hole Recovery Sample Push Hole Recovery

Number Number (%) Number Number (%)
BILTY5C C5164B 90 BIMS564A C5164A 100
BILTY5B C5164B 65 BILTY4 C5170 NA
BILTYSA C5164B 50 BIMS565C C5168 70
BILTYS5 C5164B NA BIM565B C5168 50
BIM564C C5164A 85 BIMS565A C5168 55
BIM564B C5164A 100 B1M565 C5168 NA
(a) Shaded cells indicate grab samples.
(b) NA indicates not applicable.

3.1.2 241-BX Tank Farm Direct-Push Samples

At the 241-BX Tank Farm, sediment samples were collected from three direct-push holes, as shown
in Figure 2.3. Each direct-push sampling campaign resulted in up to three depth-discrete cores
(1.25 inches in diameter by 6 inches long) and one grab sample consisting of the material captured in the
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drive shoe. Like the samples from the 241-B Tank Farm, each sample interval collected within the
241-BX Tank Farm was numbered using a Hanford Environmental Information System® specific sample
name. The core samples from each sample interval were further identified by the letters A, B, or C,
where the A liner was always closest to the drive shoe. One laboratory duplicate sample was collected
during core opening and is designated by the suffix DUP. Additionally, sample BIJWW6C from push
hole C5134 was split into two samples, BIJTWWG6C fine and BIJWWG6C coarse, based on the presence of
a fine-grained lens of sediment in the sample liner. Recovery of samples was fairly good in most of the
push holes. Sediment was not recovered from the shoe in push holes C5324 and C5134. Details about
the 241-BX Farm direct-push samples are listed in Table 3.2.

Table 3.2. Sample Inventory from the 241-BX Farm Direct-Push Holes™”

Sample Sample
Sample Push Hole Recovery Sample Push Hole Recovery
Number Number (%) Number Number (%)
B1JWW6C C5134 100 BIJIWW7A C5132 95
B1JWW6B C5134 95 B1IWW7 C5132 NA
BIJWW6A C5134 60 B1JWWEB C5124 60
B1IJWW7C C5132 100 BIJWWSA Cs5124 80
B1JWW7B C5132 95
(a) Shaded cells indicate grab samples.
(b) NA indicates not applicable.

3.2 Approach

During a past investigation at WMA SX, investigators reported that changes in sediment type and
contaminant concentrations typically occurred within a few inches in a given liner (Serne et al. 2002b).
It was concluded that a more methodical scoping approach would be necessary to provide the technical
justification for selecting samples for detailed characterization as defined in the data quality objectives
process (DOE 1999). Subsequently, a method was developed to select samples that considered depth,
geology (e.g., lithology, grain-size composition, and carbonate content), individual liner contaminant
concentration (e.g., radionuclides, nitrate), moisture content, and overall sample quality. Extraction/
leaching procedures were performed, and certain key parameters (moisture content and gamma energy
analysis [GEA]) were measured on sediment from each liner. Grab samples were used in this study only
if insufficient sample material for characterization and analysis was available in the core samples.

During the geologic examination of the core samples, the liner contents were subsampled for moisture
content, gamma-emission radiocounting, 1:1 water extracts (which provide soil pH, electrical conduc-
tivity [EC], cation, and anion data), total carbon and inorganic carbon content, and 8 M nitric acid extracts
(which provide a measure of the total leachable concentration of contaminants within the sediment).
Sampling preference was always biased toward the finer-grained and/or wetter material contained in each
liner. The remaining sediment from each liner was then sealed and placed in cold storage.

(a) The Hanford Environmental Information System is a consolidated set of electronic systems that manage data
collected during environmental monitoring of the Hanford Site.
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3.3 Materials and Methods

During subsampling of each core liner or grab sample, every effort was made to minimize moisture
loss and prevent cross contamination between samples. Depending on the sample matrix, very coarse
pebbles and larger material (i.e., >32 mm) were avoided during sub-sampling. Larger lithic fragments
(cobbles) were excluded to provide moisture contents representative of GEA and 1:1 sediment:water
extract samples. Therefore, the results from the sub-sample measurements may contain a possible bias
toward higher concentrations for some analytes that would be preferentially associated with the smaller-
sized sediment fractions. As an example of this potential bias, we acknowledge previous investigations
that reported that contaminant uranium is manifested as micro-precipitates in fractures within granitic
lithic fragments that make up only 4% by volume of the Hanford sediments (Liu et al. 2004, 2006;
McKinley et al. 2006). It is our contention that the contaminant uranium is not solely harbored by
crevasses in lithic fragments, and our study aims to identify these additional reservoirs of uranium.

Both Pacific Northwest National Laboratory (PNNL) and American Society for Testing and Materials
(ASTM) procedures were followed for visual descriptions and geological descriptions of all direct-push
samples (ASTM 1993). The sediment classification scheme used for geologic identification of the
sediment types (used solely for graphing purposes in this report) was based on the modified Folk/
Wentworth classification scheme (Folk 1968, Wentworth 1922).

3.3.1 Moisture Content

Gravimetric water contents of the sediment samples from each liner and shoe grab sample were
determined using appropriate PNNL procedures based on Test Method for Laboratory Determination of
Water (Moisture) Content of Soil and Rock by Mass (ASTM 1998). One representative subsample of at
least 15 to 70 g was used. Sediment aliquots were placed in tared containers, weighed, and dried in an
oven at 105°C until constant weight was achieved, which took at least 24 hours. The containers were
removed from the oven, sealed, cooled, and weighed. At least two mass measurements, each after a
24-hour heating period, were performed to ensure that all moisture was removed. All mass measurements
were performed using a calibrated balance. A calibrated weight set was used to verify balance perform-
ance before weighing the samples. The gravimetric water content was computed as the percentage
change in soil weight before and after oven drying.

3.3.2 1:1 Sediment:Water Extracts

Water-soluble inorganic constituents were determined using a 1:1 sediment:deionized-water extract
method chosen because the sediment was too dry to easily extract vadose zone pore water. The extracts
were prepared by adding an exact weight of deionized water to approximately 60 to 80 g of sediment sub-
sampled from each liner or drive shoe grab sample. The weight of deionized water needed was calculated
using the weight of the field-moist samples and their previously determined moisture contents. The sum
of the existing moisture (pore water) and the deionized water was fixed at the mass of the dry sediment.
An appropriate amount of deionized water was added to screw cap jars containing the sediment samples.
The jars were sealed and briefly shaken by hand, then placed on a mechanical orbital shaker for one hour.
The samples were allowed to settle, usually overnight, until the supernatant liquid was fairly clear.
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The supernatant was carefully decanted, filtered, and analyzed for pH, conductivity, and anion, cation,
alkalinity, and radionuclide analyses. More details can be found in Rhoades (1996) and ASA (1996).

3.3.2.1 pH and Conductivity

Two approximately 3-mL aliquots of the 1:1 sediment:water extract supernatants were used for pH
and conductivity measurements. The pH of the extracts was measured with a solid-state pH electrode and
a pH meter calibrated with buffers 4, 7, and 10. Electrical conductivity was measured and compared to
potassium chloride standards with a range of 0.001 to 1.0 M.

3.3.2.2 Anions

The 1:1 sediment:water extracts were analyzed for anions using ion chromatography (IC). Fluoride,
chloride, nitrite, bromide, nitrate, carbonate, phosphate, and sulfate were separated on a Dionex AS17
column with a gradient elution of 1- to 35-mM sodium hydroxide and measured using a conductivity
detector. This methodology is based on U.S. Environmental Protection Agency (EPA) Method 300.0A
(EPA 1984) with the exception of using sodium hydroxide as the elutant. Water extract chromatograms
were visually scanned to check for unidentified peaks caused by the presence of other constituents.

3.3.2.3 Cations and Trace Metals

Major cation analysis was performed using an inductively coupled plasma-optical emission spectros-
copy (ICP-OES) unit using high-purity calibration standards to generate calibration curves and verify
continuing calibration during the analytical run. Multiple dilutions of each 1:1 water extract were pre-
pared and analyzed to investigate and correct for matrix interferences. Details of this method are found in
EPA Method 6010B (EPA 2000b). The second instrument, which was used to analyze trace metals,
including technetium-99 and uranium-238, was an inductively coupled plasma-mass spectrometer (ICP-
MS) using PNNL procedures based on EPA Method 6020 (EPA 2000c).

3.3.2.4 Alkalinity

The alkalinity of several of the 1:1 sediment:water extracts was measured using standard titration.
The procedure is equivalent to the U.S. Geological Survey National Field Manual (USGS 2001) method.

3.3.2.5 8 M Nitric Acid Extract

Approximately 20 g of oven-dried sediment was contacted with 8 M nitric acid at a ratio of approxi-
mately 5 parts acid to 1 part sediment. The slurries were heated to about 80°C for several hours, after
which the fluid was separated by filtration through 0.45-um membranes. The acid extracts were analyzed
for major cations and trace metals using ICP-OES and ICP-MS techniques, respectively. The acid diges-
tion procedure is based on EPA Method 3050B (EPA 2000a).

3.3.2.6 Gamma Energy Analysis

GEA was performed on sediment from the direct-push liners. All samples were analyzed using 60%
efficient intrinsic germanium gamma detectors. All germanium counters were efficiency calibrated for
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distinct geometries using mixed gamma standards traceable to the National Institute of Standards and
Technology (NIST). Field-moist samples were placed in 150-cm’ counting containers and analyzed for
100 minutes in a fixed geometry. All spectra were background subtracted. Spectral analysis was
conducted using libraries containing most mixed fission products, activation products, and natural decay
products. Control samples were run throughout the analysis to ensure correct operation of the detectors.
The controls contained isotopes with photo peaks spanning the full detector range and were monitored for
peak position, counting rate, and full-width half-maximum. Details are listed in PNNL procedure Gamma
Energy Analysis, Operation, and Instrument Verification using Genie2000™ Support Software.

3.3.2.7 Carbon Content of Sediment

The total carbon concentration in aliquots of sediment from the core liners was measured by com-
bustion at approximately 900°C with a Shimadzu TOC-V CSN instrument with a SSM-5000A total
organic carbon analyzer, based on ASTM Standard Test Methods for Analysis of Metal Bearing Ores and
Related Materials by Combustion Infrared Absorption Spectrometry (ASTM 2001). Samples were placed
into pre-combusted and tared ceramic combustion sample holders and weighed on a calibrated balance.
After the combustion sample holders were placed into the furnace introduction tube, an approximately
2-minute waiting period was allowed for the ultrapure oxygen carrier gas to remove any carbon dioxide
introduced to the system from the atmosphere during sample placement. After this sparging process, the
sample was moved into the combustion furnace and the combustion was begun. The carrier gas then
delivered the sample combustion products to the cell of a non-dispersive infrared gas analyzer where the
carbon dioxide was detected and measured. The amount of CO, measured is proportional to the total
carbon content of the sample. Adequate system performance was confirmed by analyzing known
quantities of a calcium carbonate standard.

Sediment samples were analyzed for inorganic carbon content by placing the sediment aliquot into a
ceramic combustion boat. The combustion boat was placed into the sample introduction tube where it
was sparged with ultrapure oxygen for two minutes to remove atmospheric carbon dioxide. A small
amount (usually 0.6 mL) of 3 M phosphoric acid was then added to the sample in the combustion boat.
The boat was moved into the combustion furnace where it was heated to 200°C. Samples were com-
pletely covered by the acid to allow full reaction to occur. Ultrapure oxygen swept the resulting carbon
dioxide through a dehumidifier and scrubber into the cell of a non-dispersive infrared gas analyzer where
the carbon dioxide was detected and measured. The amount of CO, measured is proportional to the
inorganic carbon content of the sample. Organic carbon content was determined by the difference
between the inorganic carbon and total carbon concentrations.

3.3.3 Tier Il Testing of Sediments from the 241-BX Tank Farm

Data obtained from the Tier I tests, discussed in this section, showed evidence for the transit of waste
solution through sediments of the Hanford formation. One manifestation of the trek of the waste plume is
uranium contamination. Concentrations of uranium in the sediments are above those of typical crustal
abundances (2.7 pg/g) (Taylor 1964), and a large fraction of the mass of uranium is present as a weakly
sorbed complex, indicated by leaching experiments. Weakly sorbed uranium is not how uranium is typi-
cally manifested in pristine sediments. In most cases, “natural” uranium is locked up as a substituted
cation in solid heavy mineral phases such as apatite [Cas(PO,);(OH,F,Cl)], sphene [CaTi(SiO4)(O,0H,F)],
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zircon [Zr(Si0y)], or baddeleyite (ZrO,). Thus, the presence of weakly sorbed uranium, which is easily
solubilized from sediments using water or acid extracts, is generally an indication of contamination.

The processes that control uranium migration in the subsurface are a point of some ambiguity.
Previous investigators have shown that complete removal of uranium from contaminated sediments is
difficult. This may be attributed to the presence of a uranium-sequestering solid phase that is resistant to
dissolution (Qafoku et al. 2005). Such phases are different than the heavy mineral solids mentioned
above. Typically, the heavy minerals have a detrital origin, or may be a phase completely enclosed within
a lithic fragment. Contaminant uranium, on the other hand, is typically present in phases in which
uranium is an essential component, and not as substituted cation. An example of a phase containing
essential uranium is micro-precipitates of uranyl phosphates or silicates that precipitate in tiny cracks or
void spaces within the sediments. Evidence for the existence of micro-precipitates of uranium that form
in small cracks within lithic fragments has been reported in Liu et al. (2004, 2006) and McKinley et al.
(2006). These precipitates appear to be mainly uranyl [i.e., U(VI)] silicates such as boltwoodite and
uranophane (Ilton et al. 2006) and, by virtue of their presence in small cracks and pits, are not typically in
communication with pore waters. When aqueous solutions come into contact with these reservoirs of
uranium, liberation of uranium to the bulk solution is dependent on the kinetics of dissolution and
diffusion of uranium. However, the results of this study indicate that uranium microprecipitates exist in
cracks and crevices of materials other than granitic lithic fragments. Our hypothesis is that micro-
precipitates can form in narrow spaces within the sediments and are not confined solely to crevasses
within lithic fragments. Powerful microscopic techniques were used to test this hypothesis and to identify
the phase or phases that harbor uranium.

One coarse- and one fine-grained specimen from push hole C5134 (at 77 ft bgs) were selected for
more detailed analysis. These specimens, labeled BIJWWG6C coarse and B1IJWWG6C fine, respectively,
were selected because the positioning of coarse- and fine-grained samples gave us a good opportunity to
investigate the heterogeneous distribution of uranium over a limited spatial scale. The Tier II charac-
terization consisted of particle size distribution, microwave-assisted digestion, X-ray diffraction (XRD)
analyses, various leaching and isotope-exchange procedures, and micro-analysis methods, all of which are
described below, to determine the residence of uranium. A third sample, BIJWW6A (from borehole
C5134 at 78 ft bgs), was used only for time-resolved laser-induced fluorescence (TRLIF) spectroscopy as
an internal comparison to the BIJWW6C fine and BIJWW6C coarse samples.

3.3.3.1 Particle-Size Analysis

The dry sieving method was used to determine the particle-size distribution for selected bulk sedi-
ment samples (BIJWWG6C fine and BIJWW6C coarse). The method is based on the procedure Standard
Test Method for Particle-Size Analysis of Soils (ASTM 1986). The silt/clay (<0.0625 mm), very fine sand
(0.0625 mm <size <0.125 mm), fine sand (0.125 mm <size <0.250 mm), medium sand (0.250 mm <size
<0.500 mm), coarse sand (0.5 mm <size <1.0 mm), very coarse sand (1.0 mm <size <2.0 mm), and gravel
(>2.0 mm) size fractions for each sediment sample were separated by dry sieving. The silt and clay size
fractions were determined using the hydrometer method.
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3.3.3.2 Microwave-Assisted Digestion

The concentration of uranium was determined in each size fraction by complete dissolution in a
strong acid mixture. The rate of dissolution of the sediment material was accelerated using a special
microwave procedure. The microwave digestion solution consisted of 16 M HNOj3 (17%), 12 M HCI
(7%), 32 M HF (3.3%), 0.5 g of H3BO; (1.5%), and deionized water. The digestion solution to sediment
ratio used in this total digestion method was 30 mL to 0.35 g. The reactors that enclosed the acid solution
and the soil specimen were specially designed Teflon containers for microwave-assisted digestion.
Typically, the digestion required only 30 minutes to realize complete dissolution. The resulting solutions
were filtered (0.45-pum syringe filters) and analyzed for dissolved uranium using [CP-MS.

3.3.3.3 X-Ray Diffraction

The mineralogy of each bulk sediment sample was determined using powder XRD analysis. The bulk
sediment was prepared by grinding about 2 g of homogenized sample in an agate mortar and pestle. All
sediment samples were analyzed on a Scintag XRD unit using monochromatic Cu Ko radiation
(A =1.5418 A). Randomly oriented bulk samples were scanned from 2° to 65° 20 with a dwell time of
2 seconds. Scans were collected automatically and processed using commercial software (JADE® XRD
pattern processing software).”” Mineral identification was based on powder diffraction files published by
the Joint Committee for Powder Diffraction Standards.

3.3.3.4 Labile Uranium Leaching Using (Bi)carbonate Solution

The concentration of labile (easily removable fraction) uranium in the sediment bulk sample was
determined using a sodium bicarbonate/carbonate mixed solution (1.44 x 10> M in NaHCO; and
2.8 x 10 M in Na,CO;). The notion of “labile” uranium rests on the supposition that uranium weakly
sorbed onto sediment grains will be vulnerable to re-uptake into solution due to formation of strong
uranium bicarbonate and carbonate complexes. The relatively mild bicarbonate-carbonate solution is
unlikely to liberate much uranium locked up in mineral matrices (Kohler et al. 2004) and is, therefore,
considered to be a good index of easily-removed uranium. The reagent pH was ~9.1, and the solid-to-
solution ratio was 10 g/L. Leachate aliquots were collected into two separate containers for further
analysis, one aliquot for measurement of U and Ca concentration and the second for pH determination.
Solutions were filtered using 0.45-um syringe filters and analyzed for uranium and calcium using
ICP-MS and ICP-OES, respectively. The leached uranium concentration was determined as a function of
time ranging from 1 to 30 days. The mass of uranium and calcium were corrected for the small volume
change after each small aliquot (2 mL) was removed at each sample collection time.

3.3.3.5 Isotope Exchange for Labile Uranium

A suite of isotope exchange experiments was also conducted to determine labile uranium concen-
trations in the sediment samples. This method assumes that the concentration of labile uranium is subject
to equilibrium requirements and that the number of sites onto which uranium can sorb is relatively fixed.
Therefore, a solution of synthetic groundwater in contact with the sediment would result in an equilibrium
amount of labile uranium to desorb. If the solution were then spiked with a uranium isotope that could be

(a) JADE® XRD pattern processing software is manufactured by Materials Data, Inc., Livermore, California.
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differentiated analytically from the resident uranium isotopes, equilibrium between the uranium isotopes,
solution, and the solids should be established. The ability to measure the concentrations of different
uranium isotopes will result in the quantification of the easily removed fraction of uranium in the
specimen. The interested reader should consult Kohler et al. (2004) for further details.

Accordingly, each sediment sample was contacted with a synthetic groundwater at a solid-to-solution
ratio of 10 g/L for 1 day, and then the slurry was spiked with 32.7 pCi/mL of uranium-233 isotope. The
uranium-233 isotope was selected because it can easily be distinguished from resident uranium (uranium-
238) by liquid scintillation counting methods. Synthesized groundwater was previously equilibrated with
excess CaCO; solid for 7 days and used after filtration. The chemical composition of synthesized ground-
water is shown in Table 3.3. Duplicate tests were run to check for reproducibility. The spiked slurries
were mixed gently on a platform shaker, and effluent samples were collected periodically (1, 3, 5, 7, 10,
14, 21, and 30 days). Effluent aliquots were filtered using a 0.45-um filter at each collection time and
analyzed for uranium-233 and total uranium with a liquid scintillation counter and ICP-MS, respectively.
The pH was also measured at each collection time. The labile uranium concentration on sediment was
calculated using the following equation:

Clabile = (233Ut0tal / 233U dissolved) x C total (3 1)
Where
Ciabile = labile uranium concentration in solution
By total = initially spiked total By activity
2y dissolved =  dissolved By activity in solution at each collection time
Ciotal = total uranium concentration in solution.

Ciabile cOncentration can be converted to labile uranium concentration per gram of sediment by dividing
Clavile by the solid concentration used.

Table 3.3. Composition of Synthesized Groundwater®

Constituents Concentration (M)

Na® 1.53x 107

K" 430x10™

Ca*" 497x10™

Mg** 529x10™
HCOy 1.03x 107
COy” 1.11x 107°
SO~ 9.81 x10™
NO;y 1.19x 107

(a) pH ~ 8.1 (measured).

