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Summary 
This study was initiated to determine if subsurface contaminants in the A-AX vadose zone at the Hanford 
site (boreholes D0006 and D0008) caused corrosion of nearby stainless steel well casings (299-E-24-19, 
299-E25-46, and 299-E25-236) and, based on the type and distribution of contaminants, determine if 
contaminants are from one or more sources including a) the A-104 and/or A-105 tanks, b) the 242A 
evaporator, and c) the 200-E-286 ditch. A tiered approach was used for characterizing contaminants in 
vadose zone sediments starting with mobile and total contaminant concentrations (Tier 1), characterizing 
contaminant speciation (Tier 2), and measuring contaminant leaching (Tier 3). Total and mobile 
contaminant measurements at seven depths showed elevated sulfate and nitrate in all samples (130 to 280 
ft depth), elevated chloride in five depths, and no elevated radionuclides except I-129 in D0006 at 206 to 
208 ft depth. If these contaminants were initially acidic, stainless-steel corrosion would occur. However, 
because sediments likely have a high acid neutralization capacity, an acidic spill would have been 
neutralized within tens of feet, so casing corrosion would likely occur in shallow sediments. GEL labs 
data also shows low (but above natural) chromate from shallow to 170 ft depth, then higher chromate to 
280 ft, suggesting a surface Cr spill or casing corrosion. GEL labs data also showed evidence of more 
than one plume, with deep nitrate, sulfate, and chloride migration, but only shallow tritium migration. 
Tritium should migrate nearly unretarded in the subsurface like nitrate and chloride. Elevated aqueous 
cations and anions in the D0006 206 to 208' depth pore water (SO4

2-, NO3
-, Na+, K+, Ca2+, Mg2+, Si) could 

be the result of acid disposal and calcite dissolution at shallow depth, with deeper migration of SO4
2-, 

NO3
- from acids and Ca2+ and Mg2+from calcite. Elevated Si (160 mg/L) indicates dissolution of clays or 

other silicates, which can also occur in acids. Acid extractable metals did show elevated Cr (but not Fe, 
Ni, Mo, and Mn) above natural levels, which may indicate stainless-steel well corrosion or transport of 
metals from a shallow spill. 

The elevated I-129 in D0006 at 206 to 208' depth was low with 0.34 µg/g in pore water and 1.5 µg/g total 
extractable I-129 in the sediment, which indicates significant fraction of I-129 was bound in one or more 
precipitates. Although total I-129 was below detection limits in most extractions due to high molybdate 
interference, I-127 analysis provided some insight into potential precipitate phases. Total I-127 was 
mainly extracted by acetate or acetic acid (67%), which may be iodine in calcite. Inorganic carbon 
measurement identified 1.65% calcite, and total organic carbon (TOC) was below detection limits, so 
iodine was not associated with organic matter. Nearly all the I-127 was present as iodide. In 1-D leach 
experiments, I-127 as iodide leached from the sediment within 2 pore volumes. Due to high and dynamic 
molybdate leaching from the sediment and interference with I-129 analysis, there were few quantifiable I-
129 measurements. The calculated molybdate release rates from the sediment suggested Mo was being 
released from the same precipitate phase, such as molybdate incorporated into calcite. 

Overall, because there was little radioactive contamination measured in D0006 and D0008 boreholes, 
potential releases from A-104 and A-105 did not reach this location south of the A tank farm. Elevated 
cations and anions found in D0006 and D0008 at depth as the result of acidic disposal could cause 
shallow stainless steel casing corrosion. The nearby 242A evaporator generally contained alkaline waste 
and tritium, but the nearby 200-E-286 ditch generally contained high Cl- liquid effluent, so these are 
unlikely to be acidic sources. 
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Acronyms and Abbreviations 
APW artificial porewater 
CCu Cold Creek Unit 
DI deionized water 
H1 Hanford formation 1 
H2 Hanford formation 2 
HEIS Hanford Environmental Information System 
IC ion chromatograph 
ICP-MS inductively coupled plasma-mass spectrometry  
ICP-OES inductively coupled plasma-optical emission spectrometry 
KPA kinetic phosphorescence analysis 
LSC liquid scintillation counting 
MDL minimum detectable level 
ND non-detect 
NDIR non-dispersive infrared 
NQAP Nuclear Quality Assurance Program 
PNNL Pacific Northwest National Laboratory 
PTFE polytetrafluoroethylene 
PVDF polyvinylidene fluoride 
sequential extractions a series of six liquids of increasing acidity used to measure the range of 

contaminants in different surface phases sediments from highly mobile (aqueous) 
to highly immobile in low solubility precipitates 

SpC specific conductivity 
TC total carbon 
TIC total inorganic carbon 
TMAH tetramethylammonium hydroxide - an alkaline solution used to extract iodine 

from sediments 
TOC total organic carbon 
UV ultraviolet 
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1.0 Introduction 
The objective of this study in the A-AX tank area was to identify tank waste constituents in sediments and 
pore water, sediment phases that may be altered by contact with tank wastes and estimate chemical and 
physical properties of the vadose zone sediments that influence contaminant movement (Tabor and 
Schuyler, 2020, RPP-PLAN-63020, Rev 1, Special Study, p B-1, defined in detail in research questions 
below).  

The following research questions were considered: 

1. What are the chemical and physical properties of the vadose zone soil that can influence 
contaminant movement in the subsurface? (principle study question, PSQ, #2 Klages et al., 2021) 

2. What natural components of the vadose zone could be altered by contact with tank waste 
solutions? (PSQ #4) 

3. Are there tank waste constituents still detectable in the vadose zone after the bulk of the waste has 
passed through the area? (PSQ #4) 

4. What is the concentration and distribution between aqueous and sediment phases of naturally 
occurring vadose zone and tank waste constituents? (PSQ #4) 

5. How can this data inform the conceptual site model for contaminant transport and potential for 
well corrosion amid impacts from acidic waste releases? (from Tabor and Schuyler, 2020). 

The interest in identification of anthropogenic contaminants in A-AX vadose zone sediments is that some 
contaminants could have caused stainless steel well corrosion, show evidence of well corrosion, or 
identify the source(s) of the contamination, as described in the sampling and analysis plan (Tabor and 
Schuyler, 2020, RPP-PLAN-63020, Rev 1) and data quality objectives (RPP-RPT-60227 and Tabor, 
2021). Multiple wells were previously decommissioned due to corrosion, included 299-E-24-19, 299-
E25-46, and 299-E25-236. Potential contamination sources include A-104 and A-105 tanks, 242A 
evaporator, and the 200-E-286 ditch. For this study, two boreholes (D0006 and D0008) were drilled south 
of the A-tank farm to collect sediments to help identify nearby potential contaminant sources (Figure 1).  

A tiered approach was used for characterizing contaminant concentrations and potential for migration in 
samples from boreholes D0006 and D0008, as well as physical properties of the vadose zone sediments 
that can influence contaminant movement, as described in Appendix B of the Sampling and Analysis Plan 
(Tabor and Schuyler, 2020, RPP-PLAN-63020, Rev 0). The analyses conducted in this tiered approach 
includes: 

• Tier 1: Estimate mobile and total contaminant concentrations and sediment physical properties that 
influence contaminant movement  

• Tier 2: Characterize contaminant speciation as an indicator of contaminant movement potential 

• Tier 3: Measure contaminant leaching mass and release rate from sediments under relevant 
conditions 
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Figure 1. Study area location south of the A-AX tank farm (from Tabor and Schuyler, 2020). 