3.3.3.6 Synchrotron-Based Micro-XRF and Micro-XANES

High-energy micro-X-ray fluorescence (i-XRF) was used to examine the elemental composition as
well as the spatial association of selected metals in the sediment samples. Each sample was prepared in
two configurations: 1) as a monolayer on Kapton tape and as a 1/16-inch-thick sample. Two spots
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containing uranium were analyzed for each sample. The soil samples were placed in aluminum sample
holders, the holders were sealed with Kapton tape, and analysis was performed on beamline X27A at the
National Synchrotron Light Source at Brookhaven National Laboratory. Micro-synchrotron XRF data
were collected on the samples at an incident X-ray energy of 17.4 keV using a 13-element germanium
(Ge) detector. Elemental mapping was obtained on a 400 x 400-um area using a focused beam of approx-
imately 5 to 10 pm. Two-dimensional image maps were obtained for 10 elements, including Ca, Cr, Cu,
Fe, Mn, Pb, Sr, Ti, U, and Zn.

Specific areas in the sample that contained elevated uranium concentrations were identified prior to
micro-X-ray absorption near edge structure (u-XANES) analysis. The objective of XANES is to subject
the specimen to a high-energy monochromatic beam that scans just above and below the binding energy
of core-shell electrons of the target element. The specimen absorbs the energy of the incident beam until
the X-ray energy matches that of the electron binding energy. At this point, the spectrum is manifested as
a sharply increasing trace known as the absorption edge. At energies above the binding energy of the
target element, the spectra display an oscillating trace, and the position of the peak can be used to identify
the oxidation state of the element. The oxidation state of uranium in the sediment was determined using
u-XANES analysis on a 10 x 15-pm spot at the uranium Ly, edge (17.166 keV). Bulk XANES analysis
ona l X 15-mm spot was also conducted on beamline X11A to obtain an average oxidation state for
uranium in the sediments. Calibration standards, namely, uranyl nitrate [UO,(NO;),] and uranium
dioxide (UO,) were used to establish the absorption edge positions for U(VI) and U(IV), respectively.
Spectra were normalized to the edge-jump using ATHENA software.”) Data were analyzed to determine
the spatial and chemical distribution of uranium with the metals.

3.3.3.7 Time-Resolved Laser-Induced Fluorescence (TRLIF) Spectroscopy

TRLIF spectroscopy was performed in a Cryo Industries RC-152 cryostat at liquid helium (He)
temperature (6 + 1K) on three sediment samples (B1JWW6C fine, BIJWWG6C coarse, and BIIWWO6A).
The advantage afforded by TRLIF spectroscopy is that a very small sample volume is excited by a pulsed
laser at a specified wavelength, and the energy causes fluorescence in the target uranium phase. Solid
uranium-bearing phases as well as dissolved uranium species (Wang et al. 2004, 2005b) can be analyzed
at detection levels that cannot be achieved by Raman, nuclear magnetic resonance (NMR), or other
spectroscopic techniques. Because the fluorescence spectra emitted depend on the nature of the bonding
relationship between uranium and the surrounding atoms, the spectral signature of each uranium species
is unique and allows for confident identification and assignment. At room temperature, the fluorescent
spectra for many species are quenched by electron transitions (among other things), but at cryogenic
temperatures, the lack of such quenching results in a sharp, intense spectrum. A further complication
arises from the duration of fluorescence; the spectra are time-sensitive, and the sharpness of the spectra
depends on the time interval selected for data acquisition. The duration of the spectral signal also
depends on the nature of the bonds between uranium and its surrounding shell of atoms, and obtaining the
optimal signal must be determined experimentally.

Three sediment samples were analyzed after the samples were mounted onto a copper sample holder
with a sapphire window. The sample cell was exposed directly to the vapor flow of liquid He, and the
sample temperature was controlled by tuning both the liquid He flow rate and the electric current applied

(a) Naval Research Laboratory, Washington, D.C.
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to the internal heater of the cryostat. The normal fluorescence emission spectra of samples were obtained
at 415 nm using a neodymium-doped yttrium aluminum garnet (Nd:YAG) laser with the frequency-
doubled output of a MOPO-730 pulsed laser after the spectrograph wavelength was calibrated with a
xenon lamp (Spectra Physics model 6033). Time-resolved fluorescence emission spectra were collected
with a thermoelectrically cooled Princeton Instrument PIMAX time-gated intensified charge-coupled
camera at the exit port of an Acton SpectroPro 300i double monochromator spectrograph. The data
record was controlled by WinSpec data acquisition software and analyzed using IGOR® software.

3.3.3.8 Strontium-90 Separation and Determination

The acid extractions from Tier 1 activities were further characterized to provide us with more infor-
mation on the degree of contamination within the sediments. The acid leach solution was assayed for
gross a- and B-radiation emitting isotopes and the results confirmed the presence, but did not identify the
specific isotope(s), that emitted B-radiation. There is a wide range of suspect 3-emitters that could give
rise to the radiation signal (for example technetium-99 and strontium-90), so in order to identify the
source(s), we employed special separation procedures. In essence, these procedures relied on ion-
exchange columns containing an exchange resin specifically designed to capture a particular cation
complex. Previous experience with Hanford borehole sediments collected within the 241-B Tank Farm
(see Serne et al. 2002f for additional details) led us to suspect strontium-90 as the primary candidate
B-emitter. The procedure for Sr separation, based on document AGG-RRL-003.2, 2000, is described below.

Aliquots of filtered acid extracts were diluted in 8 M HNO; and submitted for Sr separation and
analysis. We employed a tracer method, in which an isotope of strontium, in this case, **Sr, could be
easily differentiated from *°Sr analytically and used to assess the total recovery of the separation process.
A 0.1-5 mL aliquot of sample was spiked with **Sr tracer and passed through a SrSpec® column
[Eichrom Technologies, Chicago]. The purpose of the **Sr tracer is to ensure that all strontium was
removed from the column by elution with nitric acid. The columns were washed with 10 column
volumes (20 mL) of 8M nitric acid. Strontium (*’Sr and *’Sr) was eluted from the SrSpec column into
glass liquid scintillation vials using 15 mL of deionized water. The vials were placed under a heat lamp
overnight to evaporate the water to dryness. 15 mL of Optifluor® scintillation cocktail was added to each
vial. Gamma spectroscopy was used to determine the chemical yield from the added *Sr tracer. The
samples were then analyzed by liquid scintillation counting (LSC) to determine the amount of *°Sr
originally present in the sediment sample. A matrix spike, a blank spike, a duplicate, and blanks were run
with each sample set to determine the efficiency of the separation procedure as well as the purity of
reagents.

(a) IGOR is a product of WaveMetrics, Inc., Lake Oswego, Oregon.
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4.0 Results and Discussion

This section presents the geochemical and physical characterization data collected on sediment from
the direct-push holes emplaced within the 241-B and 241-BX Tank Farms. The primary goals of these
tests were to provide basic characterization data and to form the basis on which the nature and extent of
mobile contaminants in the vadose zone sediments could be determined. This fundamental information
included moisture content, total and inorganic carbon content, pH, EC, and measurements of major
cations, anions, and trace metals (including technetium-99 and uranium-238) in 1:1 sediment:water
extracts. In addition, concentrations of major cations and trace metals (including technetium-99 and
uranium-238) were measured from 8 M nitric acid extracts. GEA of the sediments was also performed to
probe for any detectable anthropogenic gamma emitting radionuclides.

4.1 Vadose Zone Sediment from 241-B Farm Direct-Push Samples

All of the sediment samples obtained from the 241-B Tank Farm were collected east of the
241-B-153 diversion box; thus, all of the discussion that follows in Section 4.1 is focused on this locale.

4.1.1 Moisture Content
The moisture content of the 10 core liners (one liner sample split into two discrete samples) and
3 grab samples collected from the 241-B Farm direct-push holes are presented as a function of depth in

Table 4.1 and Figure 4.1. Several of the samples displayed elevated moisture contents: the shoe material

Table 4.1. Gravimetric Moisture Content of Samples Obtained from the 241-B Farm Direct-Push Holes®

Probe Hole Mid-Depth Moisture

Sample ID D (ft bgs) (%)
BILTY5C C5164B 21.25 8.05%
BILTY5B C5164B 21.75 10.1%
BILTYS5A C5164B 22.25 16.8%
BILTY5 C5164B 22.75 15.4%
BIM3564C C5164A 17.25 3.08%
BIMS564B C5164A 17.75 3.08%
BIMS64A C5164A 18.25 3.79%
BILTY4 C5170 20.50 3.61%
BIMS565C sand C5168 17.25 9.68%
BIMS565C fine C5168 17.25 14.1%
BIM565B C5168 17.75 9.83%
BIMS65A C5168 18.25 9.38%
BIMS565 C5168 18.75 12.0%
(a) Shaded cells indicate grab samples.
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Figure 4.1. Moisture Content Data for the 241-B Farm Direct-Push Samples

and A and B liner material from push hole C5164B all had gravimetric moisture contents in excess of
10%, and all of the samples collected from push hole C5168 had gravimetric moisture contents of 10% or
more. It is obvious that a fine-grained lens was encountered between 18 and 21 ft bgs at push holes
C5164A and C5164B. Direct-push hole C5164A was placed between 17 and 18.5 ft bgs and had an
average gravimetric moisture content of 3.39%, while direct-push hole C5134B, which was between 21.5
and 23 ft bgs, had an average gravimetric moisture content of 12.6%. The moisture contents measured in
these samples compare well with those measured from similar lithologies in the background borehole
(C3391), which was emplaced southeast of the 241-B Tank Farm (Lindenmeier et al. 2003). Moisture
contents measured in borehole C3391 within the Hanford formation H1 unit ranged from approximately
2% to over 12% depending on the amount of gravel, sand, and silt/clay contained in the sample. These
moisture contents for uncontaminated sediments from the borehole correlate well with the range meas-
ured in the 241-B Farm direct-push samples (3.08 to 16.8%) and imply that elevated moisture measured
in several of the direct-push samples is likely controlled by sample lithology rather than an indication of
past liquid releases in the environs.

4.1.2 1:1 Sediment:Water Extracts

The samples from the 241-B Tank Farm direct-push campaign were characterized by performing
1:1 sediment:water extracts. The following tables present the mass of a given constituent leached per
gram of sediment as measured in the water extracts. Other tables show dilution-corrected values that
represent concentrations in vadose zone pore water. As discussed in several other Vadose Zone Charac-
terization Project reports, the dilution-corrected 1:1 sediment:water extracts are a reasonable estimate of
the actual vadose zone pore water in most contaminated sediments and slightly over-predict actual pore
water concentrations in uncontaminated sediments (see Serne et al. 2002a—f).
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4.1.2.1 pH and Electrical Conductivity

The 1:1 sediment:water extract pH and EC data for the 241-B Farm core samples are shown in
Table 4.2 and Figure 4.2. The pH is tabulated as measured in the 1:1 sediment:water extracts, but the EC
is corrected for dilution and tabulated as if it was actual pore water. Due to sample mass limitations, no
analyses could be performed on material recovered from the shoe in push hole C5170.

Table 4.2. pH for 1:1 Sediment: Water Extracts and Dilution-Corrected EC Values from 241-B Farm
Core Samples

Pore Water
Mid-Depth Conductivity®
Sample ID Probe Hole ID (ft bgs) pH® (mS/cm)

BILTYS5C C5164B 21.25 9.05 5.22
BILTYSB C5164B 21.75 9.33 5.14
BILTYS5B DUP C5164B 21.75 9.10 5.28
BILTYSA C5164B 22.25 9.41 4.76
B1M564C C5164A 17.25 8.76 5.22
B1M564B C5164A 17.75 8.34 5.40
BIMS564A C5164A 18.25 7.76 3.73
BIM3565C sand C5168 17.25 9.40 8.42
B1M565C fine C5168 17.25 9.38 6.54
B1M565B C5168 17.75 9.67 8.52
BIMS65A C5168 18.25 9.69 9.06
(a) Bold numbers denote elevated values.
(b) EC values are dilution corrected and represent pore water concentrations, not 1:1 extract values.
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It has been well documented in several borehole reports that uncontaminated Hanford sediments have
soil pH values ranging from 7.0 to 8.0 (Serne et al 2002a, 2004b; Lindenmeier et al. 2003; Brown et al.
2006). Sediment pH values are considered slightly elevated between 8.0 and 8.5 and are significantly
elevated above 8.5. Previous characterization activities have shown that soil pH is typically significantly
elevated in locations where tank waste has entered the vadose zone (Serne et al. 2002b,c, 2004a,b; Brown
et al. 2006, 2007). Natural minerals in the sediment eventually buffer the alkaline waste solution as it
migrates through the vadose zone, resulting in normal soil pH values down gradient from waste source
discharge points. Elevated soil pH values were measured in sediments retrieved from push holes
C5164B, C5164A, and C5168. In fact, only one sample analyzed as part of this study did not contain an
elevated soil pH. This sample (B1M564A), which was collected from push hole C5164A, had a soil pH
of 7.76. Interestingly, the other two core samples retrieved from this push hole both had elevated soil pH
values, at 8.34 and 8.76, respectively. While elevated, these were still considerably lower than the pH
values measured in core samples from the remaining two push holes. Sediments from push hole C5164B
had pH values that ranged from 9.05 to 9.41, while those retrieved from push hole C5138 ranged from
9.38 t0 9.69. These data clearly indicate that tank waste fluids did enter the vadose zone near the
241-B-153 diversion box.

The pore water-corrected EC data (Table 4.2 and Figure 4.3) for the samples from the 241-B Farm
ranged from dilute (3.73 mS/cm) to slightly elevated (9.06 mS/cm). The only samples that had elevated
pore water-corrected conductivities were those collected from push hole C5168. The average conduc-
tivity of these samples was 8.14 mS/cm; average conductivity for the remaining core samples was
4.96 mS/cm. For comparison, the average pore water-corrected conductivity of the background borehole
was 2.63 mS/cm (Lindenmeier et al. 2003). Serne et al. (2002e,f) calculated pore water conductivities as
high as 15.1 and 55.9 mS/cm in the boreholes northeast of Tank 241-B-110 and east of Tank 241-BX-102,
respectively. Therefore, the pore water in the sediment samples collected near the 241-B-153 diversion
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Figure 4.3. Pore Water-Corrected EC for 1:1 Sediment:Water Extracts from 241-B Farm
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box appeared to have slightly elevated dissolved salt content compared with core samples collected from
the background borehole (C3391) and were more dilute than contaminated core samples from boreholes
S01052 (near 241-B-110) and S01014 (near 241-BX-102).

4.1.2.2 Composition of the 1:1 Sediment:Water Extracts from the 241-B Tank Farm

Direct-Push Core Samples

The concentrations of the major anions, cations, and several trace constituents obtained by the water
extract procedure are discussed in this subsection. The anion data are tabulated in Table 4.3 in units of
mass per gram of dry sediment. Three of the 1:1 sediment:water extracts contained slightly elevated

concentrations of fluoride (greater than 1 pg/g) compared to the average fluoride concentration measured
in the background borehole (C3391); 0.39 ug/g. The push holes containing the samples with elevated
fluoride concentrations were C5164B (C liner) and C5168 (C liner). The C liner is the liner the farthest
distally from the drive shoe and represents the shallowest sample collected within the sample string.

Several of the 1:1 sediment:water extracts contained elevated phosphate concentrations (1.0 to 3 ug/g)

compared to the average phosphate concentration of 0.40 pg/g found in the background borehole
(C3391). These samples were collected from push holes C5164B (A and B liners) and C5168 (C liner).
It is believed that metal waste from the bismuth phosphate extraction process, which contained 1.4 M
phosphate, was lost to the vadose zone near the 241-B diversion boxes (Wood et al. 2000); therefore, we
were not alarmed to find elevated concentrations of phosphate in these sediments. Although the chloride,

nitrate, and sulfate concentrations ranged between 0.60 and 6.2 pg/g, 1.22 and 12.5 pg/g, and 2.30 and

12.6 ug/g, respectively, none of these analytes were significantly elevated in concentration above those
measured in the background borehole (C3391).

Table 4.3. Water-Extractable Anions in the 241-B Farm Core Samples (ug/g dry sediment)®>®

Probe Hole | Mid-Depth | Fluoride | Chloride Nitrate Sulfate Phosphate
Sample ID D (ft bgs) (ng/g) (ng/g) (ng/g) (ng/g) (ng/g)

BILTYSC C5164B 21.25 2.15E+00 | 8.02E-01 | 2.76E+00 | 1.26E+01 | <1.50E+00
BILTYS5B C5164B 21.75 N/R <5.01E-01 | 2.80E+00 | 4.18E+00 | 1.79E+00
BILTYS5B DUP C5164B 21.75 N/R 6.21E-01 | 4.15E+00 | 6.85E+00 | 2.23E+00
BILTYSA C5164B 22.25 N/R 8.44E-01 | 1.25E+01 | 4.49E+00 | 3.19E+00
BIM564C C5164A 17.25 5.02E-01 | <5.02E-01 | 1.75E+00 | 3.53E+00 | <1.51E+00
BIMS564B C5164A 17.75 6.85E-01 | <5.23E-01 | 1.22E+00 | 9.22E+00 | <1.57E+00
BIMS564A C5164A 18.25 7.46E-01 | 5.99E-01 | 1.27E+00 | 5.12E+00 | <1.50E+00
BIM565C sand C5168 17.25 1.13E+00 | 6.22E+00 | 1.55E+00 | 1.23E+01 1.77E+00
BIMS565C fine C5168 17.25 1.33E+00 | 6.60E+00 | 6.83E+00 | 9.68E+00 | 1.77E+00
BIMS565B C5168 17.75 7.73E-01 | 7.95E-01 | 4.48E+00 | 2.72E+00 | <1.51E+00
BIMS565A C5168 18.25 N/R 1.26E+00 | 3.22E+00 | 2.30E+00 | 1.65E+00

(a) Bold values denote concentrations elevated above background.
(b) Less than values indicate the instrument returned a negative value.
(¢) N/R indicates that the value was not reported due to a peak interference.
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The water-extractable major cations in the 241-B Tank Farm push-hole sediments are tabulated in
Table 4.4 and illustrated in Figure 4.4 in units of mass per gram of sediment on a dry weight basis.
Bismuth phosphate neutralized metal waste contained between 3.8 and 4.8 M sodium (Serne et al. 2007;
Jones et al. 2001), so it is not surprising that all the direct-push core samples analyzed contained elevated
concentrations of water-extractable sodium. In fact, sodium was the dominant water-extractable cation in
all of the sediments analyzed. Water-extractable sodium concentrations ranged from a low of 17.7 ug/g
in push hole C5164A to a high of 201 pg/g in push hole C5168. Although the total water-extractable
sodium varied in these samples by more than an order of magnitude, the fact that it was always the
dominant water-extractable cation indicates that all of these sediments have likely been contaminated by
tank waste. Sodium from waste fluids displaces divalent cations, such as calcium and magnesium, as the
contaminant plume migrates through the sediments. Because of the lack of additional samples from
deeper in the vadose zone, it is impossible to estimate how deep the cation exchange front exits in the
vadose zone beneath the 241-B diversion boxes.

Table 4.4. Water-Extractable Major Cations in the 241-B Farm Core Samples (ug/g dry sediment)®>

Mid-
Probe Hole | Depth Calcium Potassium | Magnesium | Strontium | Sodium
Sample ID ID (ft bgs) (ng/g) (ng/g) (ng/g) (ng/g) (ng/g)
BILTYS5C C5164B 21.25 1.65E+00 | (1.73E+00) | 9.83E-01 | (9.86E-03) | 8.40E+01
BILTYSB C5164B 21.75 (6.31E-01) | (1.94E+00) | (1.85E-01) | (3.05E-03) | 1.03E+02
BILTYS5B DUP C5164B 21.75 (8.66E-01) | (2.28E+00) | 4.08E-01 | (6.45E-03) | 1.26E+02
BILTYS5A C5164B 22.25 (8.31E-01) | (2.84E+00) | (2.14E-01) | (4.17E-03) | 1.62E+02
BIMS564C C5164A 17.25 5.43E+00 | (7.72E+00) | 1.18E+00 | (2.44E-02) | 1.88E+01
B1M564B C5164A 17.75 4.88E+00 | (6.90E+00) | 1.44E+00 | (3.03E-02) | 2.00E+01
BIMS564A C5164A 18.25 3.94E+00 | (3.62E+00) | 8.89E-01 | (2.68E-02) | 1.77E+01
BIMS565C-sand C5168 17.25 (6.79E-01) | (1.36E+00) | (2.39E-01) | (2.88E-02) | 1.63E+02
BIMS565C fine C5168 17.25 (9.70E-01) | (3.18E+00) | (1.96E-01) [ (5.11E-03) | 2.01E+02
BIMS565B C5168 17.75 (9.16E-01) | (2.62E+00) | 4.54E-01 | (6.86E-03) | 1.70E+02
BIMS65A C5168 18.25 (6.47E-01) | (2.46E+00) | (1.74E-01) | (6.74E-03) | 1.69E+02

(a) Bold values denote concentrations elevated above background.
(b) Italicized values denote analytically low concentrations.
(c) Parentheses indicate reported value was less than the limit of quantification for the analysis.