For Tier 1, mobile contaminant concentrations are measured with a water extraction of the field sediment 
with subsequent analysis of contaminants in the extracted water. The total contaminant concentrations are 
characterized with an acid extraction for most contaminants in the sediment (alkaline extraction for I-129) 
and analysis of the total contaminant concentration in the extracted liquid (described in detail in the 
analysis section). Additional geochemical parameters that may influence contaminant movement are 
measured in the water extraction and include pH, specific conductivity, total inorganic and organic carbon 
(TIC and TOC, respectively), alkalinity, and selected anions. Sediment physical properties measured and 
include sediment grain size distribution, sediment moisture content, and sediment bulk density. 
Constituents being analyzed in Tier 1 include the following contaminants of concern (COCs): total U, 
U(VI), Tc-99, Cs-137, Sr-90, total iodine-127/129, and selected aqueous indicator anions: Cl, F, SO4, 
NO3. Total U and hexavalent U (U(VI)) will both be measured to consider the redox conditions as U 
mobility is profoundly impacted by its oxidation state. Although I-127 is naturally occurring and non-
radioactive, it will be measured alongside I-129 to inform potential behavior of I-129 and because 
potential remediation technologies are not isotope-specific. Based on Tier 1 results, additional Tier 2 
geochemical analyses may be conducted for selected contaminants at levels that are greater than natural 
background or detection limits for isotopes that are not naturally occurring (i.e., not all contaminants 
measured in Tier 1 experiments are measured in Tier 2 and Tier 3 experiments). These data will help 
inform on the location of major COCs and describe the sediment characteristics. They will be compared 
with previous characterization studies to understand potential sources of contamination and sediment 
alterations that may have occurred upon interaction with wastes. 
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For Tier 2, with samples and contaminants prioritized based on Tier 1 analysis, the mobility of selected 
contaminant species in field-contaminated sediments is characterized using different liquid extractions 
that include: a) six sequential liquid extractions, b) 1000-h carbonate extraction, and c) 
tetramethylammonium hydroxide (TMAH) extraction. The sequential extractions consist of a series of 
progressively more acidic liquids that remove a wide range of contaminants in aqueous, adsorbed, and 
different precipitate phases. The 1000-h carbonate extraction dissolves calcite, which may contain some 
contaminants including uranium and Sr-90. The TMAH extraction is used to dissolve precipitates and 
surface organics that contain iodine species. Water and acid extractions are also conducted with 
measurement of major cations and metals that may be associated with stainless steel corrosion (B, Cr, Cu, 
Fe, Mn, Mo, Ni, T, Ti, and V), and aqueous anions not previously analyzed in Tier 1. Based on Tier 2 
results, selected contaminants that are present in significant concentrations and are potentially mobile are 
additionally characterized in Tier 3 experiments. 

For Tier 3, leaching mass and rate of selected contaminants from the field sediments is measured in 1-D 
column leach experiments. These leach experiments include stop flow events so that the contaminant 
release rate from sediments can be characterized. In addition, five different iron/manganese extractions 
are conducted to characterize the ferrous and ferric phases in sediments. These redox couples are used to 
further define geochemical conditions that influence the mobility of contaminants. Experiments 
conducted in Tier 2 and 3 will inform on the long-term mobility of the contaminants that are present in 
the subsurface including the approximate rates of release from sediments. 
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2.0 Background 
Corrosion of the stainless steel in wells and decommissioning of three wells (299-E-24-19, 299-E25-46, 
and 299-E25-236) south of A-AX may have been caused by leaks from Tanks A-104 and/or A-105, or 
from other leaks. Other potential sources that could cause well casing corrosion include a) discharges to 
the 200-E-286 ditch between 1946 and 1953 with high chloride effluent, and b) a 60,000-gallon leak from 
a ruptured water line southeast of 241-A-501 Valve Pit in 1978 (Tabor and Schuyler, 2020, RPP-PLAN-
63020, Rev 1). 

Stainless steel corrosion is the result of pitting of the passivation layer (i.e., Cr2O3) on the base metal 
surface (He et al. 2009, Marcus, 1998). Corrosion of both 316L and 304L stainless steels is higher at 
welds (Garcia et al., 2008, Martin et al., 2009) and in aqueous environments with high chloride, acid, 
sulfide, and carbonate content (Li et al., 2014; Robertson, 1991). A chloride concentration of 100 mg/L is 
the threshold above which stainless steel can pit or corrode (Sedricks 1996), although the pH also 
significantly affects the corrosion rate. Given the elements present in the stainless steel of the well casing 
(i.e., 316L is ~70% Fe, 16% Cr, 10% Ni, 2% Mo, ~1.1% Mn, and 0.4% Si, with trace concentrations of 
other elements), when the three wells were in use, elevated levels of Ni, Mn, Fe, and Cr were detected, 
which indicated casing corrosion. In addition, Tc-99 has exceeded the drinking water standard in 299-E-
25-235 since 2012, which may have been associated with upgradient sources such as WMA C or the B-
complex or possibly vadose zone pore water seeping through the A-AX corroded casing at a shallower 
depth but being measured in groundwater (at 295 ft or 90 m depth). 
 
Hence, additional characterization was necessary for development of a conceptual model of the long-term 
mobility of contaminants for the regulatory decision-making process. 
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3.0 Experimental 
3.1 Sediments 

Sediment samples used in this study were taken from two small diameter cores (i.e., 1 inch diameter by 6 
inch length) from boreholes D0008 and D0006. All samples were received in sealed core sleeves and 
were stored in a refrigerator at 4oC until characterization was conducted. Experiments indicate whether 
bulk or sieved sediments were used for each analysis. Seven samples at specific depths were chosen for 
this study (Table 1), based on elevated anion concentrations measured in preliminary screening. Images of 
the sediment samples showed samples were predominantly sand or silt sized (Figure 2), which was 
quantified by particle size analysis (next section). 

                                              Table 1. Sediments analyzed in this study. 

Borehole 
Depth 

(ft) 
HEIS 

# 
Lithologic 

Unit 
D0008A 264 - 266 B3TLF5 H2 
D0008A 278 - 280 B3TLF9 CCu (silt) 
D0008A 284 - 286 B3TLH3 CCu (gravel) 
D0006 134 - 136 B3TF28 H1 
D0006A 181 - 183 B3TF32 H2 
D0006A 206 - 208 B3TF36 H2 
D0006A 275 - 277 B3TF44 CCu (silt) 

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

 
(g) 

Figure 2. Images of sediment samples from borehole D0008 (a - c) and D0006 (d - g). 
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3.2 Tier 1 Geochemical and Physical Characterization 

In this study, the < 2 mm size fraction of the sediment was used for Tier 1, 2, and 3 chemical 
characterization and Tier 1 physical characterization (as defined in the current revision of the sampling 
and analysis plan, Section B2.2, Table B-2). For Tier 1 chemical analysis, a 1:1 sediment:deionized (DI) 
water extraction was conducted (EPA 9045D, Rhoades 1996), which consisted of mixing sediment and 
DI water in a sealed vial for 50 minutes by placing the tube on a slow (<30 rpm) rotary mixer or orbital 
shaker. The tube is then centrifuged at 3000 rpm for 10 minutes (or allowed to settle for 10 minutes), then 
liquid is drawn off the top of the sediment and filtered (0.45-µm nylon or polyvinylidene fluoride, PVDF) 
for analysis. This extraction is conducted at room temperature (20°C to 25°C). After filtering, the aqueous 
sample is stored at 4°C before analysis (Um et al., 2009, Zachara et al., 2007). The aqueous samples were 
analyzed for pH, aqueous specific conductance (SpC), aqueous contaminants (based on initial ‘quick turn’ 
analysis conducted by GEL laboratories, potentially including total U, U(VI), Tc-99, Cs-137, Sr-90, total 
iodine-127/129), and selected aqueous indicator anions (based on initial ‘quick turn’ analysis, potentially 
including: Cl, F, SO4, and NO3). The moisture content of the sediment was measured separately by 
weighing 3 to 30 g of moist sediment, drying for 48 h at 105 °C, and weighing the dry sediment. The 
moisture content is the mass of water (moist sediment minus dry sediment) divided by the dry sediment 
weight. Dry sediment was not used for further analyses.  