The water-extractable aluminum, iron, silicon, and sulfur in the 241-B Farm direct-push sediments
are shown in Table 4.5. The sulfur data were converted to water-extractable sulfate so the results could
be compared with IC sulfate data in Table 4.3. The agreement between sulfate measured directly in the
water extracts using IC and indirectly by converting I[CP measurements to sulfate was poor. Typically,
these two analytical methods generate sulfate data with a percent difference of =10, but in these samples,
relative percent differences ranged from approximately 25 to 80%. The ICP results, which represent total
sulfur in the samples, were always higher than the sulfate data reported via IC, indicating that either there
1s a non-sulfate source of sulfur in these sediments or that one of the data sets is biased. Based on this,
only the data acquired via ion chromatographic analysis of the samples should be used to report sulfate
concentrations. The concentration of water-soluble aluminum was elevated (above the detection limit) in
samples from all of the direct-push holes and attains concentrations as high as 2.36 pg/g in push hole
C5164B. It appears that these elevated concentrations of aluminum result from chemical reactions
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Figure 4.4. 1:1 Sediment: Water Extractable Sodium and Calcium Data from 241-B Direct-Push Samples

(dissolution/precipitation) between alkaline tank fluids and native sediments that formed precipitates of
amorphous aluminum phases that are more water soluble than crystalline aluminum-rich mineral phases
in the pristine sediments. Likewise, concentrations of water-extractable iron were found in all of the
sediments analyzed. Like aluminum, iron is not generally water extractable unless the sediment has been
chemically altered (e.g., via a caustic waste stream). Therefore, the water-extractable aluminum and iron
concentrations in these samples provide evidence of mineral alteration of the sediment via contact with
tank waste.

Table 4.5. Water-Extractable Cations in the 241-B Farm Core Samples (ug/g dry sediment)®"

Probe Hole Mid-Depth Aluminum Iron Sulfur as SO,* |  Silicon

Sample ID ID (ft bgs) (rg/e) (rg/e) (ng/e) (rg/e)
BILTYSC C5164B 21.25 2.36E+00 5.73E+00 1.99E+01 2.34E+01
BILTYSB C5164B 21.75 4.13E-01 7.91E-01 5.58E+00 1.54E+01
BILTY5B DUP C5164B 21.75 1.02E+00 2.33E+00 9.69E+00 1.89E+01
BILTYS5A C5164B 22.25 3.86E-01 7.72E-01 6.80E+00 1.83E+01
BIM564C C5164A 17.25 7.65E-01 1.70E+00 5.92E+00 1.09E+01
B1M564B C5164A 17.75 1.15E+00 2.66E+00 1.35E+01 1.29E+01
BIMS64A C5164A 18.25 4.16E-01 8.00E-01 6.72E+00 1.01E+01
BIM565C sand C5168 17.25 (4.24E-01) 1.02E+00 2.14E+01 1.65E+01
BIM565C fine C5168 17.25 4.94E-01 9.17E-01 1.39E+01 2.34E+01
BIMS565B C5168 17.75 1.31E+00 2.97E+00 3.97E+00 2.40E+01
BIMS565A C5168 18.25 4.08E-01 8.42E-01 5.47E+00 1.93E+01

(a) Bold values denote concentrations elevated above background.
(b) Parentheses indicate reported value was less than the limit of quantification for the analysis.
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The water extract data for potentially mobile metals such as technetium-99, uranium-238, chromium,
molybdenum, ruthenium, and silver are recorded in Table 4.6. Not one sample collected from the three
push holes (nine samples total) contained quantifiable concentrations of water-leachable technetium.
Except for uranium, none of the mobile metals were detected at elevated concentrations in water extracts
of the sediments. However, we did not expect to find a significant amount of mobile metals in these
samples because they were all collected within a few vertical feet of the contaminant source term.
Because mobile metals are not retained by the solid matrix, we only expect to find elevated
concentrations along a narrow front farther down gradient from the source (see Wan et al. 2004, for an
enlightening example). These results agree with previous characterization efforts that revealed a lack of
water-extractable mobile tank waste metals in zones exhibiting elevated soil pH values (Serne et al.
2002b,c; Brown et al. 2006).

4.1.3 Vadose Zone Pore Water Chemical Composition

The 1:1 water extract data were processed to estimate the pore water composition of the existing
moisture in vadose zone sediments so that electrical balances (anions versus cations) of the pore water
could be evaluated. From knowledge of the moisture content of the sediment samples taken from the
liners of each direct-push sampler and the grab samples, the amount of deionized water that would be
needed to make the water extract exactly one part water (total of native pore water and added deionized
water) to one part by weight dry sediment was calculated. The ratio of the total volume of water in the
extract to the native mass of pore water is the dilution factor. We assumed that the deionized water acted
solely as a diluent of the existing pore water and that the deionized water did not dissolve any of the
solids in the sediments. Thus, by correcting for the dilution, an estimate of the actual chemical compo-
sition of the native pore-water in the vadose zone sediments could be derived.

However, the assumption that none of the solids are dissolved during the water extraction process is
simplistic. Further, the available evidence indicates that the accuracy of this estimate depends on the
degree to which sediments are contaminated. Comparison of actual vadose zone sediment pore water that
was obtained via ultracentrifugation with the dilution-corrected calculated pore waters from both contami-
nated and uncontaminated sediments from SX and B-BX Tank Farms (see Serne et al. 2002b—f) for highly
contaminated sediments is quite good. However, for slightly contaminated or uncontaminated sediments,
the dilution-corrected water extract data are biased high by a factor of 2 to 7 for many constituents in that
the true pore water is less saline. For the B Tank Farm direct-push data set, not enough sample material
was available to collect actual pore water via ultracentrifugation. Therefore, it is assumed that the derived
pore water concentrations for the B direct-push samples are slightly biased toward higher concentrations.

Tables 4.7 and 4.8 show the derived pore water composition of key constituents in meq/L. The
samples had a dissolved salt load ranging from 69.2 meq/L for sample BIM564A from push hole
C5164A to a high of 169 meq/L for sample BIM565A from push hole C5168. All of the samples
analyzed contained sodium as the dominant water-extractable cation and bicarbonate/carbonate as the
dominant anion. Sample BIM564A contained 20.3 meq/L sodium, 5.19 meq/L calcium, 2.45 meq/L
potassium, and 1.93 meq/L magnesium. The cations in this sample were balanced by the following
anions: 2.81 meq/L sulfate, 1.04 meq/L fluoride, and trace amounts of chloride and nitrate. In addition,
the alkalinity of the solution was 32.1 meg/L. Sample BIM565A contained 78.1 meq/L sodium with
trace amounts of calcium, magnesium, and potassium, and these cations were balanced almost entirely by
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Table 4.6. Water-Extractable Mobile Metals in the 241-B Farm Core Samples (ug/g dry sediment)®”

Probe Hole | Mid-Depth *Te By Cr Mo ""Ru Ag

Sample ID ID (ft bgs) (pCi/g) (ng/g) (ng/g) (ng/g) (ng/g) (ng/g)
BILTY5C C5164B 21.25 (3.44E-02) 7.79E-03 (2.49E-03) 1.04E-01 <5.01E-04 (6.06E-05)
BILTY5B C5164B 21.75 <1.70E-01 2.03E-02 (1.24E-03) 8.70E-02 (1.45E-05) (3.20E-05)
BILTY5B DUP C5164B 21.75 <1.51E-01 3.02E-02 (1.54E-03) 1.26E-01 (1.47E-05) (6.28E-05)
BILTY5A C5164B 22.25 <1.71E-01 1.47E-01 2.87E-03 6.14E-02 (7.40E-05) (1.24E-04)
BIM564C C5164A 17.25 <1.70E-01 1.48E-03 4.75E-03 1.16E-02 <5.02E-04 (5.02E-05)
BIM564B C5164A 17.75 <1.77E-01 9.38E-04 6.05E-03 1.57E-02 <5.23E-04 (5.85E-05)
BIM564A C5164A 18.25 <1.70E-01 7.97E-04 (2.08E-03) 1.92E-02 <5.01E-04 (6.52E-06)
BIMS565C sand C5168 17.25 <1.73E-01 4.37E-02 (1.65E-03) 1.12E-01 (1.27E-05) (4.73E-05)
BIMS565C fine C5168 17.25 <1.78E-01 8.36E-02 (1.35E-03) 9.67E-02 (1.31E-05) (3.89E-05)
BIM565B C5168 17.75 <1.70E-01 5.62E-02 2.89E-03 8.67E-02 (3.46E-05) (2.27E-04)
BIM565A C5168 18.25 <1.72E-01 7.11E-02 (1.65E-03) 1.00E-01 (3.39E-05) (4.60E-05)

(a) Parentheses indicate reported value was less than the limit of quantification for the analysis.

(b) Less than values indicate the instrument returned a negative value.




Table 4.7. Calculated Pore Water Anion Concentrations in the 241-B Tank Farm Core Samples®®

Mid-
Probe Depth | Fluoride | Chloride | Nitrate Sulfate | Phosphate | Alkalinity
Sample ID Hole ID | (ft bgs) | (meq/L) | (meq/L) | (meq/L) | (meq/L) (meq/L) (meq/L)

BILTYS5C C5164B 21.25 1.41E+00 | 2.81E-01 | 5.53E-01 | 3.27E+00 | <5.89E-01 | 5.86E+01
BILTYSB C5164B 21.75 N/R  [<1.39E-01| 4.46E-01 | 8.59E-01 | 5.57E-01 5.07E+01
BILTYS5B DUP| C5164B 21.75 N/R 1.73E-01 | 6.60E-01 | 1.41E+00 | 6.96E-01 5.35E+01
BILTYSA C5164B 22.25 N/R 1.42E-01 | 1.20E+00 | 5.56E-01 | 5.99E-01 4.64E+01
BIM564C C5164A 17.25 8.58E-01 [<4.60E-01| 9.17E-01 | 2.39E+00 | <I.55E+00 | 6.32E+01
B1M564B C5164A 17.75 1.17E+00 |<4.79E-01| 6.37E-01 | 6.24E+00 | <1.61E+00 | 4.44E+01
BIMS564A C5164A 18.25 1.04E+00 | 4.45E-01 | 5.42E-01 | 2.81E+00 | <1.25E+00 | 3.21E+01

BIMS565C sand | C5168 17.25 6.17E-01 | 1.81E+00 | 2.58E-01 | 2.64E+00 | 5.78E-01 8.15E+01

BIMS565C fine | C5168 17.25 4.98E-01 | 1.32E+00 | 7.82E-01 | 1.43E+00 | 3.96E-01 6.41E+01

BIM565B C5168 17.75 4.14E-01 | 2.28E-01 | 7.35E-01 | 5.75E-01 | <4.84E-01 | 8.26E+01

BIMS65A C5168 18.25 N/R 3.80E-01 | 5.53E-01 | 5.10E-01 | 5.54E-01 | 8.73E+01

(a) Less than values indicate the instrument returned a negative value.
(b) N/R indicates that the value was not reported due to a peak interference.

Table 4.8. Calculated Pore Water Cation Concentrations in 241-B Tank Farm Direct-Push Core Samples

Probe Hole | Mid-Depth Calcium Potassium® Magnesium Sodium

Sample ID ID (ft bgs) (meq/L) (meq/L) (meq/L) (meq/L)
BILTYS5C C5164B 21.25 1.02E+00 (5.52E-01) 1.00E+00 4.53E+01
BILTYSB C5164B 21.75 3.11E-01 (4.91E-01) (1.50E-01) 4.42E+01
BILTYSB DUP C5164B 21.75 4.27E-01 (5.76E-01) 3.31E-01 5.41E+01
BILTYSA C5164B 22.25 2.47E-01 (4.33E-01) (1.05E-01) 4.17E+01
B1M564C C5164A 17.25 8.81E+00 (6.43E+00) 3.14E+00 2.65E+01
BIM564B C5164A 17.75 7.93E+00 (5.75E+00) 3.84E+00 2.82E+01
BIMS564A C5164A 18.25 5.19E+00 (2.45E+00) 1.93E+00 2.03E+01
BIMS565C sand C5168 17.25 3.51E-01 (3.60E-01) | (2.03E-01) | 7.31E+01
B1IMS565C fine C5168 17.25 3.44E-01 (5.79E-01) (1.14E-01) 6.19E+01
B1M565B C5168 17.75 4.66E-01 (6.83E-01) 3.80E-01 7.51E+01
BIMS565A C5168 18.25 3.45E-01 (6.72E-01) | (1.53E-01) | 7.81E+01

(a) Parentheses indicate reported value was less than the limit of quantification for the analysis.

alkalinity of 87.3 meq/L. Overall, these concentrations are very dilute compared to vadose zone pore
water found at the SX and BX Tank Farms, where the total dissolved salt loads were as high as 7,000 to
17,000 and 1,000 meq/L, respectively (Serne et al. 2002c,d,e). At borehole E33-46 near Tank B-110, the
maximum total dissolved salt load was ~320 meq/L (Serne et al. 2002f). Figure 4.5 shows pore water-
corrected sodium and alkalinity data for the B direct-push sediments.
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Figure 4.5. Pore Water Corrected Sodium and Alkalinity Data from 241-B Farm Direct-Push Samples

Overall, the calculated charge balance between cations and anions for all of the samples was quite
good (less than 15% difference in all samples analyzed except sample BIM564C). Sample BIM564C
contained approximately 30% less dissolved cations than anions. Comparing these data, it appears that
either the alkalinity measurement for this sample was biased high or analyses have not accounted for a
dissolved cation that is present in sufficient quantity to properly balance the electrical charge of these
samples.

The notable lack of calcium-dominant samples indicates that the sediments in this region have been
affected by a sodium-bearing waste fluid. The source(s) appears to be a moderately concentrated sodium-
bearing waste solution that has displaced the natural divalent cations (such as Ca*" and Mg*") from the
cation exchange sites in the sediments. The total vertical extent of the ion exchange front is unknown due
to the lack of sediment samples from deeper in the vadose zone.

4.1.4 8-M Nitric Acid-Extractable Amounts of Selected Elements in 241-B Tank
Farm Direct-Push Sediments

The same core samples that were characterized for water-leachable constituents were also
characterized to see how much of the various constituents could be extracted with hot 8 M nitric acid. A
comparison of the quantities that were acid extractable with those that are water extractable typically
indicates the relative mobility of a given constituent and can aid in differentiating anthropogenic from
naturally occurring constituents. The acid-extractable concentrations are shown in Tables 4.9 and 4.10.

For all of the constituents except sodium and perhaps molybdenum, there were no significantly
elevated acid-extractable values in the 241-B Tank Farm direct-push sediments compared with metals
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Table 4.9. Acid-Extractable Cations in 241-B Tank Farm Direct-Push Samples (ug/g dry sediment)®®

Probe Hole | Mid-Depth Calcium Potassium Magnesium Sodium
Sample ID ID (ft bgs) (ng/g) (ng/g) (ng/g) (ng/g)

BILTYSC C5164B 21.25 9.70E+03 1.11E+03 5.01E+03 1.46E+03
BILTYSB C5164B 21.75 9.57E+03 1.32E+03 5.24E+03 2.54E+03
BILTYS5B DUP C5164B 21.75 8.02E+03 1.00E+03 4.59E+03 1.88E+03
BILTYS5A C5164B 22.25 9.07E+03 1.15E+03 5.02E+03 2.05E+03
BIM564C C5164A 17.25 1.00E+04 9.03E+02 4.58E+03 6.50E+02
BIMS564B C5164A 17.75 6.35E+03 7.07E+02 3.47E+03 5.19E+02
BIMS564A C5164A 18.25 7.40E+03 6.67E+02 3.78E+03 4.34E+02
BIMS565C sand C5168 17.25 8.14E+03 9.30E+02 4.54E+03 2.69E+03
BIMS565C fine C5168 17.25 9.66E+03 1.56E+03 5.57E+03 2.90E+03
BIM565B C5168 17.75 6.95E+03 9.90E+02 4.45E+03 2.59E+03
BIMS65A C5168 18.25 7.47E+03 1.01E+03 4.70E+03 2.43E+03
(a) Sodium values were blank corrected due to contamination resulting from filtration of the samples.

(b) Bold values denote concentrations elevated above background.

Table 4.10. Acid-Leachable Cations in the 241-B Farm Core Samples (ug/g dry sediment)®

Probe Hole | Mid-Depth | Aluminum Iron Phosphorus Sulfur
Sample ID ID (ft bgs) (ng/g) (ng/g) (ng/g) (ng/g)
BILTYS5C C5164B 21.25 9.56E+03 3.03E+04 1.24E+03 <5.55E+02
BILTY5B C5164B 21.75 1.11E+04 3.25E+04 9.13E+02 <5.99E+02
BILTYS5B DUP C5164B 21.75 8.09E+03 2.56E+04 9.03E+02 <5.72E+02
BILTYS5A C5164B 22.25 8.73E+03 2.65E+04 8.84E+02 <5.96E+02
B1M564C C5164A 17.25 6.20E+03 2.38E+04 1.23E+03 <5.63E+02
B1MS564B C5164A 17.75 4.78E+03 2.01E+04 1.25E+03 <5.25E+02
B1M564A C5164A 18.25 5.04E+03 2.08E+04 1.24E+03 <5.51E+02
B1M565C sand C5168 17.25 8.86E+03 3.54E+04 1.05E+03 <5.84E+02
B1MS565C fine C5168 17.25 1.18E+04 3.00E+04 8.86E+02 <6.73E+02
B1MS565B C5168 17.75 8.34E+03 2.68E+04 8.72E+02 <5.77E+02
BIMS65A C5168 18.25 8.67E+03 2.74E+04 8.62E+02 <5.55E+02
(a) Less than values indicate the instrument returned a negative value.

leached from the uncontaminated sediments from borehole 299-E33-338 (Lindenmeier et al. 2003). The
sodium data reported in Table 4.11 have been bank corrected to compensate for sodium contamination
found in the preparation blank samples.
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Table 4.11. Acid-Leachable Mobile Metals in the 241-B Farm Core Samples (pig/g dry sediment)®”

Probe |Mid-Depth "Te By Mo YAg 208pp

Sample ID | Hole ID | (ft bgs) (pCi/g) (ng/g) (ng/g) (ng/g) (ng/g)
BILTY5C C5164B | 21.25 | <4.71E+01 | 5.15E-01 | 1.49E+00 6.20E-02 | 2.64E+00
BILTY5B C5164B | 21.75 | <5.08E+01 | 6.10E-01 4.92E-01 2.80E-02 | 2.97E+00
BILTYSBDUP | C5164B | 21.75 | <4.85E+01 | 5.20E-01 3.88E-01 2.69E-02 | 2.98E+00
BILTY5A C5164B | 2225 | <5.05E+01 | 7.06E-01 3.19E-01 3.24E-02 3.38E+00
BIM564C C5164A | 1725 | <4.77E+01 | 4.11E-01 | 1.11E+00 3.54E-02 1.84E+00
BIM564B C5164A | 17.75 | <4.45E+01 | 3.65E-01 4.95E-01 2.96E-02 1.89E+00
BIMS564A C5164A | 1825 | <4.67E+01 | 4.39E-01 | 1.09E+00 243E-02 | 2.11E+00
BIM565C sand | C5168 1725 | <4.95E+01 | 6.12E-01 | 1.60E+00 4.92E-02 | 2.88E+00
BIM565C fine C5168 1725 | <5.71E+01 | 7.20E-01 7.20E-01 6.14E-02 | 4.73E+00
BIMS565B C5168 17.75 | <4.90E+01 | 5.79E-01 4.37E-01 3.43E-02 | 3.05E+00
BIMS565A C5168 18.25 | <4.71E+01 | 6.81E-01 5.02E-01 3.08E-02 | 2.97E+00

(a) Bold values denote concentrations elevated above background.
(b) Less than symbol indicates the instrument returned a negative value.

Comparison of the water to acid-extractable concentrations of each constituent was performed by
taking the water extract data (Tables 4.4 through 4.6) and dividing them by the acid extract data
(Tables 4.9 and 4.10). The data are not presented in this report, but show that less than 0.1% of the acid-
extractable quantities of the following elements were water leachable: aluminum, barium, calcium, iron,
lead, magnesium, manganese, titanium, and zirconium. Less than 0.5% of the acid-extractable quantities
of the following elements were water leachable: chromium, copper, nickel, phosphorous as phosphate,
strontium, and zinc. Less than 1% of the acid-extractable cobalt and potassium and less than 10% of the
acid-extractable sodium was water-extractable.