An acid extraction (1:3 sediment:solution, Um et al., 2009, Zachara et al., 2007) was also conducted with 
the selected sediments. This extraction consisted of adding sediment and 8 M HNO3 to the sample (at the 
1:3 dry sediment/acid ratio) in a polytetrafluoroethylene (PTFE) tube, then heating the sample for 3 hours 
at 90°C. After 3 hours, the liquid samples were centrifuged, and liquid filtered (0.45-µm PTFE or PVDF). 
Analysis of the extracted solution included total U and U(VI), Tc-99, Cs-137, Sr-90, and total iodine-
127/129 (analytical techniques are described in Section 3.5). 

Physical characterization of the sediment samples included measurement of the particle size distribution, 
dry bulk density, and moisture content. The particle size distribution was quantified by laser particle size 
analysis (ASTM D4464) for the < 2 mm size fraction. The 0.5-, 1-, 2-, and 4-mm size fractions of the 
sediment were quantified by sieving (ASTM D6913). The dry bulk density was quantified using ASTM 
D7263, and moisture content by ASTM D2216. Dried sediment samples were also analyzed for total 
inorganic and organic carbon using a carbon analyzer (Section 3.5).  

3.3 Tier 2 Geochemical Characterization 

Tier 2 chemical characterization included: a) water extraction, b) acid extraction, c) 1000-hour carbonate 
extraction, d) tetramethylammonium hydroxide (TMAH) extraction, and e) six sequential liquid 
extractions. The water and acid extractions were the same as in Tier 1 (1:1 sediment:DI water), but 
chemical analysis was different and included alkalinity, selected contaminant speciation, major cations 
and metals that may be associated with stainless steel corrosion (Cr, Fe, Mn, Mo, Ni, and Si), and 
aqueous anions (Br-, Cl-, F-, NO3

-, NO2
-, PO4

-3, SO4
-2, only for water extracts) not previously analyzed in 

Tier 1. The only radionuclide analyzed in Tier 2 was I-129 and associated I-127, so extractions were 
analyzed for total I-129, total I-127, I-129 species, and I-127 species (Section 3.5). The 1000-h carbonate 
extraction was used to extract contaminants (including iodine) in carbonate (Kohler et al., 2004). This 
extraction solution consists of 0.0144 mol/L NaHCO3 and 0.0028 mol/L Na2CO3 at pH 9.3. The sediment 
is mixed with the solution in a batch reactor for 1000 hours. With this extraction solution, there is no net 
carbonate dissolution or precipitation, but metals precipitated in calcite are expected to equilibrate with 
the aqueous solution over the 1000 h reaction time due to continuous slow carbonate precipitation and 
dissolution. The tetraethylammonium hydroxide (TMAH) extraction was used to dissolve iodine 
precipitates (McNally 2011; Watts and Mitchell 2008). Previous research has demonstrated quantitative 
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removal of iodine from certified standard sediments with this TMAH extraction. For this extraction, 1 g 
of sediment was reacted with 20 mL of 5% TMAH (50-g/L solution) at 70°C for 3 h. 

The sequential liquid extractions (Gleyzes et al. 2002, Beckett 1989, Larner et al. 2006, Sutherland and 
Tack 2002, Massop and Davison 2003) consisted of mixing sediment with increasingly acidic solutions at 
a 1:3 sediment:solution on the < 2 mm grain size fraction with measurement of selected contaminants 
(total I-129, total I-127, I-129 species, I-127 species as they were elevated in Tier 1). The sequential 
extractions were used to characterize the contaminant surface phases and consisted of:  1) artificial pore 
water (APW, Table 2) for 1 hour, 2) ion exchange solution (0.5 mol/L Mg(NO3)2 for 1 h), 3) weak acetate 
extraction (1 mol L−1 NaOAc, pH 5, 1 h), 4) acetic acid extraction (0.44 mol L−1 acetic acid, 0.1 mol L−1 

Ca(NO3)2, pH 2.3, 5 days) (Kohler et al., 2004), 5) Fe oxide extraction (0.1 mol L−1 ammonium oxalate, 
0.1 mol L−1 oxalic acid, 1 h) (Chao and Zhou, 1983), and 6) strong acid extraction (8 mol L−1 HNO3, 
95oC, 3 h). It should be noted that these extractions are operationally defined and may not be strictly 
representative of the targeted fractions due to the complexity of these systems. Extraction 1 targets 
aqueous iodine species, whereas extraction 2 targets exchangeable, adsorbed iodine species from the 
sediment. Extractions 3 through 6 operationally define one or more amorphous and/or crystalline phases 
that may contain iodine. Acetate extractions likely dissolve part (extraction 3) or all (extraction 4) of the 
calcite in the sediment, which may incorporate iodate. These weak acidic extractions may also partially 
dissolve other minerals such as amorphous iron oxides. The ammonium oxalate extraction 5 dissolves 
amorphous iron oxides. The 8 mol/L nitric acid extraction is used to partially dissolve aluminosilicates 
and phosphates (Sutherland and Tack, 2002), which may contain iodine. Each extraction was shaken for 
the designated amount of time, centrifuged, and filtered (0.22 µm) before analysis. Extraction 
reproducibility was measured by duplicate analysis and was ±12%. 

Table 2. Artificial pore water used in extractions 

Order to Dissolve 
Concentration 

(mol/L) Reagent 
Molecular weight 

(g/mol) 
Mass in 1 liter  

(g) 
1 0.012 CaSO4⋅2H2O 172.1723 2.0661 
2 0.0017 NaCl 58.4430 0.0994 
3 0.0004 NaHCO3 84.0068 0.0336 
4 0.0034 NaNO3 84.9948 0.2890 
5 0.0026 MgSO4 120.3660 0.3130 
6 0.0024 MgCl2⋅6H2O 203.3034 0.4879 
7 0.0007 KCl 74.5515 0.0522 
Adjust pH to 7.0 to 7.2 with sodium hydroxide or sulfuric acid. 

3.4 Tier 3 Geochemical Characterization 

Tier 3 analysis included measurement of the transport and leaching of selected contaminants (total I-
129, total I-127, I-129 species, I-127 species) from sediments in column experiments and measurement of 
iron and manganese surface phases of the sediment that provide a measurement of current or past redox 
state of the sediment. 

3.4.1 Column Leach Experiments 

Column leach experiments were conducted to evaluate a) the rate at which iodine is released from field-
contaminated sediments at near-field sediment/water ratios, and b) the long-term stability of the remaining 
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iodine in the sediment after ~130 pore volumes of artificial pore water (APW, Table 2) were leached 
through the sediments. In contrast to the batch leaching experiments, the column leach experiments had a 
high sediment/water ratio representative of that in the field, which will likely result in greater iodine 
species interactions with mineral or organic phases in the sediments, slower dissolution of Fe-oxides, and 
more iodine reduction reactions which may contribute to release from sediments. One sediment depth with 
elevated I-129 concentrations was used in column studies (D0006, 206.5 - 207 ft depth), and duplicate 
column experiments were conducted. 

These column studies were conducted after packing moist sediment into 1.58 cm diameter by 15.0 cm 
length stainless steel columns with 5-µm PTFE end frits. The moisture content of the sediment was 
determined by weighing 3 to 5 g of moist sediment before and after drying for 48 h at 105°C. The dry 
bulk density of the sediment was calculated from the dry sediment weight and column volume. The 
packed column was then water-saturated by injecting artificial pore water (APW, Table 2) into one end of 
the column until water exited the effluent end of the column. The pore volume, or total water weight in 
the column, was calculated by the difference of the dry sediment weight and total column volume. The 
porosity was calculated from the total water weight divided by the column volume. The measured dry bulk 
density of the two duplicate columns were: 1.476 g/cm3 and 1.568 g/cm3 and total porosity 0.417 cm3/cm3 
and 0.387 cm3/cm3, respectively. 