415 Radionuclide Content in Vadose Zone Sediment from the 241-B Tank
Farm Direct-Push Holes

Data from the GEA of the samples are shown in Table 4.12. The direct measurement of sediment for
gamma-emitting radionuclides showed that the sediments contained natural potassium-40 in all of the
direct-push probe holes. The fission product isotopes antimony-125, europium-154, and europium-155
were found in several of the direct-push samples. The peak activity of antimony-125, at 4.72 pCi/g, was
measured in the fine-grained sample collected from the BIMS565C liner in push hole C5618. This same
sample also contained the highest activities of europium-154 and europium-155 measured in the 241-B
Farm direct-push samples, at 20.6 and 12.1 pCi/g, respectively. Based on the presence of these radionu-
clides, it is clear that the sediments recovered from push hole C5168, especially the fine-grained material
encountered in the C-liner, has retained some of the less-mobile contaminants leaked into the vadose zone
at this location.
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Table 4.12. GEA Data for the 241-B Farm Core Samples™™®

Probe Hole | Mid-Depth | Potassium-40 | Antimony-125 | Europium-154 | Europium-155
Sample ID ID (ft bgs) (pCi/g) (pCi/g) (pCi/g) (pCi/g)
BILTYS5C C5164B 21.25 1.48E+01 <1.92E+00 <1.22E+00 <5.75E+00
BILTY5B C5164B 21.75 1.57E+01 <1.11E+00 2.10E+00 <2.10E+00
BILTYS5A C5164B 22.25 1.62E+01 <1.57E+00 5.82E+00 <3.15E+00
BILTYS C5164B 22.75 1.53E+01 <2.18E+00 1.05E+01 4.95E+00
B1MS564C C5164A 17.25 1.24E+01 <§.32E-01 <3.93E-01 <§.83E-01
BIMS564B C5164A 17.75 1.41E+01 <7.04E-01 <4.94E-01 <7.62E-01
BIMS564A C5164A 18.25 1.12E+01 <6.30E-01 <4.53E-01 <6.69E-01
BILTY4 C5170 20.50 1.71E+01 <2.08E+00 <2.23E+00 <3.98E+00
BIMS565C sand C5168 17.25 1.22E+01 1.65E+00 7.05E+00 4.31E+00
BIMS565C fine C5168 17.25 1.36E+01 4.72E+00 2.06E+01 1.21E+01
B1M565B C5168 17.75 1.49E+01 3.86E+00 1.09E+01 5.73E+00
BIMS65A C5168 18.25 1.46E+01 <2.80E+00 1.03E+01 <7.68E+00
BIMS65 C5168 18.75 1.66E+01 1.10E+00 3.41E+00 <2.30E+00

(a) Bold values denote concentrations elevated above background.
(b) <Indicates the analyte was not detected, but the minimum detectable activity for the sample has been reported.
(c) Shaded cells indicate grab samples.

The only sample strings that did not contain measurable activities of anthropogenic gamma emitters
were those samples retrieved from push holes C5164A and C5170. Therefore, it appears that the primary
region impacted by tank waste contaminants resides between the two depths sampled by push holes
C5164A and C5164B.

4.1.6 Total Carbon, Calcium Carbonate, and Organic Carbon Content of Vadose
Zone Sediment from the 241-B Tank Farm Direct-Push Holes

Data from the total carbon, inorganic carbon, and organic carbon (calculated by difference) contents
of the 241-B Tank Farm direct-push sediments are shown in Table 4.13. The inorganic carbon was con-
verted to the equivalent calcium carbonate content. In general, the sediments were low in organic carbon
(<0.15% by weight) which is typical of Hanford Site sediments. The average amount of organic carbon
in sediments collected from the background borehole (C33991) was 0.06% by weight (Lindenmeier et al.
2003), while the average for all of the 241-B Tank Farm direct-push samples was 0.08% by weight.
Inorganic carbon, as CaCO;_was also present at concentrations that are typical for Hanford formation
sediments (0.3 to 1.5 wt% as CaCOs) and compared well with other Hanford formation samples
(Lindenmeier et al. 2003; Serne et al. 2004a; Brown et al. 2006).
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Table 4.13. Carbon Content of the 241-B Farm Vadose Zone Samples

Total Inorganic | Inorganic Carbon Organic
Probe Hole | Mid-Depth Carbon Carbon as CaCO;, Carbon
Sample ID ID (ft bgs) (%) (%) (%) (%)

BILTYSC C5164B 21.25 1.21E-01 5.38E-02 4.48E-01 6.69E-02
BILTYSB C5164B 21.75 1.50E-01 9.26E-02 7.72E-01 5.75E-02
BILTY5B DUP C5164B 21.75 2.20E-01 1.30E-01 1.08E+00 8.99E-02
BILTYSA C5164B 22.25 2.42E-01 1.85E-01 1.54E+00 5.69E-02
BIM564C C5164A 17.25 1.55E-01 3.69E-02 3.08E-01 1.18E-01
B1M564B C5164A 17.75 1.29E-01 4.83E-02 4.03E-01 8.09E-02
BIMS564A C5164A 18.25 1.42E-01 6.05E-02 5.04E-01 8.17E-02
BIMS565C sand C5168 17.25 1.91E-01 5.28E-02 4.40E-01 1.38E-01
BIMS565C fine C5168 17.25 2.57E-01 1.61E-01 1.34E+00 9.54E-02
B1IM565B C5168 17.75 1.57E-01 6.04E-02 5.03E-01 9.61E-02
BIMS65A C5168 18.25 1.59E-01 9.10E-02 7.59E-01 6.81E-02

4.2 Vadose Zone Sediment from 241-BX Farm Direct-Push Samples

4.2.1 Moisture Content

The moisture contents of the 8 core liners and 1 grab sample collected from the 241-BX Farm direct-
push holes are presented as a function of depth in Table 4.14 and Figure 4.6. Only one of the samples had
a high (in excess of 10%) soil moisture content: the C liner collected in probe hole C5134 contained part
of a fine-grained lenticular body that was subsampled and treated as a discrete sample. The nomenclature
for this sample, described in Section 3.1.2, is BIJWW6C fine; the moisture content was 12.8%. Direct-
push hole C5134 was emplaced east of Tank 241-BX-101 and was driven to a total depth of 78.2 ft bgs.
The C-liner from this sample string, which contained the fine-grained material, was the shallowest sample
collected from this push hole. Additionally, the fine-grained material was located in the top portion of the
liner, indicating that the sample string was pushed through the fine-grained lenticular body but at least
captured a portion of it in the shallowest sample collected. As seen in Table 4.14, the samples collected
deeper in push hole C5134 contained progressively less moisture, indicating that the fine-grained material
encountered in the C-liner could be acting as a capillary barrier to vertical migration of moisture.

The sample string collected from push hole C5132 contained sediments with moisture contents
ranging from 2 to approximately 8%. Given this large range in moisture contents, it is obvious that a
zone or lenticular body of finer-grained material was encountered within this sample string. The two
samples collected from push hole C5124 both had moisture contents of approximately 5%.

The moisture contents measured in the 241-BX Farm direct-push samples compare well with those
measured from similar lithologies in the background borehole (C3391) that was emplaced southeast of the
241-B Tank Farm (Lindenmeier et al. 2003). Moisture contents measured in borehole C3391 within the
HI unit ranged from approximately 2% to over 12% depending on the amount of gravel, sand, and
silt/clay contained in the sample. These numbers correlate well with the range measured in the 241-BX
Farm direct-push samples (1.99 to 12.8%) and imply that elevated moisture measured in several of the
direct-push samples is controlled by sample lithology as opposed to past leak events.
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Table 4.14. Gravimetric Moisture Content of Samples Obtained from 241-BX Direct-Push Probe Holes®™

Mid-Depth Moisture
Sample ID Probe Hole ID (ft bgs) (%)
B1JWWO6A C5134 78.0 2.07
B1JWW6B C5134 77.5 3.22
B1JWW6C fine C5134 77.0 12.8
B1JWW6C coarse C5134 77.0 3.82
B1IWW7 C5132 64.8 1.99
BIIWW7A C5132 64.3 3.14
B1JWW7B C5132 63.8 7.86
B1JWW7C C5132 63.3 6.41
BIJWWSA C5124 44.8 4.94
B1JWWSB C5124 443 4.99
(a) Shaded cells indicate grab samples.
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Figure 4.6. Moisture Content Data for the 241-BX Farm Direct-Push Samples

422 1:1 Sediment:Water Extracts

The samples from the 241-BX Tank Farm direct-push campaign were characterized by performing
1:1 sediment:water extracts. The following subsections present the mass of a given constituent leached
per gram of sediment as measured in the water extracts. Other tables show dilution-corrected values that
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represent concentrations in vadose zone pore water. As discussed in several other Vadose Zone Charac-
terization Project reports, the dilution-corrected 1:1 sediment:water extracts are a reasonable estimate of
the actual vadose zone pore water (see Serne et al. 2002a—f).

4.2.2.1 pHand Electrical Conductivity

The 1:1 sediment:water extract pH and electrical conductivity (EC) data for the BX Farm core and
grab samples are shown in Table 4.15 and Figure 4.7. The pH values are tabulated as measured in the 1:1
sediment:water extracts, but EC values are corrected for dilution and tabulated as if it was actual pore
water. All of the 1:1 sediment to water extracts were elevated in pH (greater than 8.5). All but one of the
samples have sediment:water pH values above 9; the range was from 8.72 in sample BIJWW6B from
push hole C5134 to 9.90 in the fine-grained material in sample BIJWWG6C (also from push hole C5134).
Previous borehole reports have shown that regions of elevated soil pH are considered to be good indica-
tors of the location of the original leak event or very near-field to the initial tank waste entry zone (see
Serne et al. 2002a—f). Thus, we can conclude that the elevated pH data indicates the presence of caustic
tank-related waste, and the likely source term for the contamination is a leak from Tank BX-101 or -102.

Table 4.15. pH for 1:1 Sediment: Water Extracts and Dilution-Corrected EC Values from 241-BX Farm

Core and Grab Samples®™™”
Mid-Depth Conductivity

Sample ID Probe Hole ID (ft bgs) pH (mS/cm)
BIJWW6A C5134 78.0 9.14 1.26E+01
B1JWW6B C5134 77.5 8.72 6.23E+00
B1JWWG6C fine C5134 77.0 9.90 2.89E+00
B1JWWG6C coarse C5134 77.0 9.18 5.18E+00
B1IWW7 C5132 64.8 9.45 1.91E+01
BIJWW7A C5132 64.3 9.30 1.24E+01
B1JWW7A-DUP C5132 64.3 9.52 1.09E+01
B1JWW7B C5132 63.8 9.34 6.93E+00
BIIWW7C C5132 63.3 9.37 8.46E+00
BIJWWSA C5124 44.8 9.20 6.52E+00
B1JWWS8B C5124 443 9.30 6.52E+00
(a) Bold numbers denote elevated values.
(b) EC values are dilution corrected and represent pore water concentrations not 1:1 extract values.
(c) Shaded cells indicate grab samples.

The pore water-corrected EC data, shown in Figure 4.8, for many of the 241-BX Farm direct-push
samples were higher than those measured in the 241-B Farm direct-push water extracts. The 241-BX
Farm direct-push samples had calculated pore water conductivities ranging from 2.89 to 19.1 mS/cm,
while the background borehole emplaced near the 241-B Tank Farm (Lindenmeier et al. 2003) had pore
water-corrected conductivities ranging from 0.883 to 7.81 mS/cm. Therefore, several of the sediments
collected as part of the 241-BX Farm direct-push campaign clearly contain elevated concentrations of
dissolved salts. The two direct-push holes that contained sediment with elevated pore water conductivi-
ties were C5132 and C5134. The peak pore water conductivity, 19.1 mS/cm, was measured in sediment
from push hole C5132. Direct-push hole C5132 was the closest sampling location to Tank 241-BX-102;
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Figure 4.7. 1:1 Sediment:Water Extract pH Data for the 241-BX Farm Direct-Push Samples

thus the elevated EC observed in sediment from this location could be an artifact of a leak from BX-102.
These results indicate that the initial impact zone from waste released from BX-102 (and potentially -101)
migrated to the southeast of the tank to at least the location and depth intercepted by probe hole C5132.
As described in Serne et al. (2002¢) and Knepp (2002), most of the 1951 BX-102 overfill fluids have
migrated deeper to the northeast of Tank BX-102 perhaps all the way to the water table, based on uranium
isotopic signature measurements on vadose zone pore waters and groundwaters (Christensen et al. 2004).
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Figure 4.8. 1:1 Sediment:Water Extract Conductivity Data for the 241-BX Farm Direct-Push Samples
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4.2.2.2 Composition of 1.1 Sediment:Water Extracts from 241-BX Tank Farm Core
and Grab Samples

The concentrations of the major anions, cations, and several trace constituents from the water extract
procedure are discussed in this subsection. Anion data are tabulated in Table 4.16 in units of mass per
gram of dry sediment. Unfortunately, there was an unidentified chromatographic interference that pre-
cluded the quantification of fluoride in all of the direct-push samples collected in the 241-BX Tank Farm.
However, the 241-BX-102 leak was not estimated to have contained a measurable amount of fluoride
(Knepp 2002). The only anion that was present at elevated concentrations in the 241-BX Farm direct-
push samples was phosphate. This finding is consistent with the estimate that the 241-BX-102 leak
contained nearly 12,000 kg of phosphate (Jones et al. 2001). Water-extractable phosphate concentrations
in the 241-BX direct-push samples ranged from 1.57 to 7.21 pg/g as shown in Figure 4.9. The maximum
phosphate concentration measured in the background borehole (C3391) was 0.553 pg/g (Lindenmeier
et al. 2003). As well as elevated EC data, sediments retrieved from push hole C5132 contained the
highest concentration of water-extractable phosphate. The peak phosphate concentration (7.21 ug/g) was
measured in the sample collected from 63.8 ft bgs. The next-deepest sample collected from push hole
C5132, while still elevated, contained significantly less water-extractable phosphate (2.14 to 2.57 pg/g at
64.3 ft bgs). Given the limited number of depth-discrete direct-push samples, it is not possible to discuss
concentration profiles at this location. However, the elevated phosphate measured in the direct-push
samples provide direct evidence that bismuth phosphate-related tank waste has affected the vadose zone
at this location.

The 241-BX-102 leak event was reported to have contained in excess of 11,000 kg nitrate (Knepp
2002). Therefore, one might assume that it is surprising that elevated concentrations of nitrate were not

Table 4.16. Water-Extractable Anions in 241-BX Farm Core and Grab Samples (ug/g dry

sediment)®>¢¥
Probe Hole | Mid-Depth | Fluoride | Chloride Nitrate Sulfate | Phosphate
Sample ID ID (ft bgs) (ng/e) (ng/e) (ng/e) (ng/e) (ng/e)

B1IWW6A C5134 78.0 ND 2.85E-01 1.11E+00 | 9.09E+00 | 3.16E+00
B1JWW6B C5134 77.5 ND 3.48E-01 1.74E+00 | 9.55E+00 | 1.63E+00
B1JWW6C fine C5134 77.0 ND 1.52E+00 | 6.64E+00 | 4.66E+01 [ <5.15E-01
B1JWW6C coarse C5134 77.0 ND 4.14E-01 | 2.05E+00 | 1.55E+01 | <5.21E-01
B1JWW7 C5132 64.8 ND 3.14E-01 8.72E-01 | 2.02E+00 | 1.68E+00
BIIWW7A C5132 64.3 ND 3.24E-01 1.14E+00 | 2.35E+00 | 2.57E+00
B1JWW7A DUP C5132 64.3 ND 2.82E-01 9.67E-01 | 2.45E+00 | 2.14E+00
B1JWW7B C5132 63.8 ND 7.60E-01 3.10E+00 | 5.30E+00 | 7.21E+00
B1IWW7C C5132 63.3 ND 7.59E-01 2.33E+00 | 4.53E+00 | 5.46E+00
BIJWWSA C5124 44.8 ND <2.48E-01 | 2.42E+00 | 4.08E+00 | 1.77E+00
B1JWW§&B C5124 443 ND 4.26E+00 | 1.85E+00 | 5.61E+00 | 1.57E+00

(a) Bold values denote concentrations elevated above background.

(b) Less than values indicate the instrument returned a negative value or the reported value is less than the limit of
quantification.

(¢c) ND indicates the analyte was not determined due to chromatographic interference.

(d) Shaded cells indicate grab samples.

4.19



0 T 0 T 0 T
20 ] 20 4 ] 20 4
m
(@)
Qo [ ] i ] i
E 40 { ] 40 { ] 40 {
a L. ] C 1 [
()
a
60 ] 60 | ] 60 |
L B L ... [ ] o L
i ] C ] ® o ]
80 ....I....I....I.... 80 ..‘.I....I....I.‘.. 80 ..‘.I.....I....I.‘..
0 2 4 6 8 0 2 4 6 8 0 2 4 6 8
Phosphate (ug/g) Phosphate (ug/g) Phosphate (ug/g)

Figure 4.9. 1:1 Sediment:Water Extract Phosphate Data for the 241-BX Farm Direct-Push Samples

observed in any of the direct-push samples analyzed. However, nitrate is a mobile contaminant that has
typically been found much deeper (in excess of 120 ft bgs) in the vadose zone at other investigation sites
including borehole 299-E33-45 farther northeast of Tank BX-102 (Serne et al. 2002b,e; Brown et al.
2006). Therefore, it appears that the depth sampled via the direct-push technique at these locations was
not sufficient to capture the mobile contaminants present in the 241-BX-102 waste stream.

The water-extractable major cations in the 241-BX Tank Farm direct-push sediments are tabulated in
Table 4.17 in units of mass per gram of sediment on a dry weight basis; the data for sodium and calcium
are shown in Figure 4.10. All of the sediments analyzed contained elevated concentrations of water-
extractable sodium. Total water-extractable sodium ranged from a low of 37.7 pg/g in push hole C5134
to a maximum of 149 pg/g in push hole C5132. All of the sediments tested contained sodium as the
dominant water-extractable cation; the BX-102 leak event was estimated to have released more than
23,000 kg of sodium to the vadose zone (Rogers and Knepp 2000). In view of these data, it is clear that
sodium contained in the BX-102 waste stream leaked into the vadose zone in the vicinity of these push
holes and has created an ion exchange front in which sodium has displaced the natural divalent cations
from the surface exchange sites in the sediment. Again, because of the lack of depth-discrete samples
from the BX direct-push activity, it is not possible to determine the vertical extent of the exchange front;
however, it is clear that at least a portion of the waste has migrated to the east/southeast of Tank BX-102.
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Table 4.17. Water-Extractable Major Cations in the 241-BX Farm Core and Grab Samples (ug/g dry

sediment) ™%
Probe | Mid-Depth | Calcium | Potassium | Magnesium | Strontium | Sodium
Sample ID Hole ID (ft bgs) (ng/g) (ng/g) (ng/g) (ng/g) (ng/g)
B1JWWo6A C5134 78.0 1.51E+00 | (1.18E+00) | 7.05E-01 (1.70E-02) | 5.89E+01
B1JWW6B C5134 71.5 2.09E+00 | 2.12E+00 8.17E-01 (1.07E-02) | 4.21E+01
B1JWW6C fine C5134 77.0 1.68E+01 | 5.49E+00 | (4.04E-02) 6.01E-02 | 7.26E+01
B1JWWG6C coarse C5134 77.0 5.37E+00 | 3.10E+00 8.42E-01 (2.26E-02) | 3.77E+01
B1IWW7 C5132 64.8 4.64E-01 | (1.13E+00) | 1.03E-01 (2.37E-03) | 9.80E+01
B1JWW7A C5132 64.3 5.25E-01 | (1.07E+00) | 9.12E-02 (2.55E-03) | 1.01E+02
B1JWW7A DUP C5132 64.3 5.17E-01 8.75E-01 8.18E-02 3.13E-03 | 7.96E+01
B1JWW7B C5132 63.8 7.92E-01 1.43E+00 6.85E-02 (3.49E-03) | 1.45E+02
B1JWW7C C5132 63.3 4.66E-01 1.62E+00 5.47E-02 (2.18E-03) | 1.49E+02
B1JWWS8A C5124 448 4.40E-01 1.54E+00 1.21E-01 (2.09E-03) | 8.11E+01
B1JWW&B C5124 443 4.97E-01 1.55E+00 9.84E-02 (2.74E-03) | 7.92E+01

(a) Bold values denote concentrations elevated above background.