The column experiment consisted of injecting APW into the bottom of the column at a constant flow rate 
to achieve a 1.2-hour residence time (6.1 mL/h) for a total duration of 130 pore volumes. Effluent samples 
were collected in sufficient number and frequency to measure the change in concentration of the iodine 
species, which consisted of 12 samples in the first two pore volumes, 12 samples in the next ten pore 
volumes, 5 samples from 10 to 30 pore volumes, and 5 to 10 samples from 30 to 130 pore volumes. These 
samples were collected using a timed fraction collector (Isco Foxy 200 or similar) using 4.5-mL tubes 
(polystyrene). Flow in the column was stopped at 2 pore volumes (72 h stop), 7 pore volumes (70 h stop), 
17 pore volumes (146 h stop), and at 125 pore volumes (528 h stop) to evaluate potential change in the 
iodine release rate from the sediment over time. Initially within the first few pore volumes, aqueous and 
adsorbed iodine species are released from the sediment, but at later pore volumes, iodine is released from 
one or more solid phases (i.e., iron oxides and/or calcite or other surface phases) that are slowly 
dissolving and releasing iodine. The iodine release rate was calculated from the change in aqueous iodine 
concentration before and after the stop flow event and the length of stop flow time. All effluent samples 
were measured for total I-129, total I-127, and molybdenum (as molybdate, this species interferes with 
total I-129 analysis, see Section 3.5). Selected samples in the first four pore volumes that had higher total 
iodine concentrations were additionally measured for I-129 species (iodide, iodate) and I-127 species. 

3.4.2 Selective Iron Extractions 

Iron extractions were conducted to quantify the available ferrous (FeII) and ferric (FeIII) iron surface 
phases and additionally MnII/MnIV phases, both of which are used as an indicator of redox conditions of 
the sediment. The iron extractions consisted of (a) 1 M CaCl2 (conducted in an anaerobic chamber to 
decrease iron oxidation), (b) 0.5 M HCl, (c) 0.25 M NH2OH, 0.25 M HCl, (d) dithionite-citrate-
bicarbonate (DCB), and (e) 5 M HCl. The quantity of aqueous FeII from each extraction was measured 
using the ferrozine method (Gibbs, 1976) and FeII plus FeIII after reduction via hydroxylamine 
hydrochloride solution. Total Fe and Mn in samples was measured by inductively coupled plasma-optical 
emission spectrometry (ICP-OES). Ferrous iron was divided into four subfractions and determined from 
the extraction results in the following manner: ion exchangeable FeII (a), FeCO3 and FeS (b – a), residual 
FeII (e – b), and total FeII (e) (Heron et al., 1994). Similarly, the ferric iron was divided into three 
subfractions defined by poorly crystalline and amorphous FeIII oxides (c) (Chao and Zhou, 1983), 
crystalline FeIII oxides (d –c), and total FeIII (e). Manganese extractions were divided into ion 
exchangeable MnII (a), MnIICO3 (b – a), amorphous MnII+IV (c), and crystalline MnII+IV (d – c). 
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3.5 Chemical Analysis Methods 

All aqueous analyses were conducted following filtration through 0.45-µm syringe filters. Anions (Br-, 
Cl-, F-, NO3

-, NO2
-, PO4

-3, SO4
-2) were quantified in aqueous extractions by ion chromatography (IC), 

with detection limits for each anion listed in Table 3. Metals in liquid extractions were quantified 
predominantly by inductively coupled plasma-mass spectrometry (ICP-MS), with some metals (Fe, Mn) 
quantified by inductively coupled plasma - optical emission spectrometry (ICP-OES; Table 3). Ferrous 
iron was measured by reaction of the aqueous sample with ferrozine (Gibbs 1976) and measurement of 
the light absorption at 562 nm, following Hach method 8147 (Table 3). 

Total uranium in liquid extractions was quantified by ICP-MS and U(VI) aqueous phases were quantified 
by kinetic phosphorescence analysis (KPA). U(VI) analysis by KPA consists of reacting the 0.45-µm 
filtered aqueous samples with Uraplex using light from a pulsed nitrogen laser with an excitation 
wavelength of 425 nm and measurement of the ultraviolet (UV) emission at 515 nm (Brina and Miller 
1992). The average lifetime of the UVI as uranyl (UO2

2+) compound emission is 200 to 300 microseconds 
(µs). A phosphate-based buffer (Uraplex) is used to decrease interferences. The analytical range of 
uranium measurement for KPA is 0.01 to 30 µg/L. 
 
Select radionuclides, including Tc-99, Sr-90, and Cs-137, were quantified using a liquid scintillation 
counting (LSC) (Perkin Elmer 3100TR) with liquid extractions. For each isotope, a series of quench 
standards are used, so the quench curve is used to accurately convert the energy-specific light emission 
spectra into isotope concentrations. If both Sr-90 and Cs-137 were present in samples, then additional 
gamma counting will be conducted to quantify Cs-137, and Sr-90 was quantified from the total counts 
(i.e., both Sr-90 and Cs-137) minus Cs-137 counts within the beta range for the LSC. 
 
The total I-127 and I-129 in aqueous extractions were quantified with a specialized ICP-MS 
(ThermoScientific iCAP RQ) with collision cell. Samples were diluted in 0.5% Spectrasol (CFA-C, 
Spectrasol, Inc., Warwich, NY) for total iodine measurement. Total I-127 was present in parts per billion 
aqueous concentrations that could be quantified directly by ICP-MS with little interference (Figure 3a). 
TotalI-129 was quantified with detection limits of approximately 5 ng/L using an O2 collision cell with O2 
addition to decrease interference from Xe-129, which was present in the 99.998% argon carrier gas. 
Because I-129 concentrations are so low (i.e., parts per trillion levels), there was analytical interference 
from molybdate (MoO4

2-), which was present in aqueous samples below 1 µg/L but in extraction samples 
as high as 300 µg/L (e.g., Figure 3a, Kimmig et al., 2021). Molybdate, which was the Mo aqueous species 
present (Figure 3b), interference increased with the addition of O2 in the collision cell. The molybdate 
interference was corrected accurately if Mo was present at < 2 µg/L, so if greater Mo was present, greater 
sample dilution was needed. This has the result of increasing the minimum detection limits of total I-129. 
For iodide and iodate species (both I-127 and I-129), an IC was used prior of the ICP-MS analysis to 
separate ions. Because iodide, iodate, and molybdate were separated, there was less (but still some) 
interference of molybdate on the I-129 species (Figure 3a). 

Total carbon (TC) and inorganic carbon (TIC) in aqueous samples and in the sediment was measured 
using a carbon analyzer (Shimadzu model TOC-L CSH/CSN E100V). For TC analysis, the liquid sample 
is combusted by heating it to 680oC in a furnace to form carbon dioxide (CO2) gas. For solid samples, the 
combustion temperature in the SSM-5000A solid sample module is set to 900oC. The CO2 gas passes 
through a non-dispersive infrared (NDIR) gas analyzer where the CO2 is detected. The analog signal of 
the NDIR forms a peak and the area is measured by the data processor. For TIC analysis of liquids, the 
sample is injected into a reaction vessel filled with 25% phosphoric acid at ambient laboratory 
temperature. This produces CO2 which is measured by the NDIR detector, as described above. For TIC 
analysis of solid samples using the SSM-5000A solid sample module, undiluted phosphoric acid is added 
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to the ceramic sample boat containing the sample at 200oC. TOC is quantified by measurement of TC 
minus TIC. 

 
(a) 

 
(b) 

Figure 3. a) Groundwater sample from well 299-W21-3 with low Mo. Note that interference of Mo was 
minimal with I-127 species (blue), but significant for I-129 species (red) due to the high Mo 
concentrations relative to the low I-129 species concentrations, and b) aqueous Mo species Eh-
pH diagram showing predominance of molybdate in oxic samples over a wide range of pH. 
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Table 3. Geochemical analysis methods, hold times, and detection limits. 

Data and Instrumentation Constituents Analyzed Method Hold Time(a) 
Detection Limit 

(µg/L)(b) 
Aqueous pH by electrode pH PNNL-ESL-pH Rev 

2 
12 hours  ± 0.01 

Aqueous specific conductance 
(SpC) by electrode 

Specific conductance 
(SpC) 

EPA 9050A  12 hours  10 uS/cm 

Anions by ion chromatography Br-, Cl-, F-, NO3-, NO2-, 
PO4-3, SO4-2 

PNNL-ESL-IC Rev 
1, 
OP-DVZ-CHPRC-
0012 

Nitrate, Nitrite: each 
48 hrs; PO4: 48 hrs 

Br 0.2 mg/L, Cl 0.2, F 
0.1, NO3 0.25, NO2 

0.25, PO4 0.3, SO4: 0.3 

Total carbon and inorganic 
carbon in water by carbon 
analyzer 

Total carbon (TC) and total 
inorganic carbon (TIC) 

EPA 9060A,  
OP-DVZ-CHPRC-
0006 

28 days 200 

U, Tc-99 by ICP-MS U, Tc-99 PNNL-ESL-ICP-MS 
Rev 4 

6 months U 0.07, Tc-99 0.3 

Total iodine (I-127, I-129) by 
ICP-MS with collision cell 

I-129, I-127 PNNL-ESL-ICP-MS 
Rev 4 

6 months I-127 1.3, I-129 0.005 

U(VI) by Kinetic 
phosphorescence analysis 
(KPA)  

U(VI) Brina and Miller 
1992, Section 5.12 

6 months 0.2  

Total carbon and inorganic 
carbon in sediment by carbon 
analyzer 

TC and TIC  OP-DVZ-CHPRC-
0006 

none 0.02%  

Sr-90, Cs-137 by liquid 
scintillation counting or 
beta/gamma counting(c)  

Tc-99, Sr-90, Cs-137 OP-DVZ-AFRI-001  
RPG-CMC-450, rev 
3 
 

6 months 0.5 pCi/g (LSC), 3.6 
pCi/mL (Sr-90 beta), 
2.0 pCi/mL (Cs-137 
gamma) 

Metals by ICP-OES or ICP-MS 
as required for specified 
detection limits (RCRA and 
Corrosion indicators) 

Ag, Al, As, B, Ca, Cd, Cr, 
Cu, Fe, Mg, Mn, Mo, Ni, 
Pb, Se, W, Ti, V 

PNNL-ESL-ICP-
OES Rev 4, PNNL-
ESL-ICP-MS Rev 4 

6 months  Ag 0.06, Al 15, As 
0.16, B 20, Ca 34, Cd 
0.07, Cr 0.06, Cu 0.08, 
Fe 8.2, Mg 4.1, Mn 2.8, 
Mo 0.11, Ni 9, Pb 0.05, 
Se 0.5, W 0.05, Ti 2.6, 
V 8.5 

I-127 Species by IC/ICP-MS  iodate, iodide, other 
(presumed organic), all as 
I-127 

PNNL-ESL-ICP-MS 
Rev 4 

6 months 2 

I-129 Species by IC/ICP-MS with 
collision cell(d) 

 iodate, iodide, other 
(presumed organic), all as 
I-129 

Section 5.16 3 weeks 0.005 

Alkalinity by titration HCO3-, CO32- EPA 310.1 12 hours after 
extraction 

5 mg/L 

Ferrous iron by 
spectrophotometer 

ferrous iron Gibbs 1976, Section 
5.14 

1 day after 
acidification 

1 mg/L 

(a) Hold times for characterization of sediments prior to extraction or leaching experiments begin upon opening of sediment cores while 
hold times for liquid and solid phases from batch and column studies begin at sample collection time. 

(b) With no dilution. Highly contaminated sediments may require greater dilution for analysis and increase the detection limits. 
(c) If both Sr-90 and Cs-137 are present, gamma counting will be conducted to quantify Cs-137, and Sr-90 will be quantified from the 

total LSC counts minus Cs-137 counts. Additional column separation and direct beta counting for Sr-90 may also be conducted. 
(d) If > 2 µg/L Mo was present, sample dilution is needed which results in an increase in the minimum detection limit. 
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4.0 Results and Discussion 
4.1 Contaminant Concentrations and Sediment Properties (Tier 1) 

4.1.1 Anions 

Boreholes D0008 and D0006 both showed elevated sulfate and nitrate concentrations in all samples and 
chloride in most samples (Table 4 and Table 5), indicating that contamination from one or more near-
surface leaks has infiltrated deep into the vadose zone. More specifically, chloride concentrations 
exceeded 100 mg/L in D0008 from 264 to 266 ft depth and in D0006 at 181 to 183 and 206 to 208 ft 
depths (marked red in Table 4), which could accelerate stainless steel casing corrosion (Sedricks 1996). 
Uncontaminated vadose zone pore water is about 30 mg/L chloride (Szecsody et al., 2017). The pore 
water specific conductance of 2.8 to 6.0 mS/cm was also higher than uncontaminated pore water (1.6 
mS/cm). The current pH of the pore water was slightly alkaline (i.e., 7.6 to 7.9) but within the range of 
natural Hanford conditions. If the leak source of nitrate, sulfate, and chloride was their acid forms (i.e., 
HNO3, H2SO4, and HCl, respectively), the moderate to high acid neutralization capacity of the Hanford, 
Ringold, and Cold Creek sediments would likely have neutralized the acid within tens of feet of the 
surface (Szecsody et al., 2013). 

Table 4. Anion concentrations in water-extracted samples, reported in pore water (mg/L). 

Borehole, depth 
(ft) 

HEIS 
# 

Br- 
(mg/L) 

F- 
(mg/L) 

Cl- 
(mg/L) 

SO4
3- 

(mg/L) 
NO3

- 
(mg/L) 

NO2
- 

(mg/L) 
PO4

3- 
(mg/L) pH 

pore H2O SpC 
(mS/cm) 

D0008A, 264-266 B3TLF5 ND 9.72 169 1265 291 ND ND 7.87 5.33 
D0008A, 264-266dup B3TLF5 ND 9.66 195 1403 335 ND ND -- -- 
D0008A, 278-280 B3TLF9 ND 2.04 39.1 1261 146 1.46 ND 7.81 2.88 
D0008A, 278-280dup B3TLF9 -- -- -- -- -- -- -- 7.77 3.30 
D0008A, 284-286 B3TLH3 ND 19.0 53.6 1180 143 ND ND 7.71 3.43 
D0006, 134-136 B3TF28 ND 4.1 65 763 107 ND ND 7.57 4.13 
D0006A, 181-183 B3TF32 ND 6.7 158 1058 362 ND ND 7.59 5.87 
D0006A, 206-208 B3TF36 ND 8.8 137 1080 344 ND ND 7.70 6.01 
D0006A, 206-208dup B3TF36 ND 6.0 76.7 624 192 ND ND 7.62 4.37 
D0006A, 275-277 B3TF44 ND 0.39 61 871 165 ND ND 7.80 2.81 
MDL(a) - 0.04 0.04 0.07 0.11 0.07 0.14 0.33 - - 
uncontaminated GW(b) - 0 0.5 24 67 < 0.5 < 0.3 < 0.4 7.8-8.3 0.20 
uncontaminated VZ(c) - 0 7.6 30 100 < 2 0 0 - 1.6 
contaminated VZ(c) - 0 380 690 30000 1×105 22 33 7 - 10 260 
(a) MDL – minimum detection level 
(b) Lee et al., 2017 
(c) Szecsody et al., 2017 
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Table 5. Anion concentrations in water-extracted samples, reported per gram of sediment. 