(b) Italicized values denote analytically low concentrations.
(c) Parentheses indicate reported value was less than the limit of quantification for the analysis.
(d) Shaded cells indicate grab samples.
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The water-extractable aluminum, iron, sulfur, and phosphorous in the 241-BX farm direct-push
sediments are shown in Table 4.18. The sulfur and phosphorous data were converted to water-extractable
sulfur as sulfate and phosphorous as phosphate so that the results could be compared to the IC data
presented in Table 4.16. Like the samples from the 241-B Tank Farm, the agreement between directly
measured sulfate in the water extracts using IC and indirectly by converting the ICP measurements for
sulfur to sulfate was poor. Typically, these two analytical methods generate sulfate data with a percent
difference of +£10%; however, for the present set of samples, relative percent differences ranged from
approximately 18 to 70%. The ICP results, which represent total sulfur in the samples, were always
higher than the sulfate data reported via ion chromatography. These data indicate that either there is a
non-sulfate source of sulfur in these sediments or one of the data sets is biased. Based on this, only the
data acquired via ion chromatographic analysis of the samples should be used to report sulfate concen-
trations. However, the agreement between directly measured phosphate in the water extracts using IC and
indirectly by converting the ICP measurements for phosphorous to phosphate was good. Besides vali-
dating the IC data, we can state that the water-extractable phosphorous was in the form of phosphate.
Water-soluble aluminum was elevated (above the limit of detection) in most of the 241-BX Farm direct-
push sediments. It appears that these elevated concentrations are a result of some chemical reaction, such
as dissolution or precipitation, between alkaline tank fluids and native sediments that formed precipitates
of amorphous aluminum phases that are more water soluble than aluminum-rich crystalline mineral
phases in the pristine sediments.

The water extract data for potentially mobile metals, such as technetium-99, uranium-238, chromium,
molybdenum, and ruthenium are shown in Table 4.19. Additionally, the water-extractable uranium-238 is
plotted as a function of depth in Figure 4.11. Water-extractable technetium-99 was found in several of
the samples from push holes C5124 and C5132. Although only trace amounts of technetium-99 were
detected in the sediments (approximately 0.5 pCi/g or less), more than 3 Ci of technetium-99 are
estimated to have been lost as part of the 241-BX-102 leak event. Similar to nitrate, the bulk of the

Table 4.18. Water-Extractable Cations in 241-BX Farm Core and Grab Samples (ug/g dry sediment)®>®

Phosphorous
Probe Hole | Mid-Depth | Aluminum Iron Sulfur as SO42' as PO43'
Sample ID ID (ft bgs) (ng/g) (ng/g) (ng/g) (ng/g)
B1JWWO6A C5134 78.0 2.45E-01 1.76E-01 1.16E+01 3.24E+00
B1JWW6B C5134 71.5 (9.84E-02) 7.81E-02 1.29E+01 1.70E+00
B1JWW6C fine C5134 77.0 (5.45E-02) | (3.91E-03) 5.58E+01 (1.89E-01)
B1JWW6C coarse C5134 77.0 (7.07E-02) | (2.31E-02) 1.95E+01 (4.32E-01)
B1IWW7 C5132 64.8 3.17E-01 2.34E-01 4.19E+00 1.85E+00
B1JWW7A C5132 64.3 3.77E-01 2.07E-01 3.76E+00 2.67E+00
B1JWW7A DUP C5132 64.3 2.74E-01 2.41E-01 3.51E+00 2.27E+00
B1JWW7B C5132 63.8 2.08E-01 1.88E-01 7.38E+00 7.36E+00
B1JWW7C C5132 63.3 2.39E-01 1.00E-01 7.07E+00 5.91E+00
B1JWWS8A C5124 44.8 2.47E-01 3.94E-01 5.88E+00 1.93E+00
B1JWWE&B C5124 44.3 2.04E-01 2.76E-01 7.96E+00 1.71E+00

(a) Bold values denote concentrations elevated above background.
(b) Parentheses indicate reported value was less than the limit of quantification for the analysis.
(c) Shaded cells indicate grab samples.
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Table 4.19. Water-Extractable Mobile Metals in the 241-BX Farm Core and Grab Samples (ug/g dry sediment)®><?

Probe | Mid-Depth *Te By Scr *Mo Ry 2Ru

Sample ID Hole ID |  (ft bgs) (pCi/g) (ng/g) (ng/g) (ng/g) (ng/g) (ng/g)
B1JWW6A C5134 78.0 (8.31E-02) 1.85E+00 3.98E-03 1.64E-02 (4.19E-05) (2.76E-05)
B1JWW6B C5134 77.5 (7.63E-02) | 3.59E+00 3.20E-03 2.14E-02 (8.33E-05) (3.22E-05)
B1JWW6C fine C5134 77.0 2.45E-01 3.80E-02 7.82E-02 9.70E-02 2.61E-04 1.33E-04
B1JWW6C coarse | C5134 77.0 (1.40E-01) 1.77E+00 7.93E-03 2.80E-02 (1.06E-04) (4.90E-05)
B1JWW?7 C5132 64.8 (8.18E-02) | 2.75E+00 3.70E-04 1.73E-02 (1.26E-05) <1.26E-04
BIJWW7A C5132 64.3 (1.02E-01) | 4.36E+00 6.14E-04 2.19E-02 (2.58E-06) (1.03E-06)
B1JWW7A DUP C5132 64.3 (1.01E-01) | 4.12E+00 | (2.45E-03) 2.18E-02 <5.15E-04 <5.15E-04
B1JWW7B C5132 63.8 5.25E-01 1.20E+01 1.02E-03 3.68E-02 (6.81E-05) (1.55E-05)
B1JWW7C C5132 63.3 4.91E-01 4.61E+00 5.46E-04 6.20E-02 (2.28E-05) (8.61E-06)
B1JWWS8A C5124 44.8 2.15E-01 3.14E-02 1.54E-02 8.31E-03 (1.41E-04) (4.83E-05)
B1JWWSB C5124 443 2.40E-01 2.01E-02 1.06E-02 1.01E-02 (6.40E-05) (4.25E-05)

(a) Bold values denote concentrations elevated above background.

(b) Parentheses indicate reported value was less than the limit of quantification for the analysis.
(c) Less than values indicate the instrument returned a negative value.
(d) Shaded cells indicate grab samples.
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Figure 4.11. 1:1 Sediment:Water Extractable Uranium-238 Data from 241-BX Direct-Push Samples

technetium-99 contamination likely resides much deeper in the vadose zone at these locations. Water-
leachable uranium-238 is elevated in all of the BX Tank Farm direct-push samples analyzed. The peak
water-extractable uranium-238 concentration measured in the background borehole (C3391) by
Lindenmeier et al. (2003) was 1.40E-03 pg/g. Comparing this to the range measured in the 241-BX
direct-push samples (2.01E-02 to 1.20E+01 pg/g) confirms the supposition that the 241-BX samples
contain Hanford-process uranium. The peak concentration measured in the 241-BX direct-push samples,
at 12.0 ug/g, compared well with the peak water-extractable concentration (approximately 22 ug/g)
reported by Serne et al. (2002¢) for the BX-102 borehole (299-E33-45), which was emplaced deeper and
farther north of Tank 241-BX-102 than the direct-push holes.

Measurable concentrations of ruthenium were found in one direct-push sample from push hole C5134
(Table 4.19). The fine-grained material from sample BIJWWG6C contained varying concentrations of
ruthenium-101 and ruthenium-102. Both of these isotopes of ruthenium are produced as a byproduct of
nuclear fission, and their presence in the direct-push samples could potentially be used to constrain con-
taminant source terms (i.e., determine whether the waste encountered via the direct-push campaign
appears to be from a single source, such as Tank BX-102, or multiple sources, such as Tanks BX-101 and
BX-102). However, more data are necessary to make a reasonable identification of contaminant source
terms (Brown et al. 2007); thus, the source of the contamination can not yet be quantitatively identified.

4.2.3 Vadose Zone Pore Water Chemical Composition

The 1:1 water extract data were processed to derive the pore water composition of the vadose zone
sediments so that electrical balances (anions versus cations) of the samples could be evaluated. From
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knowledge of the moisture content of the sediment samples taken from the liners of each direct-push
sampler and the grab samples, the amount of deionized water that would be needed to make the water
extract exactly one part water (total of native pore water and added deionized water) to one part by weight
dry sediment was calculated. The ratio of the total volume of water in the extract to the native mass of
pore water is the dilution factor. We assumed that the deionized water acted solely as a diluent of the
existing pore water and that the deionized water did not dissolve any of the solids in the sediments. Thus,
by correcting for dilution, an estimate of the actual chemical composition of the native pore-water in the
vadose zone sediments could be derived.

Tables 4.20 and 4.21 show the derived pore water composition of key constituents in meq/L. The
highest dissolved salt loads were found in the sediment collected within probe hole C5132, which was the
closest sampling push hole to Tank 241-BX-102. The sediment was collected from approximately 64 ft
bgs and had high pH and EC values. As a result of the high pH, carbon dioxide was absorbed by the pore
water present in the sediment and resulted in the majority of the anionic charge being attributed to alka-
linity (215 meqg/L). The remainder of the dissolved anionic species in sample BIJWW?7 were phosphate
(2.66 meq/L), sulfate (2.11 meq/L), nitrate (0.705 meq/L), and chloride (0.443 meq/L), for a total anionic
charge of 221 meq/L. The anions in this samples were primarily balanced by sodium (214 meq/L), with
trace amounts of calcium (1.16 meq/L) and magnesium (0.426 meq/L). These concentrations are very
dilute compared to the peak vadose zone pore water found during the BX-102 borehole campaign (Serne
et al 2002e), where the total dissolved salt load was as high as 1,000 meq/L. However, Serne et al.
(2002¢) found the peak dissolved salt load at approximately 152 ft bgs, which was well beyond the depth
presently samples by the direct-push technique.

Table 4.20. Calculated Pore Water Anion Concentrations in 241-BX Farm Core and Grab Samples®*

Probe | Mid-Depth | Fluoride | Chloride Nitrate Sulfate | Phosphate | Alkalinity

Sample ID Hole ID| (ft bgs) (meq/L) | (meq/L) (meq/L) | (meq/L) | (meq/L) (meq/L)
BIJWW6A C5134 78.0 ND 3.87E-01 8.65E-01 |9.13E+00| 4.82E+00 | 1.28E+02
B1JWW6B C5134 77.5 ND 3.05E-01 8.75E-01 |6.19E+00| 1.60E+00 | 5.99E+01
B1JWW6C fine C5134 77.0 ND 3.35E-01 8.38E-01 |7.59E+00| <1.27E-01 | 2.49E+01
B1JWWG6C coarse | C5134 77.0 ND 3.05E-01 8.63E-01 |[8.44E+00| <4.30E-01 | 5.04E+01
B1JWW7 C5132 64.8 ND 4.43E-01 7.05E-01 |2.11E+00| 2.66E+00 | 2.15E+02
BIJWW7A C5132 64.3 ND 2.91E-01 5.85E-01 |1.56E+00| 2.58E+00 | 1.37E+02
BIJWW7A DUP | C5132 64.3 ND 2.53E-01 | 4.96E-01 [1.63E+00| 2.14E+00 | 1.19E+02
B1IJWW7B C5132 63.8 ND 2.72E-01 6.35E-01 |1.40E+00| 2.90E+00 | 7.52E+01
BIJWW7C C5132 63.3 ND 3.34E-01 5.87E-01 |1.47E+00| 2.69E+00 | 9.35E+01
B1IJWWSA C5124 44.8 ND 1.41E-01 791E-01 |1.72E+00| 1.13E+00 | 7.04E+01
B1JWWEB C5124 443 ND 2.41E+00 | 5.97E-01 |2.34E+00| 9.92E-01 | 6.46E+01

(a) Less than values indicate the instrument returned a negative value.
(b) ND indicates the analyte was not determined due to chromatographic interference.
(c) Shaded cells indicate grab samples.
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Table 4.21. Calculated Pore Water Cation Concentrations in the 241-BX Tank Farm Direct-Push Core

and Grab Samples

(ab)

Probe Hole | Mid-Depth Calcium Potassium Magnesium Sodium
Sample ID ID (ft bgs) (meq/L) (meq/L) (meq/L) (meq/L)
B1JWW6A C5134 78.0 3.65E+00 (1.46E-00) 2.80E+00 1.24E+02
B1JWW6B C5134 77.5 3.25E+00 1.69E+00 2.09E+00 5.70E+01
B1JWW6C fine C5134 77.0 6.55E+00 1.10E+00 (2.60E-02) 2.47E+01
B1JWW6C coarse C5134 77.0 7.02E+00 2.08E+00 1.81E+00 4.29E+01
B1JWW7 C5132 64.8 1.16E+00 (1.46E-00) 4.26E-01 2.14E+02
BIJWW7A C5132 64.3 8.35E-01 (8.70E-01) 2.39E-01 1.39E+02
B1JWW7A DUP C5132 64.3 8.22E-01 7.14E-01 2.14E-01 1.10E+02
B1JWW7B C5132 63.8 5.04E-01 4.66E-01 7.17E-02 8.04E+01
B1IWW7C C5132 63.3 3.64E-01 6.50E-01 7.02E-02 1.01E+02
BIJWWSA C5124 44.8 4.45E-01 7.98E-01 2.02E-01 7.14E+01
B1JWW§&B C5124 443 4.98E-01 7.97E-01 1.62E-01 6.90E+01

(a) Parentheses indicate reported value was less than the limit of quantification for the analysis.
(b) Shaded cells indicate grab samples.

Alkalinity, or bicarbonate/carbonate, was the dominant dissolved anionic constituent in all of the
241-BX Farm direct-push samples (Figure 4.12). The total anion charge attributed to alkalinity in the
241-BX Farm samples ranged from 24.9 to 215 meq/L. In all cases, the alkalinity was primarily balanced
by sodium, which had a total charge ranging from 24.7 to 214 meq/L. The presence of sodium as the
dominant exchangeable cation is an indicator of the presence of tank waste in the sediments, as discussed
above. The source appears to be a moderately concentrated sodium-bearing waste solution that has
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Figure 4.12. Pore Water-Corrected 1:1 Sediment:Water Extractable Alkalinity Data from 241-BX Farm
Direct-Push Samples
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displaced the natural divalent cations from the exchange sites in the sediments. The total vertical extent
of the ion exchange front is unknown due to the lack of sediment samples from deeper in the vadose zone.
As mentioned previously, the elevated alkalinity in these samples was correlated with elevated pH.

Overall, the calculated charge balance between cations and anions for all of the samples was quite
good; there was less than 10% difference between total dissolved cations and anions for all of the samples
analyzed except BIIWW6C coarse, which had a difference of 11.2%. Therefore, it appears that analysis
of the 1:1 sediment:water extracts for major cations via ICP-OES and anions via IC resulted in quantifi-
cation of all the major dissolved constituents in the samples. Note also that the anion content of the
solution is dominated by carbonate (in the form of the bicarbonate anion). This is different from many
other bore hole samples in which the pore-water solution compositions are dominated by the nitrate anion.

The pore water-corrected concentrations of mobile metals are presented in Table 4.22 in units of
pCi/L (for technetium-99) or pug/L (for all other constituents). Pore water-corrected technetium-99
activities ranging from 1,920 to 7,670 pCi/L were measured in several of the samples. In fact, at least one
sample retrieved from each push hole contained a measurable activity of technetium-99 in the pore water.
The peak pore water activity of technetium-99 (7,670 pCi/L) was measured in sample BIJWW7C, which
was collected from approximately 63 ft bgs in push hole C5132. However, given that the peak pore water
technetium-99 activity in the 241-BX-102 borehole was approximately 350,000 pCi/L at 160 ft bgs
(Serne et al. 2002e), it is appropriate to assume that the majority of the technetium-99 contamination
present in this area resides much deeper in the vadose zone.

Elevated pore water-corrected uranium-238 was observed in all of the 241-BX direct-push samples.
Pore water concentrations of uranium-238 ranged from 297 pg/L in the fine-grained material from liner
B1JWW6C to 153,000 pg/L in sample BIJWW7B. Except for the fine-grained material from liner
B1JWW6C, the two samples analyzed from probe hole C5124 were the only ones that contained less than

Table 4.22. Calculated Pore Water Mobile Metal Concentrations of Key Contaminants of Concern in the
241-BX Tank Farm Direct-Push Core and Grab Samples®>®

Probe Hole | Mid-Depth *Te By BCr Mo

Sample ID 1D (ft bgs) (pCi/L) (pg/L) (pg/L) (pg/L)
B1JWW6A C5134 78.0 (4.01E+03) 8.93E+04 1.92E+02 7.92E+02
B1JWW6B C5134 77.5 (2.37E+03) 1.12E+05 9.95E+01 6.66E+02
B1JWW&6C fine C5134 77.0 1.92E+03 2.97E+02 6.12E+02 7.59E+02
BI1JWWG6C coarse C5134 77.0 (3.66E+03) 4.63E+04 2.07E+02 7.32E+02
B1JWW7 C5132 64.8 (4.10E+03) 1.38E+05 1.86E+01 8.66E+02
BIJWW7A C5132 64.3 (3.23E+03) 1.39E+05 1.95E+01 6.95E+02
B1JWW7A DUP C5132 64.3 (3.22E+03) 1.31E+05 (7.81E+01) 6.92E+02
B1JWW7B C5132 63.8 6.67E+03 1.53E+05 1.30E+01 4.69E+02
B1JWW7C C5132 63.3 7.67E+03 7.20E+04 8.52E+00 9.67E+02
BIJWWS8A C5124 44.8 4.36E+03 6.36E+02 3.12E+02 1.68E+02
B1JWWSB C5124 443 4.80E+03 4.03E+02 2.13E+02 2.03E+02
(a) Bold values denote elevated concentrations.
(b) Parentheses indicate reported value was less than the limit of quantification for the analysis.
(c) Shaded cells indicate grab samples.
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10,000 pg/L uranium-238; sample BIJWWS8A contained 636 pg/L uranium-238, and sample BIJWW§B
contained 403 pg/L uranium-238. Coincidentally, these samples, which were collected at approximately
45 ft bgs, were the shallowest sediments collected as part of the 241-BX Farm direct-push campaign.
Thus the lower pore water-calculated uranium-238 concentrations in these samples are likely a result of
their location in the vadose zone (i.e., uranium is considered to be relatively mobile and has likely pene-
trated deeper into the vadose zone at this location). In support of this hypothesis, Serne et al. (2002¢)
observed a peak pore water uranium-238 concentration in excess of 500,000 pg/L approximately 133 ft
bgs in the 241-BX-102 borehole (299-E33-45). Although the pore water-corrected uranium-238 concen-
trations significantly exceeded the maximum contamination limit of 30 ug/L, these values represent pore
water concentrations and would be diluted significantly should the solutions make it to the water table.

424 8 M Nitric Acid-Extractable Amounts of Selected Elements in the 241-BX
Tank Farm Direct-Push Sediments

The same cores and grab samples that were characterized for water-leachable constituents were also
characterized to determine the concentrations of constituents that could be extracted with hot 8 M nitric
acid. A comparison of acid extractable with water extractable quantities is an indication of the relative
mobility of a constituent and can aid in differentiating anthropogenic from naturally occurring constitu-
ents. The acid-extractable concentrations are shown in Tables 4.23 through 4.25. For most of the con-
stituents, there were no significantly elevated acid-extractable concentrations from the 241-BX Tank
Farm direct-push sediments except for uranium-238 and possibly sodium. Acid-extractable uranium-238
was elevated in all of the samples except those from direct-push hole C5124. The elevated uranium-238
concentrations ranged from 44.3 pg/g in push hole C5132 to 555 pg/g in push hole C5134. Because
Hanford formation sediment contains only 3 to 5 pg/g natural uranium, it is obvious that the samples
contain contaminant uranium. As mentioned in subsection 4.2.2.2, the sediments from push holes C5132

Table 4.23. Acid-Extractable Cations in the 241-BX Tank Farm Direct-Push Core and Grab Samples

(ng/g dry sediment)®>®
Probe Hole| Mid-Depth | Calcium | Potassium | Magnesium | Sodium | Strontium
Sample ID ID (ft bgs) (ng/g) (ng/g) (ng/g) (ng/g) (ng/g)
BIJWW6A C5134 78.0 9.92E+03 1.18E+03 5.40E+03 | 4.86E+02 | 3.51E+01
B1JWW6B C5134 77.5 9.06E+03 1.17E+03 5.29E+03 | 4.60E+02 | 3.46E+01
B1JWWG6C fine C5134 77.0 1.18E+04 | 2.12E+03 6.30E+03 | 4.08E+02 | 4.51E+01
B1JWWG6C coarse C5134 77.0 8.92E+03 1.12E+03 5.48E+03 [ 3.32E+02 | 2.97E+01
B1IWW7 C5132 64.8 8.49E+03 | 1.14E+03 4.81E+03 | 8.04E+02 | 3.28E+01
BIIWW7A C5132 64.3 8.51E+03 1.10E+03 4.86E+03 | 8.85E+02 | 3.21E+01
B1JWW7A DUP C5132 64.3 7.64E+03 | 8.98E+02 4.74E+03 | 6.33E+02 | 2.65E+01
B1JWW7B C5132 63.8 9.69E+03 1.60E+03 5.43E+03 | 1.09E+03 | 3.95E+01
B1JWW7C C5132 63.3 9.87E+03 1.73E+03 5.67E+03 | 1.26E+03 | 3.84E+01
BIJWWS8A C5124 44.8 9.07E+03 1.20E+03 4.66E+03 | 7.68E+02 | 3.36E+01
B1JWWSB C5124 443 7.49E+03 1.06E+03 427E+03 | 6.64E+02 | 3.20E+01

(a) Bold values denote concentrations elevated above background.

(b) Shaded cells indicate grab samples.

(c) Sodium values are qualitative; results have been corrected for sodium contamination measured in preparation
blanks.
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Table 4.24. Acid-Leachable Cations in the 241-BX Farm Core and Grab Samples (ug/g dry sediment)®

Probe Hole | Mid-Depth | Aluminum Iron Phosphorus | Chromium

Sample ID ID (ft bgs) (ng/g) (ng/g) (ng/g) (ng/g)
BIJWW6A C5134 78.0 7.61E+03 1.70E+04 5.43E+02 2.12E+01
B1JWW6B C5134 71.5 7.69E+03 1.85E+04 7.39E+02 1.91E+01
B1JWW6C fine C5134 77.0 1.05E+04 1.87E+04 1.10E+03 3.80E+01
B1JWW6C coarse C5134 77.0 7.17E+03 1.75E+04 7.08E+02 2.90E+01
B1JWW7 C5132 64.8 7.20E+03 1.72E+04 5.47E+02 1.17E+01
BIJWW7A C5132 64.3 7.21E+03 1.79E+04 6.39E+02 2.26E+01
B1JWW7A DUP C5132 64.3 5.83E+03 1.60E+04 6.48E+02 1.63E+01
B1JWW7B C5132 63.8 9.07E+03 1.75E+04 5.75E+02 1.98E+01
B1IJWW7C C5132 63.3 9.78E+03 1.84E+04 5.58E+02 2.53E+01
BIJWWS8A C5124 44.8 7.58E+03 1.69E+04 5.72E+02 1.54E+01
B1JWWS&B C5124 443 6.69E+03 1.64E+04 5.60E+02 1.25E+01
(a) Shaded cells indicate grab samples.

Table 4.25. Acid-Leachable Mobile Metals in the 241-BX Farm Core and Grab Samples®>*?

Probe | Mid-Depth P Te By Mo "'Ru 12Ru
Sample ID Hole ID |  (ft bgs) (pCi/g) (ng/g) (ng/g) (ng/g) (ng/g)
BIJWW6A C5134 78.0 (5.89E+00) | 5.55E+02 | 4.93E-01 | (1.69E-03) | (7.60E-03)
B1JWW6B C5134 71.5 (5.28E+00) | 1.26E+02 | 4.83E-01 | (3.58E-03) | (6.43E-03)
B1JWW6C fine C5134 77.0 (4.68E+00) | 2.75E+02 | 1.06E+00 | 6.48E-02 | 3.48E-02
B1JWWG6C coarse | C5134 77.0 (5.50E+00) | 5.87E+01 6.79E-01 | (7.89E-03) | (7.40E-03)
B1JWW7 C5132 64.8 (4.38E+00) | 2.06E+02 | 3.51E-01 | <2.58E-02 | (6.16E-03)
BIJWW7A C5132 64.3 (2.45E+00) | 1.31E+02 | 4.59E-01 | <2.40E-02 | (3.37E-03)
BIJWW7A DUP | C5132 64.3 (9.83E+00) | 1.88E+02 | (3.51E-01) | <I.16E+01 | (1.32E-02)
BIJWW7B C5132 63.8 (4.87E+00) | 2.03E+02 | 3.36E-01 | (2.01E-03) | (7.41E-03)
BLJWW7C C5132 63.3 (1.64E+01) | 4.43E+01 7.38E-01 | <2.84E-02 | (5.34E-03)
BIJWWSA C5124 44.8 (1.36E+01) | 1.81E-01 2.69E-01 | (5.22E-03) | (9.07E-03)
B1JWWSB C5124 443 (7.24E+00) | 1.35E-01 2.20E-01 | (7.47E-04) | (4.11E-03)

(a) Bold values denote concentrations elevated above background.
(b) Parentheses indicate reported value is less than the limit of quantification for the analysis.

(c) Less than symbol indicates the instrument returned a negative value.

(d) Shaded cells indicate grab samples.

and C5134 contained elevated concentrations of water-extractable uranium-238. Some samples contained
more than three orders of magnitude more acid-leachable than water-extractable uranium-238 (see
Figure 4.13 for acid-leachable uranium-238 concentrations in the BX direct-push sediments).
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Figure 4.13. Acid-Extractable Uranium-238 Data from the 241-BX Farm Direct-Push Samples

The average acid-leachable sodium content determined in all background borehole (C3391) samples
analyzed by Lindenmeier et al. (2003) was 340 pg/g. Comparatively, several of the 241-BX Farm direct-
push samples contained in excess of 600 pg/g acid-leachable sodium; therefore, there are indications that
a signature associated with tank waste contaminant sodium can be discerned in the acid-leach samples.
However, the sodium data reported in Table 4.23 are considered qualitative because they were generated
via blank subtraction. The preparation blanks prepared at the time of sediment extraction contained ele-
vated sodium concentrations due to leaching of sodium from the beakers used to process the samples.
This background sodium was subtracted from the sample data, and the results were reported as qualitative
rather than quantitative. Although the sodium data in Table 4.23 are considered qualitative, a sufficient
concentration difference exists between the C3391 sodium data and the 241-BX direct-push data to ascer-
tain that the 241-BX Farm direct-push acid-leach samples contain elevated concentrations of sodium.

Comparison of the water to acid-extractable quantities of each constituent was performed by taking
the data in Tables 4.17 through 4.19 and dividing them by the data in Tables 4.23 through 4.25. The data
are not presented in this report, but they show that less than 0.1% of the acid-extractable quantities of the
following elements were water leachable: aluminum, barium, iron, magnesium, manganese, and titanium.
Less than 1% of the acid-extractable quantities of the following elements were water leachable: calcium,
chromium, cobalt, nickel, phosphorous as phosphate, potassium, strontium, zinc, and zirconium. Less
than 5% of the acid-extractable copper and lead were water extractable. Less than 10% of the acid-
extractable molybdenum was water extractable. Last, less than 20% of the acid-extractable sodium and
uranium were water extractable. These results are evidence that some of the sediments collected as part
of the 241-BX Farm direct-push campaign contain sodium and uranium contamination resulting from
Hanford waste processes.
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4.2.5

Farm Direct-Push Holes

Radionuclide Content in Vadose Zone Sediment from the 241-BX Tank

Data from the GEA of the 241-BX direct-push samples are shown in Table 4.26. The direct measure-
ment of sediment samples for gamma-emitting radionuclides showed that the sediments contained natural
potassium-40, the activation product cobalt-60, and the fission product isotopes cesium-137, europium-154,
and europium-155. Two of the three sampling push holes emplaced within the 241-BX Tank Farm
contained anthropogenic gamma emitting radionuclides. Specifically, both sediment samples retrieved
from push hole C5124 contained quantifiable activities of cobalt-60, europium-154, and europium-155.
Conversely, the only 241-BX direct-push sample that contained a quantifiable activity of cesium-137 was
collected within push hole C5134. For comparison purposes, cobalt-60, cesium-137, europium-154, and
europium-155 were not detected by Serne et al. (2002¢) in the sediments analyzed from the BX-102
borehole (299-E33-45), which is farther north of BX direct-push holes.

Table 4.26. Gamma Emitting Radionuclides in the 241-BX Tank Farm Direct-Push Sediments®>*?

Probe | Mid-Depth K OCo B1cs L O S o 3y©

Sample ID Hole ID |  (ft bgs) (pCi/g) (pCi/g) (pCi/g) (pCi/g) (pCi/g) (pCi/g)
BI1JTWW6A C5134 78.0 2.00E+01 | <3.39E-01 | <4.13E-01 | <9.71E-01 | <3.31E+00 | 2.98E+02
B1JWW6B C5134 775 1.62E+01 | <1.76E-01 | <2.37E-01 | <5.35E-01 | <1.08E+00 | 6.62E+01
B1JWW6C fine C5134 77.0 242E+01 | <3.60E-01 | 8.11E-01 | <1.03E+00 | <2.07E+00 | 2.37E+02
B1JWW6C coarse | C5134 77.0 1.97E+01 | <3.94E-01 | <5.04E-01 | <9.91E-01 | <1.93E+00 | <7.66E+01
B1IWW7 C5132 64.8 1.59E+01 | <2.00E-01 | <2.81E-01 | <7.02E-01 | <1.96E+00 | <5.67E+01
BIIWW7A C5132 64.3 <474E+00 | <I.51E-01 | <I.87E-01 | <5.19E-01 | <1.06E+00 | <4.69E+01
B1IWW7B C5132 63.8 1.91E+01 | <2.49E-01 | <3.29E-01 | <7.89E-01 | <2.26E+00 | 1.48E+02
B1JWW7C C5132 63.3 <5.51E+00 | <1.76E-01 | <2.19E-01 | <5.08E-01 | <8.96E-01 | <3.75E+01
BI1JWWSA C5124 44.8 1.69E+01 1.37E+00 | <4.00E-01 | 3.73E+00 | 1.72E+00 | <8.95E+01
B1JWWSB C5124 443 1.97E+01 1.59E+00 | <4.26E-01 | 2.18E+00 | 1.27E+00 | <9.94E+01

(a) Shaded cells indicate grab samples.

(b) <indicates the analyte was not detected at the minimum detectable activity reported for the sample.
(c) Uranium-238 was measured as the daughter product *™Pa at 1001 kev.

(d) Bold values denote concentrations elevated above background.

4.2.6 Total Carbon, Calcium Carbonate, and Organic Carbon Content of Vadose
Zone Sediment from the 241-BX Tank Farm Direct-Push Holes

Data from the total carbon, inorganic carbon, and organic carbon (calculated by difference) contents
of the 241-BX Tank Farm direct-push sediments are shown in Table 4.27. Inorganic carbon was con-
verted to the equivalent calcium carbonate content. In general, the sediments were low in organic carbon
(<0.1% by weight) which is typical of Hanford sediments. Inorganic carbon, as CaCO;, was also present
at concentrations that are typical for Hanford formation sediments (1 to 3 wt% as CaCO;) and compare
well with other samples collected with the 241-BX Tank Farm (Serne et al. 2002¢).
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4.3 Tier Il Sample Investigations

4.3.1 Background

Tier I characterization data demonstrated that sediment samples from the direct-push BX Tank Farm
were contaminated by waste effluent. The evidence for contamination includes relatively high pH (8 to 9)
values and salinities as well as elevated sodium concentrations in the pore water solution determined from
1:1 water extractions. These same tests coupled with acid extract results also revealed relatively high
extractable uranium concentrations in sediments, which are reflected in high uranium desorption Ky
(>1 mL/g) values in several sediment samples. Because the apparent high desorption K4 values were
unexpected, and since the Tier I characterization tasks were not aimed at elucidating a detailed under-
standing of partitioning of uranium between soil and aqueous solution, we conducted additional tests in
an attempt to overcome this deficiency. The additional Tier II tests include segregating the various size
fractions of soil particles to better understand which size fractions sequester uranium. In many cases,
radionuclide elements, such as uranium, will be sequestered in soil particles of a specific size fraction and
correlated with the mineralogy of the size fraction (Whicker et al. 2007). In addition, several tests were
done on bulk specimens to characterize the mobility of uranium and narrow the list of possible phases that
might harbor uranium. Further tests attempted to pinpoint the site of uranium sequestration by performing a
micro-examination of select spots in the samples. These tests were carried out using the latest technology
such as time resolved laser induced fluorescence (TRLIF), which takes advantage of the fluorescence
spectra of uranyl [U(VI)] minerals. In addition, we performed a detailed assay for **Sr in the sediments
and the results revealed high concentrations of this isotope of strontium. Previous gross alpha- beta-
counting detected the presence of beta-emitting radionuclide elements, but were incapable of distinguish-
ing which isotope was present. Confirmation of the presence of strontium-90 and uranium in the sedi-
ments validates that tank wastes contaminated these samples. These methods and the resulting data are
described in Section 4.3.2.

Table 4.27. Carbon Content of the 241-BX Farm Vadose Zone Samples(a)

Total Inorganic | Inorganic Carbon | Organic

Probe Hole | Mid-Depth Carbon Carbon as CaCO; Carbon
Sample ID ID (ft bgs) (%) (%) (%) (%)
BIJWW6A C5134 78.0 0.27 0.23 1.96 0.03
B1JWW6B C5134 71.5 0.35 0.31 2.61 0.03
B1JWWG6C fine C5134 77.0 0.34 0.32 2.63 0.02
B1JWW6C coarse C5134 77.0 0.30 0.29 245 0.00
B1JWW7 C5132 64.8 0.23 0.21 1.79 0.02
BIJWW7A C5132 64.3 0.21 0.20 1.64 0.01
B1JWW7B C5132 63.8 0.25 0.25 2.04 0.00
BIJWW7C C5132 63.3 0.28 0.28 231 0.00
B1JWWSA C5124 44.8 0.23 0.21 1.76 0.02
B1JWWS§B C5124 443 0.22 0.17 1.40 0.05

(a) Shaded cells indicate grab samples.
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4.3.2 Results and Discussion
4.3.2.1 Particle-Size Distribution

Particle-size distribution data for two BX-direct-push sediments (B1IJWW6C fine and BIIWW6C
coarse) are shown in Table 4.28. As described in the previous Tier I characterization results (see
Section 4.2), the BIJWW6C fine sample is very fine sand- and clay/silt-dominated sediment with a
negligible amount of gravel size fraction (<0.4 wt% for particles larger than 2 mm). Notably, the three
finest size fractions (fine sand, very fine sand, and silt and clay) make up nearly 90% of the material in
the BIJWW6C fine sample. In contrast, coarse sand and very coarse sand size fractions dominate the
B1JWW6C coarse sediment. This distribution of particle sizes in sample BIJWWG6C coarse, mainly
sand-size with only a minor silt/clay fraction, is typical for the sand-dominated Hanford formation.

Table 4.28. Summary of Particle Size Distributions for Bulk BX Direct-Push Samples

B1JWW6C Fine B1JWW6C Coarse
Size Fractions (wWt%) (wWt%)
Gravel (>2.0 mm) 0.38 5.45
Very coarse sand (1.0 mm < size < 2.0 mm) 4.27 40.8
Coarse sand (0.5 mm < size < 1.0 mm) 5.23 29.9
Medium sand (0.25 mm < size < 0.5 mm) 0.90 6.24
Find sand (0.125 mm < size < 0.25 mm) 20.7 9.29
Very fine sand (0.0625 mm< size <0.125 mm) 36.1 4.61
Silt and clay (<0.0625 mm) 32.4 3.70

4.3.2.2 Total U(VI) Concentration by Microwave Digestion

Total uranium, most of which is in the oxidized U(VI) form in Hanford sediments, was determined by
the microwave-assisted digestion method. The uranium concentration of bulk sediment of sample
B1JWW6C fine was compared with the bulk and various size fractions of sample BIJIWW6C coarse. The
concentrations of uranium in the bulk samples (fine- and coarse-grained) are 390 and 108 pg/g, respec-
tively. These data indicate that there is a connection between sediment particle size and the amount of
uranium present in a sample. This supposition is bolstered by the results for uranium concentrations in
the various size fractions split off from bulk BIJWW6C coarse (Table 4.29). Values of total U(VI)

Table 4.29. Total U(VI) Concentration from Microwave Digestion

B1JWW6C Fine B1JWW6C Coarse
Size Fractions U(ng/g) U(ng/g)
Bulk 390 108
Gravel (> 2.0 mm) 61.3
Very coarse sand (1.0 mm < size < 2.0 mm) 56.9
Coarse sand (0.5 mm < size < 1.0 mm) 49.0
Medium sand (0.25 mm < size < (0.5 mm) 97.3
Find sand (0.125 mm < size < 0.25 mm) 178
Very fine sand (0.0625 mm< size <0.125 mm) 259
Silt and clay (<0.0625 mm) 352
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concentrations ranged from 49 to 352 pg/g depending on the size fraction. In general, total U(VI)
concentrations increased as the particle size fraction decreased. As Table 4.29 reveals, the highest U(VI)
concentration was found in the silt/clay size fraction in the BIJWWG6C coarse sediment, although it is not
clear from these data alone why this is the case. A detailed reckoning of minerals in each size fraction
might lend some important evidence, but this analysis has not yet been performed.

4.3.2.3 X-Ray Diffraction

The mineralogy of two bulk sediment samples (B1JWW6C fine and BIJWW6C coarse) were
characterized by XRD. The results indicate that the two sediments had a similar mineralogy. A typical
example of an XRD trace of the BIJWWG6C fine bulk sample is provided in Figure 4.14 along with the
mineral powder diffraction files for comparison. The top figure displays the XRD trace from ~2° to
34° 20 and the bottom figure exhibits the trace from ~33° to 65° 20. The sample was made up primarily
of quartz and feldspar, with minor amounts of hornblende and phyllosilicates (chlorite and muscovite).
The broad reflection present at 5.9° 20 is considered to be a combination of smectite clays and chlorite.

These mineral compositions are similar to those found in other Hanford formation sediments from the
200-W Area (Um et al. 2007).
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Figure 4.14. Typical XRD Pattern of BIJWW6C Fine Sediment. The top figure displays the XRD trace
from ~2° to 34° 20, and the bottom figure exhibits the trace from ~33° to 65° 26. The
analysis shows that the sediment is mainly composed of quartz and feldspar with minor
amounts of chlorite, muscovite, and amphibole.
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4.3.2.4 (Bi)carbonate Leaching for Labile U(VI)

The concentration of U(VI) leached from the BX direct-push sediments by sodium bicarbonate-
carbonate solution (pH ~9.1) reached a steady state after 6 to 7 days reaction. The lack of change in
concentration of U(VI) in the fine-grained sample was not significant after the first 7 days, as shown on
the left side of Figure 4.15. There was a relatively rapid increase of U(VI) released in the first 5 days for
B1JWW6C fine sediment over the BIJTWW6C coarse sample, indicating steady-state release occurred
earlier in the coarse sediment. A possible explanation is that the coarser-grained sediment contained
larger pore spaces, which would facilitate ingress of the bicarbonate-carbonate solution to sites that har-
bored uranium. In contrast, the fine-grained specimen contains much smaller pore sizes, so transport of
dissolved uranium from the sediment into bulk solution may be diffusion limited. Because calcium car-
bonate (solid) is present in both sediments (2.2 and 2.0 wt% as CaCOj; for fine and coarse, respectively),
U(VI) might also be present as a co-precipitate with calcite. However, we think that this is unlikely for
two reasons. First, the amount of U(VI) that can be sequestered by calcite is small (Reeder et al. 2000,
2001). Second, because the measured pH showed fairly constant values (Figure 4.15 right), especially for
fine sediment, significant calcite dissolution was not likely to have occurred during early reaction times.

400 9.5
350
) A [
© 300
g & A& % 7'y I . m
c
S 2501 & 2 4} g
g . o8 B
g 200 7 Carbonate Leaching e
§ 150 0 B1IJWWG6C Coarse (averaged) [ Carbonate Leaching
9\ A BLIJWWG6C Fine (average) r mB1IJWW6C Coarse 1
> 100 7 | OBLIWW6C Coarse 2
> poom T = g - ABLIWW6C Fine 1
501 I ABLIWWEC Fine 2
0 S S S A S T T I B o B S
0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35 40 45 50
Time (days) Time (days)

Figure 4.15. U(VI) Leached Concentration as a Function of Time (L) and Measured pH as a Function
of Reaction Time (R). Error bars on the U(VI) concentration (L) correspond to 1-c
uncertainties.

As stated, we also measured the concentration of calcium in the leachate solution. Release of calcium
can be attributed to several sources, including dissolution of calcium-bearing phases and ion-exchange
with Na* ions from the leachant solution. Ca”" release is monitored because if uranium release is pri-
marily due to dissolution of the uranyl silicate phase uranophane [Ca(UO,),(SiO;0H),(H,0)s], the release
of Ca®" will be proportional to that of U(VI). Several investigators have commented on the likelihood of
the presence of uranyl silicates in contaminated Hanford sediments (e.g., Liu et al. 2004), and uranophane
is the most common uranyl silicate phase in low-temperature aqueous environments (Burns 1999).
However, both sediments released approximately the same amount of Ca>" to solution at steady-state
times (1.9 mg/L) (data not shown). This is inconsistent with the idea that uranophane dissolution is the
primary phase releasing both Ca*" and U(VI) to solution because the fine-grained sediment shows a
release of uranium that is nearly four times that of the coarse-grained sample. Thus it is likely that other
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mechanisms for releasing Ca** to solution, such as dissolution of a Ca-bearing (not U-bearing) phase or
ion exchange, overwhelms the Ca®" signal of a potential uranophane dissolution process.