Borehole, depth 
(ft) 

HEIS 
# 

Br- 
(µg/g) 

F- 
(µg/g) 

Cl- 
(µg/g) 

SO4
3- 

(µg/g) 
NO3

- 
(µg/g) 

NO2
- 

(µg/g) 
PO4

3- 
(µg/g) pH 

pore H2O 
SpC 

(mS/cm) 
D0008, 264-266 B3TLF5 ND 0.458 7.97 59.6 13.7 ND ND 7.87 5.33 
D0008, 264-266dup B3TLF5 ND 0.455 9.18 66.1 15.8 ND ND -- -- 
D0008, 278-280 B3TLF9 ND 0.589 11.3 364 42.1 0.42 ND 7.81 2.88 
D0008, 278-280dup B3TLF9 -- -- -- -- -- -- -- 7.77 3.30 
D0008, 284-286 B3TLH3 ND 0.476 1.34 29.5 3.57 ND ND 7.71 3.43 
D0006, 134-136 B3TF28 ND 0.1 1.59 18.6 2.62 ND ND 7.57 4.13 
D0006A, 181-183 B3TF32 ND 0.21 4.96 33.3 11.4 ND ND 7.59 5.87 
D0006A, 206-208 B3TF36 ND 0.24 3.74 29.5 9.40 ND ND 7.70 6.01 
D0006A, 206-208dup B3TF36 ND 0.16 2.04 16.6 5.11 ND ND 7.62 4.37 
D0006A, 275-277 B3TF44 ND 0.15 23.4 332 62.8 ND ND 7.80 2.81 
MDL - 0.04 0.04 0.07 0.11 0.07 0.14 0.33 - - 

A comparison of the anion concentrations reported here to results reported over a greater range of depths 
for D0006 (from GEL labs data, reported in the Hanford Environmental Information System, HEIS), 
shows similar trends with chloride and nitrate peaking at 200 to 230 ft depth, and the sulfate at shallower 
depth, peaking at 130 to 200 ft depth. The chloride, nitrate, and sulfate concentrations differ between 
Pacific Northwest National Laboratory (PNNL) and GEL samples as sample depths are different. Cr also 
showed elevated levels greater than 200 ft depth (Figure 4). Although only major anion and Cr data 
comparison is presented here, there are additional radionuclide depth profiles are reported in the 
following section. 

 
(a) 

 
(b) 

Figure 4. Anion concentrations with depth for D0006 reported by PNNL (a) and GEL labs (b). 

The nitrate profile in D0008 (Fig. 5a) showed elevated concentrations at the 260 to 280 ft depth, which 
may have been a result of a surface spill or elevated groundwater and correlated with finer sediments of 
higher water content (Section 4.1.3). Because of the proximity of boreholes D0008 and D0006 to the 
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242A evaporator, a comparison of D0006 depth profile is made to a depth profile from beneath 242A 
liquid discharge (borehole C4106, Figure 5b). The D0006 profile is not the same as C4106 profile from 
drilling conducted in 2003 under the 216-A-37-1 crib, which received liquid effluent waste from the 242A 
evaporator. That profile depicted in Figure 5 includes both total nitrogen and nitrate is the result of 
NH4OH discharge, where strong sorption of NH4

+ to sediment and slow oxidation to nitrate was observed. 
A portion of the N species to discharge to groundwater along with tritium in the 1980s, leaving a portion 
of N in the first 100 ft of the vadose zone (Szecsody et al., 2020a). 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 5. Nitrate and sulfate depth profile for D0008 (a and c) and nearby depth profile from C4106, 
under the nearby the 216-A-37-1 crib. 
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The sulfate profile in D0008 was also elevated at 280 ft depth, possibly from contaminated groundwater, 
as there is only a slight increase in sulfate with depth shallower in the vadose zone. In contrast, C4106 
received predominantly NH4OH waste discharges (and some sulfate) and shows slightly elevated sulfate 
concentrations throughout the vadose zone. This wastewater depth profile was known to reach 
groundwater, so this profile likely indicates some sulfate precipitation, exchange with mineral surfaces or 
presence in residual pore water. 

4.1.2 Radionuclides 

Most radionuclide concentrations measured in water and acid extractions from D0006 and D0008 were at 
or near natural levels (for uranium and Th-232) or detection limits (for Tc-99, Sr-90, and Cs-137) (Table 
6). The only radionuclide with elevated concentrations was I-129 which was measured in D0006A at the 
206 to 208 ft depth. The I-129 in D0006A at 275 to 277 ft depth was slightly above detection limits. 
Based on these results, Tier 2 (and subsequently Tier 3) analysis was conducted only on the D0006A 206 
to 208 ft depth sample. In terms of the depth profile, radionuclide data for D0006 for both PNNL and 
GEL data, shows shallow tritium, but deep Tc-99 (and nitrate and sulfate, Figure 4). Comparing the 
observed radionuclide and anion depth profile (Figure 6b) to a hypothesized single surface source based 
on their relative retardation factors (Figure 6c) shows differences. The observed vertical profile suggests 
more than one release, where there is a later leak of tritium and possibly nitrate (accounting for the 
shallow nitrate and tritium) at the surface because tritium should move unretarded (similar to nitrate, 
slightly faster than chromate, Truex et al., 2017, Szecsody et al., 2019) and faster than other radionuclides 
(Routson et al., 1981, Szecsody et al., 2018) as shown in (c). 

 
(a) 

 
(b) 

 
(c) 

Figure 6. Radionuclide depth profile for borehole D0006 with circles representing PNNL results and 
triangles representing GEL results and dashed and solid lines representing MDLs for PNNL 
and GEL results, respectively (a), approximate depth profiles for radionuclides, metals, and 
anions (b), and approximate expected depth profile assuming a single surface discharge (c). 
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Table 6. Radionuclide concentrations measured in boreholes D0008 and D0006. 

Borehole, depth 
(ft) 

HEIS 
# 

Water Extracts Acid Extracts 

U-238 
(µg/g) 

U(VI) 
(µg/g) 

Tc-99 
(µg/g) 

Sr-90 
(pCi/g) 

Cs-
137 

(pCi/g) 
I-129 
(µg/g) 

I-129 
(pCi/L) 

I-127 
(µg/g) 

U-238 
(µg/g) 

U(VI) 
(µg/g) 

Tc-99 
(µg/g) 

Sr-90 
(µg/g) 

Cs-137 
(µg/g) 