Labile U(VI) leaching results after 21 days reaction for the two BX Tank Farm sediments tested
showed average concentrations of 72.1 and 292 ng U/g for samples BIJWW6C coarse and BIJWW6C
fine, respectively (Figure 4.15 left). Based on these labile U(VI) concentrations from carbonate leaching
and U(VI) concentrations in pore water calculated from the previous Tier I 1:1 water extracts (297 and
4.63 x 10" ug/L for BIIWW6C fine and BITWWG6C coarse sediments, respectively), calculated U(VI)
desorption Kgs are 983 and 1.56 mL/g for the BIJWWG6C fine and BIJWWG6C coarse sediment, respec-
tively. These apparent K4 values are numerically similar to those measured based on acid extraction and
pore water U(VI) concentrations (927 and 1.27 mL/g for BIJWW6C fine and BIJWW6C coarse sedi-
ment, respectively) in the previous Tier I analyses. The correlation between sediment particle size and
leachable uranium concentrations could be explained by several factors. One possibility is that finer-
grained particles are inherently more reactive toward uranium than larger particles. This greater reactivity
manifests itself in greater uptake of sorbed uranium onto mineral grains or in faster precipitation kinetics
of U-bearing phases mediated by higher surface areas of smaller particles. Thus, the reactivity could be
attributed to intrinsic factors such as greater reactive surface area or extrinsic factors such as a different
set of minerals that are segregated into the finer-grained fraction of the sediment. Another possibility is
that sorption of uranium to sediment particles is time-dependent. As we have previously reported, aque-
ous solutions tend to accumulate in finer-grained sediments due to differences in water tension between
coarse- and fine-grained sediments. Thus, the residence time of aqueous solution containing dissolved
uranium is longer in fine-grained sediments and may result in more uranium sorption into these materials.
For now, there are insufficient data to distinguish between the possibilities, but all are testable hypotheses
that could be pursued in the future. Another feature is that the amount of uranium extracted by the bicar-
bonate-carbonate leachate (72 and 292 pg/g uranium for coarse- and fine-grained samples, respectively)
is roughly the same concentration as that from the microwave-assisted digestion (108 and 390 ng/g U,
respectively). This could be interpreted as 67 and 75% of the uranium from the coarse- and fine-grained
specimens, respectively, are in a labile form.

4.3.2.5 Isotope Exchange for Quantifying Labile U(VI)

The amount of labile U(VI) was also estimated by the fractional distribution of **U(VI) between the
solid and aqueous phases and total dissolved U(VI) concentration within the measured time frame after
obtaining isotopic equilibrium. Figure 4.16 shows the activity of **U(VI) tracer, dissolved total U(VI)
concentration, and calculated labile U(VI) concentration for the two BX direct-push sediment samples.
The sediments were initially pre-equilibrated with synthetic groundwater for 1 day before spiking with the
#3U(VI) tracer. Although a relatively short time for pre-equilibrium (1 day) was allowed, the two sedi-
ments showed that a mostly stable dissolved-U(VI) concentration was acquired before the addition of
3U(VI). The coarse sediment sample especially showed almost constant dissolved U(VI) and calculated
labile U(VI) concentrations, even after 5 days reaction. This rapidly attained equilibrium was similar to
the carbonate leaching result for the coarse sediment. Relatively rapid attainment of equilibrium in the
coarse sediment resulted from fast exchange of “*U(VI) with adsorbed U(VI) on larger mineral surfaces
because the coarse grains have few diffusion barriers to U(VI) exchange on mineral surfaces, suggesting
that adsorbed U(VI) phases predominate in the BIJWW6C coarse sediment. However, the dissolved
U(VI) concentration of the BIJWW6C fine sediment increased at a relatively fast rate during early reac-
tion time (up to seven days), then slowly increased to reach equilibrium. In addition, because of the
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Figure 4.16. Dissolved U(VI) Concentration and Calculated Labile U(VI) Concentration (L) and **U
Activity in Solution as a Function of Reaction Time (R)

slowly decreasing **U(VI) activity, the calculated labile U(VI) concentration in the fine sediment showed
a slow, continuous increase after a relatively fast increase up to 14 days. A continuously increasing cal-
culated labile U(VI) concentration and relatively slowly attained isotopic equilibrium in BIJWW6C fine
sediment compared to the BIJTWW6C coarse sample indicates diffusion-controlled U(VI) desorption/
dissolution is likely occurring. An increase in uranium concentration during the experiment may be due
to continuous but slow dissolution of U(VI)-bearing precipitates (or coprecipitates). Though fractional
volumes are small, coprecipitated U(VI) phases (uranyl silicates) may be present in addition to an
adsorbed U(VI) phase in BIJWW6C, and slow release of uranium from these reservoirs may affect the
results of the test.

The concentrations of labile uranium calculated by Eq. (3.1) are 55.1 and 247 pg/g U in the coarse-
and fine-grained specimens, respectively. These U(VI) concentrations are 51 and 63% of total U(VI)
concentrations (108 and 390 pg/g for coarse and fine sediment, respectively) obtained by microwave
digestion (Table 4.29). Compared to the concentrations of labile uranium determined by the bicarbonate-
carbonate extract, the values are quite close. The concentrations of labile uranium determined by isotope
exchange are 75 and 85% of that determined by the bicarbonate-carbonate leaching method for the
coarse- and fine-grained specimens. These values indicate that the bicarbonate-carbonate extract method
yields a relatively good estimate of the labile uranium in sediments. This conclusion supports the find-
ings of Kohler et al. (2004), who reported that isotope exchange and bicarbonate-carbonate extraction
methods yielded similar results for labile uranium.

Based on the results of 21 days of isotope exchange experiments, U(VI) desorption K, values were
calculated and compared with those calculated using other methods. These include the U(VI) concentra-
tions obtained by the bicarbonate-carbonate extraction, the strong acid extraction, and the microwave-
assisted digestion described above. Labile U(VI) concentrations determined from isotope exchange are
247 and 55.1 pg/g for BIJWWG6C fine and BIJWW6C coarse samples, respectively. These values trans-
late to U(VI) desorption Kgs of 832 and 1.19 mL/g for BIJWWG6C fine and BIJWWG6C coarse samples,
respectively. These K, values are lower than those previously computed from bicarbonate-carbonate
leaching (983 and 1.56 mL/g) and strong acid extraction (927 and 1.27 mL/g). However, given the large
differences in methods and assumptions, the desorption K, values determined by the three techniques are
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remarkably similar. Further, the K4 values computed from the three methods are likely to reside within
the uncertainty of measurement. Though we did not attempt to perform a rigorous quantification of the
uncertainty, if a reasonable error of 10% were assigned to the K4 values, they are statistically identical.
The results do, however, indicate a difference in the K4 values of the fine- and coarse-grained sediments
that cannot be attributed to statistical fluctuations. Thus, concentrations of uranium released from the
fine-grained sediment are lower and possibly kinetically slower than the coarse-grained specimen.

4.3.2.6 Spectroscopic XRF and XANES Analyses

Even though the macroscopic studies of bulk sediment and size fractions described above provided an
estimate of the adsorbed U(VI) concentration, more specific quantitative information is required to under-
stand U(V]) speciation and binding mechanisms on individual sediment grains. The XRF maps of the
fine and coarse sediments are shown in Figures 4.17 through 4.24. Each false color map shows the distri-
bution of Ca, Cr, Cu, Fe, Mn, Pb, Sr, Ti, U, and Zn on a 400 x 400 um area in the sediment particles.
Each pixel measures 10 x 15 um, and the color intensity indicates the qualitative concentration gradient
of the metal; blue indicates the lowest relative concentration and white the highest relative concentration.

Interpretation of Figures 4.17 through 4.24 should be tempered with the following caveats. First,
although the X-ray peaks are well-resolved and present no problems with overlap, the high “noise”
exhibited by the background made a quantitative background subtraction difficult. Thus, it is possible
that some of the X-rays picked up by the detector represent background counts, and may not be, therefore,
indicative of the presence of certain elements. Therefore, we made every effort to not over-interpret the
results shown below until we have a chance to resolve the problem of background correction. Further,
note that the “spot” size of the beam that rasters across the specimen is relatively large, such that the
excited volume of the beam may enclose several phases simultaneously. Therefore, it is likely that the
areas displaying multiple elements may originate from multiple sources. Thus, the association of several
metals in the same area does not necessarily indicate that the metals are in the same solid phase.

Figures 4.17 and 4.18 show the elemental distribution of metals in the monolayer preparation of the
fine sediment fraction (B1JWW6C fine) at two spots in the sample. Figure 4.17 shows large areas con-
tain Ca, Fe, Mn, Pb, Sr and U, while a smaller area is noted for Cr, Cu, Ti, and Zn. Because of the wide
distribution of U in the sample, there is correlation with all of the metals. However, spatial considerations
indicate that U correlates mostly with Ca-, Pb-, and Sr-containing phases. Some U correlations were
observed for metals with limited distribution, such as Cu, Mn, and Ti. Figure 4.18 shows Ca and Zn are
widely distributed in the sample, while Cr, Cu, Fe, Mn, Pb, Sr, Ti, and U are distributed more narrowly.
Uranium is present as discrete spots associated with Ca-, Cr-, Fe-, Mn-, and Pb-containing phases. Fig-
ure 4.18 illustrates that there is little correlation between U and other metals (Cu, Sr, Ti, and Zn). Micro-
XANES analysis of U was done at the pixel in each sample that showed the highest concentration of U
(white). Comparison of the XANES analysis of U in the sediment with known U standards showed it to
be present as the hexavalent form U(VI) in both BX Tank Farm direct-push sediments (Figure 4.25).

Figures 4.19 and 4.20 show the elemental distribution of metals in the thick (1/16-inch) preparation of
the fine sediment fraction at two locations in the sample. Figure 4.19 shows that strontium exhibits the
greatest coverage in the sediment, while the other metals are present in discrete areas unevenly distributed
throughout. The uranium was associated to the greatest relative extent with areas containing Ca, Cr, Fe,
Mn, Pb, and Zn, although at these locations they did not show the highest element concentration.
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Figure 4.17. Elemental Map (400 x 400 um) Showing Spatial Association of Ca, Cr, Cu, Fe, Mn, Pb, Sr, Ti, U, and Zn in BIJWW6C Fine
Sediment (Spot 1) Prepared as a Monolayer Sample. The U appears to be associated predominantly with the Ca-, Pb-, and
Sr-containing phases. Resolution is 10 pm.
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Figure 4.18. Elemental Map (400 x 400 um) Showing Spatial Association of Ca, Cr, Cu, Fe, Mn, Pb, Sr, Ti, U, and Zn in BIJWW6C Fine
Sediment (Spot 2) Prepared as a Monolayer Sample. The U is associated predominantly with the Ca-, Cr-, Fe-, Mn-, and
Pb-containing phases. Resolution is 10 pum.
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Figure 4.19. Elemental Map (400 x 400 um) Showing Spatial Association of Ca, Cr, Cu, Fe, Mn, Pb, Sr, Ti, U, and Zn in BIJWW6C Fine
Sediment (Spot 1) Prepared as a 1/16-in.-Thick Sample. The U is associated predominantly with the Ca-containing phase.
Resolution is 10 pum.
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Figure 4.20. Elemental Map (400 x 400 um) Showing Spatial Association of Ca, Cr, Cu, Fe, Mn, Pb, Sr, Ti, U, and Zn in BIJWW6C Fine
Sediment (Spot 2) Prepared as a 1/16-in.-Thick Sample. The U is associated predominantly with the Ca-, Cu-, Mn-, and
Zn-containing phases. Resolution is 10 um.
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Figure 4.21. Elemental Map (200 x 200 um) Showing Spatial Association of Ca, Cr, Cu, Fe, Mn, Pb, Sr, Ti, U, and Zn in BIJWW6C Coarse
Sediment (Spot 1) Prepared as a Monolayer Sample. The U is associated predominantly with the Ca-containing phase. Resolution

is 10 pm.



1487

U /n

Figure 4.22. Elemental Map (400 x 400 um) Showing Spatial Association of Ca, Cr, Cu, Fe, Mn, Pb, Sr, Ti, U, and Zn in BIJWW6C Coarse
Sediment (Spot 2) Prepared as a Monolayer Sample. The U is associated predominantly with the Ca-, Fe-, Mn-, Pb-, and
Zn-containing phases. Resolution is 10 um.
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Figure 4.23. Elemental Map (400 x 400 um) Showing Spatial Association of Ca, Cr, Cu, Fe, Mn, Pb, Sr, Ti, U, and Zn in BIJWW6C Coarse
Sediment (Spot 1) Prepared as a 1/16-in.-Thick Sample. The U is associated predominantly with the Pb- and Sr-containing phases.
Resolution is 10 pum.
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Figure 4.24. Elemental Map (400 x 400 um) Showing Spatial Association of Ca, Cr, Cu, Fe, Mn, Pb, Sr, Ti, U, and Zn in BIJWW6C Coarse
Sediment (Spot 2) Prepared as a 1/16-in.-Thick Sample. The U is associated predominantly with the Ca-, Cr-, Cu-, and
Zn-containing phases. Resolution is 10 um.
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Figure 4.25. Normalized XANES Spectra at t Ly, Edge for Fine and Coarse Fractions of BIJWW6C
Sediments. The absorption edges for the fine sediment fractions and Spot 1 of the coarse
sediment indicate U is in the hexavalent form, while Spot 2 of the coarse sediment
indicates a possible mixed oxidation state for U. Spot size is 10 X 15 um.

Figure 4.20 indicates large regions containing Ca and Zn, while the other elements were scattered
throughout the studied area. Uranium showed two areas of relatively high concentration and association
with Ca-, Cu-, Mn-, and Zn-containing phases in the sample shown in Figure 4.20. There is little corre-
lation between U and Cr, Fe, Pb, Sr, or Ti in the sample. Analysis of metals in these thick samples may
be complicated by their presence in other particles in the sample due to the penetration depth of the high-
energy beam (17.4 keV). Micro-XANES analysis was not successful at obtaining definitive oxidation
state information on the thick samples because of weak instrument output signals. However, bulk
XANES analysis for the fine sediment fraction showed that the uranium absorption edge was at
17171 eV, confirming that uranium was present in the hexavalent form (Figure 4.25).

Figures 4.21 and 4.22 show the spatial association of U with metals in the monolayer preparation of
the coarse sediment fraction (B1IJWWG6C coarse). The sample area in Figure 4.21 is 200 x 200 um and
shows the metals present in large discrete areas of the sediment. It is evident that U is associated pre-
dominantly with the Ca-containing phase. Association of the metals Cr, Fe, Mn, Ti, and Zn with each
other was also observed. Figure 4.22 exhibits relatively large areas for Ca-, Fe-, Mn-, Pb-, U-, and
Zn-containing phases; a smaller distribution was observed for Cr-, Cu-, Sr-, and Ti-containing phases.
The shape of the U-containing area correlated well with the spatial distribution of Ca, Fe, Mn, Pb, and Zn.
Association of U with Cr and Cu was indicated as well, but there was no association of U with Sr. Micro-
XANES analysis of U in the coarse sediment showed its presence in the hexavalent form in Spot 1, while
in Spot 2 the absorption edge is shifted to lower energy by 1 eV, indicating that it may be present as a
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mixed oxidation state. However, the 1-eV resolution of the energy as well as the shape of the spectrum
still suggest that the predominant oxidation state is U(VI) (Figure 4.25).

Figures 4.23 and 4.24 show the spatial association of U with metals in the 1/16-in. preparation of the
coarse sediment fraction at two locations. The Ca-, Cu-, Pb-, Sr-, and U-containing phases are widely
distributed throughout the sediment sample, as shown in Figure 4.23. Smaller areas are noted for Cr, Fe,
Mn, Ti, and Zn. Uranium is correlated predominantly with Pb- and Sr-containing phases in this sample
section. Minimal or no association of other metals with U was observed on the grains probed in
Figure 4.23. Figure 4.24 shows Ca-, Cr-, Cu-, Fe-, Mn-, U-, and Zn-containing phases were widely
distributed in this sample, while Pb, Sr, and Ti were found in a few discrete areas. Uranium was asso-
ciated predominantly with Ca-, Cr-, Cu-, and Zn-containing phases, while minor association with Fe, Mn,
Pb, and Sr was noted. The oxidation state for U using pXANES could not be obtained due to the weak
signals. However, bulk XANES analysis for the coarse sediment fraction showed that the U absorption
edge was at 17171 eV, which confirmed U was present as the hexavalent form (Figure 4.26).
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Figure 4.26. Normalized XANES Spectra at the U L;; Edge for Bulk BIJWW6C Fine and Coarse

Sediments. The absorption edges for both indicate the average oxidation state for uranium
is the hexavalent [U(VI)] form. The spot size is 1 x 15 mm.

Association of U with various elements in the sediment based on duplicate synchrotron p-XRF
analysis is shown in Table 4.30. The predominant association of U in the sample is with the Ca- or
Sr-containing phases. Association with other metals is predominantly sample-specific, with Fe and Mn
the most frequently observed associations. Micro-XANES analysis confirms that the uranium is present
as the hexavalent form in all the BX Tank Farm samples investigated. Analysis of the bulk XANES data
also showed that the U is present as the hexavalent form in both the fine and coarse sediment fractions.
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Table 4.30. Summary of Apparent Association of U with Selected Metals in BX Tank Farm Sediments

Sample Major Association Minor Association
Fine (spot 1) monolayer Ca, Pb, Sr Cr, Cu, Fe, Mn, Ti
Fine (spot 2) monolayer Ca, Cr, Fe, Mn, Pb Cu, Sr, Ti, Zn
Fine (spot 1) thick Ca Cr, Fe, Mn, Pb, Zn
Fine (spot 2) thick Ca, Cu, Mn, Zn Cr, Fe, Pb, Sr, Ti
Coarse (spot 1) monolayer Ca -—-
Coarse (spot 2) monolayer Ca, Fe, Mn, Pb, Zn Cr, Cu
Coarse (spot 1) thick Pb, Sr ---
Coarse (spot 2) thick Ca, Cr, Cu, Zn Fe, Mn, Pb, Sr

The greater signal intensity of the U in the fine sediment fraction compared to the coarse sediment in both
the u1—XANES and bulk XANES data suggests the U is associated predominantly with the fine fraction
particles, as was found in microwave digestion of different size fractions. No data for Na or Si could be
obtained due to energy limitations of the beam during the analysis. Performing p-XRD on the individual
U-rich grains is strongly recommended to confirm the mineralogical association of U.