Th-
232 

(µg/g) 
D0008A, 264-266 B3TLF5 9.26x10-5 ND ND ND    ND ND ND 8.46x10-4 0.224 0.179 ND ND ND 1.41 
D0008A, 278-280 B3TLF9 ND ND ND ND      ND ND ND 6.78x10-4 0.503 0.467 ND ND ND 2.44 
D0008A, 278-280 dup B3TLF9 1.85x10-4 ND ND ND        ND ND ND 7.31x10-4 0.505 0.474 ND ND ND 2.41 
D0008A, 284-286 B3TLH3 ND ND ND ND       ND ND ND 1.47x10-4 0.209 0.165 ND ND ND 1.19 
D0006, 134-136 B3TF28 ND ND ND ND        ND ND ND 5.03x10-4 0.244 0.235 ND ND ND 1.56 
D0006A, 181-183 B3TF32 ND ND 3.41x10-5 ND        ND ND ND 6.41x10-4 0.237 0.222 ND ND ND 1.63 
D0006A, 206-208 B3TF36 ND 6.7x10-5 ND ND       ND 4.98x10-5 335 7.34x10-4 0.253 0.249 ND ND ND 1.75 
D0006A, 206-208 dup B3TF36 ND 6.2x10-5 ND ND        ND 2.62x10-5 176 4.35x10-4 0.294 0.278 ND ND ND 1.82 
D0006A, 275-277 B3TF44 ND ND ND ND ND 2.28x10-6 1.32 9.15x10-4 0.811 0.94 ND ND ND 2.86 
MDL  7x10-5 5x10-4 7x10-5 1.7±0.4  1x10-6 - 1.0x10-4 2.0x10-3 6x10-4 7x10-5 2x10-4 1x10-4  
uncontaminated GW(a)  1x10-4 1x10-4 0 0 0 0 - 0.6 – 2x10-3 0.2 < 0.2 0 0 0  
uncontaminated VZ(b)  7x10-4 7x10-4 0 0 0 0 - 0.01 0.3-0.5 - 0 0 0  
contaminated VZ(b)  0.22 0.22 6x10-3 1x10-5 0 0.01 - 0.1 0.5 - 7000 - 2x10-5 0.001   
(a) Lee et al., 2017 
(b) Szecsody et al. 2017 
ND = non-detect 
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4.1.3 Sediment Physical Properties 

The grain size distribution of the seven sediments analyzed showed five were silty or gravely sand and 
two were finer grained silt samples (Table 7). Finer grained samples were from the 275 to 278 ft depths in 
both D0006 and D0008 were at or near water-saturated conditions. With a higher water content in the silt 
samples, mobile contaminant concentrations tend to be greater when reported per gram of sediment, 
which was observed for the D0006 275 ft and D0008 278 ft depths (Table 5). Grain size distributions for 
the coarser sediments showed a bimodal distribution (i.e., two predominant grain sizes), which may be 
indicative of more than one depositional environment, such as a low and medium energy stream deposit 
(Figure 7 and Figure 8). 

Table 7. Physical properties of sediment samples. 

Borehole, depth 
(ft) 

HEIS 
# 

Dry 
Bulk 

Density 
(g/cm3) 

Moisture 
(%) 

Clay 
(%) 

Silt 
(%) 

Sand 
(%) 

Gravel 
(%) 

  
Description 

  
Unit 

D0006, 134-136 B3TF28 2.23 2.25 1.56 13.6 89.5 2.5 sand, trace of silt H1 
D0006A, 181-183 B3TF32 2.26 2.82 1.57 7.63 85.4 5.4 sand, trace silt, gravel H2 
D0006A, 206-208 B3TF36 loose 2.63 1.22 13.6 84.1 1.1 sand, trace of silt H2 
D0006A, 275-277 B3TF44 1.71 27.6 19.1 80.1 0.9 0.0 silt with some clay CCu (silt) 
D0008, 264-266 B3TLF5 1.80 4.50 1.05 18.2 80.8 0 silty sand H2 
D0008, 278-280 B3TLF9 1.60 22.4 10.2 78.3 11.5 0 silt with some clay and sand CCu (silt) 
D0008, 284-286 B3TLH3 1.56 2.44 0.869 9.27 51.8 38.1 gravely sand with trace of 

silt 
CCu 
(gravel) 
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(a) 

 
(b) 

 
(c)  

Figure 7. Grain size distributions for D0008. 



PNNL-33346 
AAX-RPT-001 

Results and Discussion 19 
 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 8. Grain size distributions for D0006. 

4.2 Contaminant Species and Geochemical Setting (Tier 2)  

4.2.1 Geochemical Constituents 

An understanding of the full geochemical setting for contaminants is needed to quantify aqueous and 
solid phase species and ultimately predict contaminant migration. For example, both aqueous and solid 
phase carbonate concentrations highly influence the transport of uranium, and to some extent iodine. In 
Hanford groundwater (which is Ca, Mg-carbonate saturated), aqueous uranium is complexed with 
carbonates (i.e., several Ca-uranyl-carbonate species present at pH ~8), which exhibit low sorption. In 
low aqueous carbonate conditions, which are present in the Hanford 300 Area and under the U-8 crib 
(both acidic disposal sites), aqueous uranium solubility is lower, and uranium will precipitate at elevated 
concentrations. In the natural Hanford subsurface, with an average of 1.9% and 0.7% calcite in the 
Hanford and Ringold formations respectively (Xie et al., 2003), significant uranium and iodine will co-
precipitate with calcite. In contrast, at acidic disposal sites with low calcite, solid phase uranium is not 
present in association with calcite due to the increased solubility of both U and carbonates.  

For this study, Tier 2 analysis is focused on I-129 and I-127 species, which are primarily iodide and 
iodate in the absence of significant TOC (Zhang et al. 2013). Although there are no aqueous iodine-
carbonate complexes, there are some solid phase interactions. Iodate can incorporate into calcite, while 
iodide cannot (Lawter et al. 2018). Therefore, measurement of aqueous and solid phase TIC and TOC is 
useful to predict the migration of I-129 and I-127 species. Natural pore water would be dominated by 
carbonate, with lesser amounts of sulfate and chloride, and trace (< 1 mg/L) nitrate from plant respiration. 



PNNL-33346 
AAX-RPT-001 

Results and Discussion 20 
 

Analysis of the solid phase TIC in the sediment (0.192% carbon) calculates to ~1.65% calcite (Table 8) or 
1.1% by X-ray diffraction analysis of the sediment. The TOC content was below detection limits 
(0.005%), which was expected for a sediment sample from this depth in terms of natural TOC. This lack 
of TOC also indicates no measurable organic waste solvent contamination.  

Cation and anion analysis of the pore water for D0006A 206 to 207 ft depth indicate significant 
contamination compared to natural pore or groundwater (Table 8 and Table 9). Full anion analysis of the 
D0006A 206 to 207 ft depth (first two lines, Table 8) was similar to that previously reported for partial 
anion analysis (second two lines, Table 8, from Table 4), but additionally with aqueous carbonate 
measured by carbon analyzer as well as alkalinity by titration. This depth was dominated by sulfate at > 
10 times natural concentrations and also elevated nitrate. As both are likely from sulfuric and nitric acid, 
common associated cations are Na and K from acid neutralization using NaOH and KOH. Pore water 
cation analysis (Table 8) show greatly elevated Na and K concentrations and some elevated Ca and Mg. 
Ca2+ and Mg2+ sorb strongly to Hanford sediments (Kd ~25 cm3/g, Rf ~120) and are not common waste 
constituents. However, acidic solutions disposed near the surface would be neutralized in shallow 
sediments (tens of feet depth) by calcite and clay dissolution (and ion exchange), which would result in 
elevated carbonate and Ca and Mg at depth (and depleted calcite and aforementioned ions in shallow 
sediments). Elevated Si (160 mg/L in pore water) is also indicative of dissolution of clays or other 
silicates. 