4.3.2.7 Time-Resolved Laser-Induced Fluorescence Spectroscopy

At liquid helium temperature, all three sediment samples (B1JWWG6C fine, BIJWW6C coarse, and
B1JWW6A) displayed the strong fluorescence spectra (Figure 4.27) characteristic of uranyl compounds,
with a set of almost evenly spaced vibronic bands ranging from 480 to 600 nm (Wang et al. 2005a). The
spectra collected at steady-state conditions at 0 second delay with a gate width of 10 ms showed a broader
pattern, especially for BIJWWG6C fine and coarse sediments, than time-delayed spectra (1.2-ms delayed
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Figure 4.27. Fluorescence Spectra of Sediment Samples and Standard Uranium Natural Minerals at
6 = 1K; Ax =415 nm. Both steady-state (0 delay time at gate width of 10 pus) and time-
delayed (1.2 ms) spectra are plotted for 3 samples. All spectra are normalized to the same
maximum intensity and offset along the vertical axis.
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spectra in Figure 4.27). The spectra varied somewhat among the three samples at different locations with-
in the sample cuvette, indicating that the sediment solids are not homogeneous. However, the major spec-
tral features are consistent in all 3 samples, with band positions at 504, 526, and 550 nm, respectively.
Variability was also found in fluorescence spectra of BIJWW6C fine sediment recorded at different delay
times after the laser pulse, again indicating that more than one uranyl species was present (Figure 4.28).
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Figure 4.28. Time-Resolved Fluorescence Spectra of BIJWW6C Fine Sediment Sample at 6 + 1K and
Aex =415 nm

Qualitatively, the spectra obtained with the 1.2-ms delay showed sharper features than those taken
without a delay. The sharper spectra are therefore more useful in identifying the uranyl species that gave
rise to the spectra. To identify the uranyl species present in these samples, the spectra were compared
with fluorescence spectra of natural uranyl minerals received from the Smithsonian Institution or the
American Museum of Natural History and recorded under the same experimental conditions. Within the
error of the measurements, the dominant species in the coarse- and fine-grained sediment samples are
consistent with uranophane [Ca(UQO,),SiO3;(OH),5(H,0)] and boltwoodite [NaUO,(SiO;0H)1.5H,0].
However, because of close correlation between U(VI) and Ca in previous pu-XRF results, the uranyl
species are considered more closely associated with uranophane. Due to significant differences in TRLIF
spectra between sediments and U-bearing calcium carbonate minerals (calcite and aragonite), U(VI) was
not considered to be harbored by calcium carbonate minerals. This result is also consistent with a previ-
ous finding in which the major uranium species from beneath Tank BX-102 at a depth of 61 to 67 ft was a
uranophane-type secondary uranyl mineral (Wang et al. 2005a). In contrast, the spectra for BIJWW6A
appear to be more consistent with those of uranyl phosphate. Hydrous forms of sodium uranyl phosphate,
such as meta-autunite and autunite [Ca(UQO,),(PO4)2(H>0)1¢.12], are common in both naturally weathered
uranium deposits and in contaminated sediments (Finch and Murakami 1999). Given the very small K,
value of autunite (Langmuir 1997) and the relatively high phosphate concentration in the BX-102 direct-
push sediment water extracts, it should be no surprise if further tests confirmed the presence of this
mineral at Hanford.
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4.3.2.8 Strontium-90

Results of the strontium analyses (strontium-90) are tabulated in Table 4.31. The data include
strontium-85 added as a procedure recovery tracer in the eluent solution and the uncertainty (both in
pCi/mL; columns 2 and 3, respectively), the fraction of strontium-85 recovered (column 4), the *’Sr in the
eluent and the uncertainty (in pCi/mL; column 5 and 6), and the concentration of strontium-90 normalized
to the mass of the sediment sample and the error (pCi/g; columns 7 and 8, shaded). Analysis of the acidic
eluent solution shows that strontium-90 is present in every BX direct-push sediment sample collected,
except for samples BIM564A, BIM564B, and BIM564C, in which strontium-90 is below the detection
level. The strontium-90 values appear to be robust, because tracer recovery is above 90% for all samples.
(Small corrections to the *Sr data were made to account for the amount of *Sr not recovered and the
minimal ingrowth of yttrium-90 that occurred post column separation and prior to sample analysis.) A
duplicate analysis of sample BILTY5B yielded the same strontium-90 concentration within analytical
uncertainty. Blank and matrix spikes showed the analytical procedure could account for 100 and 98% of
the strontium, respectively. Analyses of blank samples yielded counts at the analytical detection limit.

In general, the concentrations of strontium-90 recovered from the sediment samples are in the
nanocurie per gram range. These concentrations are indicative of contamination by waste fluids. Another
feature of note is that the second highest concentration of strontium-90 is in a sample identified as part of
a fine-grained lens. This observation is consistent with others that indicate greater contaminant
concentrations in finer-grained materials, but it is difficult to generalize on this further on the basis of the
small number of samples analyzed.

Table 4.31. Concentrations of Strontium-85 (tracer) and Strontium-90 (contaminant) in Hanford Soils.
Soil mass-corrected strontium-90 concentrations and associated analytical uncertainties are
shown in shaded columns®*®. Recovery of a high (>0.90) fraction of strontium-85 (fourth
column) indicates successful separation and recovery of strontium-90 from the sediments.

8Sr Tracer | %Sr Error | %Sr Tracer gy *Sr Error g™ *'Sr Error
Sample ID (pCi/mL) | (pCi/mL) | Recovery (pCi/mL) (pCi/mL) (pCi/g) (pCi/g)

BILTY5C 1.99E+03 3.26E+01 0.93 5.07E+02 2.06E+01 2.81E+03 1.14E+02
BILTY5B 1.92E+03 3.22E+01 0.94 1.69E+02 1.58E+01 1.01E+03 9.44E+01
B1LTY5B Duplicate 1.97E+03 3.25E+01 0.93 1.49E+02 1.54E+01 8.54E+02 8.80E+01
BILTYSA 1.90E+03 3.20E+01 0.94 1.02E+02 1.46E+01 6.06E+02 8.67E+01
B1M564C 1.92E+03 3.19E+01 0.92 <1.14E+01 1.26E+01 <6.43E+01
BIM564B 1.94E+03 3.21E+01 0.92 <1.14E+01 1.26E+01 <6.00E+01
BIMS564A 1.92E+03 3.19E+01 0.92 <1.15E+01 1.27E+01 <6.32E+01
BIM565C Fine Sand 1.94E+03 3.23E+01 0.93 1.16E+02 1.48E+01 6.75E+02 8.64E+01
BIM565C Fine Lens 1.95E+03 3.29E+01 0.96 4.95E+02 2.07E+01 3.34E+03 1.40E+02
B1IM565B 1.96E+03 3.29E+01 0.96 5.74E+02 2.17E+01 3.31E+03 1.25E+02
BIMS65A 1.99E+03 3.29E+01 0.95 8.54E+02 2.49E+01 4.74E+03 1.38E+02
(a) Denotes values that were not corrected for soil sample mass.
(b) Denotes values that were corrected for soil sample mass.
(¢) < indicates the analyte was not detected at the minimum detectable activity reported for the sample.
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5.0 Summary and Observations

In this section, summary information about the interpretation of the 241-B and -BX Farms direct-push
sediment characterization data is presented. Interpretation of the data has been included to aid in making
decisions on what interim actions and future studies are needed to make sound remediation decisions in
the B-BX-BY WMA.

The data retrieved from the 241-B and -BX Farms direct-push sediment characterization efforts con-
tinue to demonstrate the vertical and lateral effects of tank waste interaction with the vadose zone sedi-
ments. We used a wide-ranging suite of tests to characterize the physical and chemical attributes of the
sediments recovered from the direct-push activities and to determine the extent of interaction between
accidentally released liquid waste and pristine sediment. The lithologic makeup of the recovered sedi-
ments showed a wide range of particle size, from cobbles to clay. In some of the sediment samples was a
wide distribution of particle sizes, while in others, fine-grained well-sorted material dominated. Abrupt
changes in particle size distribution and sorting patterns reflect fluctuations in the energy of the environ-
ment of deposition. As a general rule, the finer-grained lithologies contained the highest soil moisture
content, which has important consequences for flow and transport of pore fluids and for the distribution of
contaminant species. The clay, silt, and fine sand lithologies are interpreted as fine-grained lenticular
bodies irregularly distributed throughout the formation typically made up of sand-sized particles.

We were unable to retrieve pore fluids by ultracentrifugation of the sediments because of the limited
sample size afforded by the direct-push technology, so we resorted to 1:1 water extracts to estimate the
pore water chemistry. These tests revealed relatively high concentrations of sodium, high electrical
conductivity, and elevated solution pH values. The data can be construed to signify the interaction of a
sodium-rich, saline, and high-pH solution, like that of liquid tank waste, with the sediments. The lack of
divalent cations (e.g., Ca®", Mg*") compared to Na" in the 1:1 water extract solutions is interpreted as a
manifestation of a sodium-rich plume front that swept through the sediments, displacing divalent cations
from their sorption sites. However, the accuracy of estimating pore fluid compositions from 1:1 water
extracts depends on the degree of contamination by tank waste, and it is possible that the extract solutions
are more saline than actual pore water. Nevertheless, the 1:1 water extract data are consistent with the
interpretation of contamination by tank waste fluids. The soundness of this interpretation is amplified by
the presence of relatively elevated concentrations of aluminum, iron, and phosphorous in the water
extracts. We speculate that the unusually high concentrations of aluminum and iron are the result of the
interaction between a caustic fluid and the sediment minerals. Partial dissolution of aluminum- and iron-
bearing minerals was followed by re-precipitation as the contaminant front moved through. Precipitation
from solution is a kinetically driven process that favors the formation of amorphous phases that are more
soluble than their crystalline counterparts. Thus, the water-extract solution may have dissolved and
mobilized higher than usual concentrations of aluminum and iron. The unusually high concentrations of
phosphate, on the other hand, may reflect the signature of high-phosphate waste derived from the bismuth
phosphate separation process.

The estimated pore water composition for the shallow direct-push sediments from the three locations
east of diversion box 241-B-153 and the three locations around tanks BX-101 and BX-102 should be
added to the data set being used to compare/correlate or “ground truth” the field electrical resistivity
measurements made recently in the B-BX-BY region by hydroGEOPHYSICS, Inc. We recognize that the
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six data sets are for rather shallow depths and as a whole represent two small geographic regions. One
interesting fact to note is that the estimated pore waters are dominated by sodium and bicarbonate and not
nitrate as is often the case in the other data that has been used to correlate the measured pore waters with
the field resistivity data. Whoever uses these direct-push pore water data should keep this difference in
dominant anion in mind.

Direct confirmation of contamination in the BX samples can be seen in uranium concentrations in
acid extract solutions that are well above the natural crustal abundances. The amount of uranium present
as labile, easily removed uranium, is interpreted as ~30% of the total uranium. Further evidence for
contamination includes detection of the presence of anthropogenic radionuclide elements (cobalt-60,
cesium-137, and europium-154, -155) by gamma-emission analysis (GEA) of the sediments. Confirma-
tion of the presence of radionuclide elements in the sediments illustrates that even simple geochemical
tests, such as the 1:1 water extracts, can rapidly reveal evidence for contamination as manifested by
elevated concentrations of sodium and relatively high electrical conductivities and pH. However, the
presence of mobile anthropogenic radionuclide elements such as technetium-99 was not detected in most
of the sediments. We infer that this is because mobile elements were not retained by the sediment grains
as the contaminant front swept through. Presumably, the mobile elements are distributed along a narrow
front marked by sharp concentration gradients (Wan et al. 2004), and it is perhaps no surprise that the
sediments recovered from the direct-push boreholes did not intercept this limited distribution of mobile
elements at the front. It is plausible that such a front exists below the depth sampled using the direct-push
method. The mobile contaminants at nearby borehole 299-E33-45 were found considerably deeper in the
vadose zone. The geochemical fractionation of mobile from immobile radionuclide elements hampers
efforts to uniquely fingerprint sources of contamination based upon parent-daughter isotopic ratios. The
power to distinguish between different reservoirs of waste (individual tanks versus waste in pipelines)
based on such unique isotopic signatures will not be apprehended until more data are collected.

Having made the case for broad contamination of sediments in the 241-B and -BX Farms, we focused
our efforts on a sediment sample from BX probe hole C5314, which we subdivided into sub-samples
B1JWW6C fine and BIJTWWG6C coarse. We chose to subject these materials to closer scrutiny because
the sharp transition from relatively coarse- to fine-grained sediments is typically associated with large
differences in the distribution of moisture and elements, with uranium preferentially harbored by the
finer-grained material. The mineralogy of the fine- and coarse-grained samples, determined by quanti-
tative XRD, was similar and showed a predominance of quartz and feldspar, but the particle size differ-
rence between the samples was large. The particle size distribution of the fine-grained sediment was
skewed toward smaller sizes, with nearly 90% of the particle sizes in the three finest categories. In
contrast, the coarse-grained sample showed a more even distribution of particle sizes with the majority of
the grains in the coarse sand fraction. Bulk samples were completely dissolved in an acid mixture, and
the process was expedited using a microwave-assisted procedure; the resulting solution was assayed for
uranium. The analyses revealed that there is almost four times more uranium in the fine-grained sediment
compared to the bulk coarse-grained sample (390 versus 108 pg/g U). In addition, the various size frac-
tions separated from the coarse-grained specimen were dissolved by the microwave-assisted digestion
method, and analyses of the solutions showed that most of the uranium resides in the finest-grained
fractions of the sediment. These data point to a number of possible scenarios for the retention of uranium
in finer-grained sediments. It is possible that phases which selectively sorb uranium may be segregated
into the finer-grained sediments or that the higher surface area of the smaller particles catalyzes the
precipitation of fine grains of uranyl minerals. Another scenario is that the smaller inter-granular pore
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spaces in the fine-grained sediment retain contaminated solution by virtue of water tension more
effectively than the larger pore spaces in the coarse-grained sediment. Further tests, in which the detailed
mineralogical and physical properties of the fine-grained sediment will be determined, are needed.

With the total amount of uranium residing in the sediments determined, we next estimated the amount
of mobile (or labile) uranium present in the samples. The fraction of labile uranium was estimated in two
ways: 1) using a bicarbonate-carbonate leach solution and 2) using an isotope-exchange method. The
slightly alkaline bicarbonate-carbonate extracting solution was used because it minimized dissolution of
potentially U-bearing phases. The isotope exchange method entailed equilibration of the sediment sample
with synthetic groundwater followed by spiking the solution with uranium-233, which could be easily
distinguished analytically from common uranium (U-238). The system was allowed to come to equilib-
rium, and the uptake of uranium-233 by the sediment was measured. The bicarbonate-carbonate leaching
and the uranium-233 uptake experiments yielded similar estimates of the labile fraction of uranium. In
the fine-grained specimen, ~65 to 75% of the uranium is labile, whereas ~50 to 65% of the uranium in the
coarse-grained specimen is labile. This indicates that an important reservoir of uranium is likely retained
in a solid dissolution-resistant phase or phases.

We attempted to identify the phase(s) that sequester(s) uranium by subjecting the samples to a set of
analytical procedures designed to pinpoint the location and to identify the metals with which uranium is
associated. Small areas (400 x 400 um) were analyzed by u-XRF techniques, and spots in which rela-
tively high concentrations of uranium was present were identified. False-color X-ray micrographs illus-
trated the distribution of U within the analyzed area and showed the distribution of other metals (Cr, Cu,
Fe, Mn, Pb, Sr, Ti, and Zn) as well. In some cases, the relative concentration of the cation may have been
overestimated due to inappropriate background subtraction; we are investigating the accuracy of the
results. However, it does seem clear that there is an association between U and Ca that suggests the
presence of a calcium uranyl silicate, such as uranophane [Ca(UQO,),(SiO30H),(H,0)s]. Uranophane-
group minerals such as boltwoodite [K(UO,)(Si0O;0H)(H,0); 5] and sodium boltwoodite [Na(UO,)
(Si050H)(H,0), 5] are common uranyl silicates in nature and have been identified as a secondary mineral
product on the surface of corroded UQ; in silica-rich solutions (Wronkiewicz et al. 1992). A relatively
new technique, TRLIF, was brought to bear on the uranium “hot spots” in an attempt to determine the
identity of the uranium phase. The advantage of TRLIF is that very small spots (10 % 15 um) containing
low concentrations of the target element can be analyzed. Typically, TRLIF can determine trace
quantities of an element that are beyond the resolving power of other spectroscopic techniques, such as
Raman or NMR. The fluorescence signal from the target can be enhanced by performing the analysis at
cryogenic temperatures (6£1K). Because the emitted signal persists over a time interval, collecting the
signal at different time intervals may also result in greater resolution of the spectrum. The results
obtained from these samples indicated the possibility of more than one uranium phase, but the spectra
were consistent with that of uranophane in both the fine- and coarse-grained sample. A third sediment
sample, BIITWW6A, used for internal comparison, revealed the likely presence of a uranyl phosphate
phase rather than uranyl silicate. Examination of the uranium “hot spots” using micro-XANES showed
that most, if not all, of the uranium is in the uranyl [U(VI)] form.

Passage of a contaminant plume through the Hanford formation left an indelible mark on the sediment
samples collected for this study. Simple tests, such as the 1:1 water extract, can provide rapid evidence
for the interaction of the plume with sediments and can be used to quickly delineate the affected zone. An
exact estimate of the mass of contaminants that leaked into the sediments cannot be ascertained by this
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study, nor can we definitively say if the waste was leaked from a tank, a fluid transfer line, or a distri-
bution box based on the isotopic signature left behind. Part of the problem is that the sediments obtained
by the direct-push technology did not retain the more mobile elements, so fractionation likely occurred
between parent-daughter isotope pairs. However, the manifestation of uranium has wide-ranging
implications for understanding contaminant transport at Hanford. Previous investigations by Liu et al.
(2004) emphasize the presence of uranium as uranyl silicate micro-precipitates in lithic fragments of
granite. If these micro-precipitates represent the major fraction of contaminant uranium in the sediments,
then modeling the release of uranium from the lithic fragments would go a long way toward under-
standing the movement of uranium. The data from this report show, however, that a relatively recalcitrant
phase or phases harbor uranium and reside in the finer-grained fraction of the sediment. Besides the
uranium trapped as micro-precipitates in lithic fragments, our work shows that the finer-grained materials
also sequester uranium, especially where there is a sharp contrast in hydraulic properties between fine-
and coarse-grained sediments. Therefore, this report can be seen as an extension of the earlier uranium
micro-precipitate studies. The key to understanding contaminant migration and pore water transport at
Hanford may lie in understanding the behavior of aqueous solutions at the interface between coarse- and
fine-grained components of the sediment.
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Figure A.3. Sample BIM564A from Direct-Push Borehole C5164A
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Figure A.12. Sample BILTY4 from Direct-Push Borehole C5170
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Figure B.3. Core Log for Direct-Push Borehole C5164B



7'd

&
Pacific Northwest DAILY BoringweliNo__ L S16E  pepth Date 2//5/07|  Sheet
National Laboratory | BOREHOLE LOG | Location P> taak. o direck puch  Project ) ooz
Logged by b:‘.."“‘“' toeten | _ Drilling Contractor
Pt T 25 —
Reviewed by Date Driller
P T -
Litholegic Class. Scheme _ Procedure Rev Rig/Method
Steel Tape/E-Tape ! Field Indicator Equip. 1) 2 Depth Control Point
DEPTH "~ SAMPLES CONTAMINATION wois.|  CTAPHIC - LITHOLOGIC DESCRIFTION " DRILLING COMMENTS T
| TIME TUHE- (particle size distribution, sorting, mineralogy, AI!:E!OED CASING (drilling rate, down time, blow counts,
[&'{ ) TveE | D NUMBER |insTR] READING c z|s [ roundness, color, reaction to HC, ete.) wurerlmd dril fluid, etc.)
| ] ] - 7 —
] _ABIMS LS M (7-12:5" otvided o] pUECS, /500 & slawiess ¢hed §oar |
wdact €972 & ,Nné, [ " A
_ Upper | L by pedsand £ veq ot N
_ _ f}ddz:feg—- A g gr 'L,wuul < xnd €104 YN |
.n ¢r Y 4 ﬁol{ch gaad
SAuM S 00y (rasact where e s )
fppe Wt Ce€n | _}wo Sa\w;fk.c bl i ﬁ;uh
| upper \socf 4 logees laves oce Cne wau (s Frov 4l
twwhlq s Hog by pod coad and |
M\Mu{ 10‘-’ o I'S ;Jw-:,'i;}ﬁ r‘s. nﬂb[f(i (flv‘-i San,
] . S ¢ fad Szt.wf«'LE i$ iv-"wt
\*.J'c" saud Lews auel € \edded
Saund {57
N
W = Wet, M = Moist, D = Dry

19 OCLPROGIDBLIOG T

Figure B.4. Core Log for Direct-Push Borehole C5168
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Appendix C

Photographs of Core and Grab Samples
from the Direct-Push Boreholes near the
241-BX Tank Farm



Appendix C — Photographs of Core and Grab Samples from
Direct-Push Boreholes near 241-BX Tank Farm
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C5124 g, JWwss 44.0 - 445 sample

il , Sample # Sampled Depth (1
C5124 BLIWWBA  44.5.450 semme UPE

Sample

Figure C.2. Sample BIJWWS8A from Direct-Push Borehole C5124
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Borehole ID Somple # Sampled Depth (1) DP Core
up 4

C5132 BIJWW7C  63.0-63.5 sample

Figure C.3. Sample BIJWW7C from Direct-Push Borehole C5132
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Borehale ID Sample # Sampled Depth (it} DP Core

C5132 BIJWW7B  635- 640 sompe UP %

Figure C.4. Sample BIJWW7B from Direct-Push Borehole C5132
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Borehole ID Sample # Sompled Depth (1) DP Core UP

C5132 BI1JWW7A 64.0 - 4.5 sample

Borehole ID

Sample # sompledDepth (1) pp
C5132 BlJwwy 64.5 - 65.0  sample.

Figure C.6. Sample BIJWW7 from Direct-Push Borehole C5132
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DP Core

Sample up *

Figure C.8. Sample BIJWW6B from Direct-Push Borehole C5134
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e
 BIJWWBA 77.8-782 semme UP4

Figure C.9. Sample BIJWW6B from Direct-Push Borehole C5134
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Appendix D

Logs of Core and Grab Samples from
the Direct-Push Boreholes near the
241-BX Tank Farm
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Appendix D — Logs of Core and Grab Samples from Direct-Push Boreholes
near 241-BX Tank Farm
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Figure D.1. Core Log for Direct-Push Borehole C5124
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Figure D.2. Core Log for Direct-Push Borehole C5132
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Figure D.3. Core Log for Direct-Push Borehole C5134
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