Major cations/metals were also measured in acid extractable sediments to evaluate whether there were 
direct indications of products of stainless-steel corrosion or other impacts from waste constituents (Table 
10 and Table 11). Two types of stainless steel that were likely used in casing are 316L and 304 (also 
called 18/8). The 316L stainless steel is composed of 16-18% Cr, 10-14% Ni, 2-3% Mo, 1% Si, and 2% 
Mn, whereas 304L stainless steel is composed of 18% Cr, 8% Ni, Mn 2%, and 0.75% Si, both with (< 
0.1% of P, S, and C). Acid dissolution of the steel most likely at welds would not leach metals in 
proportion to the composition, as the aqueous speciation and precipitates differ for each metal. However, 
elevated Fe, Cr, Ni, Mo, Mn, and Si above what is naturally found in sediment minerals (i.e., total, by 
acid dissolution) may be a direct indication of well casing corrosion or transport from a shallow spill (i.e., 
metal disposal in the 200-E-286 ditch and acidic infiltration from a tank spill would also leach steel 
components to depth). Acid extractions and metals analysis of the D0006A 206.5-207 ft depth sediment 
did show elevated Cr, although Fe, Mn, Mo, and Ni were all within natural sediment range for Hanford 
(DOE, 1993). Previous characterization of natural Cr in Hanford and Ringold formations show an average 
18.5 µg/g (range 2.9 to 33.2 µg/g, DOE 1993), with only a small fraction (< 5%) being mobile as aqueous 
or adsorbed chromate, where the mobile chromate is more likely from contamination (Szecsody et al. 
2019, 2017, Truex et al. 2017). However, pore water chromate was present at 0 to 180 ft depth at a low 
(but above natural concentration), then increased significantly at 180 to 280 ft depth (Figure 4b), which is 
more consistent with a surface spill and transport of chromate to depth. 
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Table 8. Water extracted anions and solid phase carbon. 

Borehole, depth 
(ft) 

HEIS 
# 

Br- 
(mg/L) 

F- 
(mg/L) 

Cl- 
(mg/L) 

SO42- 
(mg/L) 

NO3- 
(mg/L) 

NO2- 
(mg/L) 

PO43- 
(mg/L) 

CO32- 
(mg/L) 

Alkalinity- 
(mg/L) 

 
pH 

TIC 
(% g/g) 

TOC 
(% g/g) 

Calcite 
(%)(c) 

D0006A, 206.5-207 B3TF37 ND ND 164 1215 650 ND ND 108 < MDL 7.66 0.192 < MDL 1.60/1.1 
D0006A, 206.5-207 dup B3TF37 ND ND 172 1318 588 ND ND 146 < MDL 7.64 0.209 < MDL 1.74 
D0006A, 207-207.5 B3TF36 ND 9.03 141 1109 353 ND ND   7.70     
D0006A, 207-207.5 dup B3TF36 ND 6.02 76.7 624 192 ND ND   7.62     
MDL    0.04 0.07 0.11 0.07 0.14 0.33 2.5   0.005 0.005 0.04 
uncontaminated VZ(a)  0 7.6 46 230 95 0 0 166      
uncontaminated GW(b)  0 0.5 24 67 < 0.5 < 0.3 < 0.4 166      
(a) Szecsody et al., 2017 
(b) Lee et al., 2017 
(c) first value is calculated from the total inorganic carbon (TIC), second value (1.1%) is solid phase X-ray diffraction analysis (for information only) 

 

Table 9. Water extracted cations. 

Borehole, depth 
(ft) 

HEIS 
# 

Extract 
Type 

Ca 
(mg/L) 

Mg 
(mg/L) 

K 
(mg/L) 

Na 
(mg/L) 

Si 
(mg/L) 

Sr 
(mg/L) 

S 
(mg/L) 

D0006A, 206.5-207 B3TF37 water 482 177 265 482 160 2.1 405 
D0006A, 206.5-207 dup B3TF37 water 464 187 261 453 169 2.1 456 
uncontaminated GW(a)     53 13.4 8.2 26 15 0.1 22.2 
uncontaminated VZ(b)    36 10 47 50 9 <0.05 70 
(a) Lee et al., 2017 
(b) Szecsody et al., 2017 

 

Table 10. Acid extractable major metals, reported per gram of sediment. 

Borehole, depth 
(ft) 

HEIS 
# 

Extract 
Type 

Ca 
(mg/g) 

Mg 
(mg/g) 

K 
(mg/g) 

Na 
(mg/g) 

Si 
(mg/g) 

Sr 
(mg/g) 

S 
(mg/g) 

Fe 
(mg/g) 

P 
(mg/g) 

Mn 
(mg/g) 

Ti 
(mg/g) 

Al 
(mg/g) 

Ba 
(mg/g) 

D0006A, 206.5-207 B3TF37 acid 10.2 6.32 2.29 0.409 0.022 0.044 0.043 16.8 0.390 0.233 0.636 8.70 0.108 
D0006A, 206.5-207 dup B3TF37 acid 10.8 5.80 2.16 0.280 0.021 0.042 0.049 15.4 0.419 0.298 0.662 8.08 0.089 
MDL  acid 0.2 0.2 0.5 0.05 0.005 0.003 0.002 0.007 0.05 0.0006 0.005 0.02 0.004 
uncontaminated VZ(a)   6-11 3-7 0.8-2.2 0.2-0.5 0.1-0.5 0.018 .03-.1 8-34 0.8-2.2 0.2-0.55 0.6-3 6-16 .06-.1 
(a) DOE, 1993 
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Table 11. Acid extractable trace metals, reported per gram of sediment. 
Borehole, depth 

(ft) 
HEIS 

# 
Extract 
Type 

Bi 
(mg/g) 

Cd 
(mg/g) 

Cr 
(mg/g) 

Co 
(mg/g) 

Cu 
(mg/g) 

Ga 
(mg/g) 

Pb 
(mg/g) 

Li 
(mg/g) 

Ni 
(mg/g) 

Re 
(mg/g) 

Sn 
(mg/g) 

V 
(mg/g) 

Zn 
(mg/g) 

Zr 
(mg/g) 

D0006A, 206.5-207 B3TF37 acid 0.00141 9.27×10-4 0.0128 0.0050 0.0063 0.00271 0.00163 0.0168 0.0124 5.7×10-4 0.0190 0.0190 0.0246 0.00533 
D0006A, 206.5-207 dup B3TF37 acid 0.00171 0.00190 0.0174 0.00563 0.00904 0.00351 0.00159 0.0166 0.0127 6.6×10-4 0.0229 0.0260 0.0275 0.00648 
MDL    0.0005 0.001 0.001 0.002 0.0004 0.001 0.005 0.007 1.2×10-4 0.002 0.002 0.005 0.004 
uncontaminated VZ(a)   -- <MDL .003-.01 .006-.02 0.01-.03 -- .001-.009 <MDL 0.07-.15 -- -- .05-.1 .03-.06 .01-.04 
Below MDL:  At, As, Be, B, Mo, Se, Ag, Th 
uncontaminated Mo 0 - 0.002 mg/g 
(a) DOE, 1993 
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4.2.2 I-129 and I-127 

Elevated total I-129 levels in Tier 1 analysis of D0006A, 206 to 208 ft depth sediments triggered more 
detailed Tier 2 characterization of this sample to evaluate iodine mobility. Sequential extractions for total 
I-129 and associated I-127 are used to evaluate the fraction of total iodine that is mobile (i.e., in aqueous 
or adsorbed phases), in high solubility precipitates (potentially mobile) or low solubility precipitates (not 
mobile). In addition, iodine speciation of extracted samples for both I-129 and I-127 (i.e., iodide and 
iodate) was also conducted, as iodide exhibits less sorption (i.e., Kd < 0.1 cm3/g) than iodate (i.e., Kd ~ 0.4 
cm3/g), meaning that it is somewhat more mobile (Szecsody et al., 2018, 2020b). 

The acidic sequential extractions for total I-127 showed ~23% was mobile (i.e., aqueous and adsorbed), 
and the largest fraction of total I-127 was associated with solid phases that were extracted with pH 5 
acetate (extraction 3, 21%) or pH 2.3 acetic acid (extraction 4, 46%) (Table 12 and Figure 9). This may 
indicate iodine incorporated into calcite, as recent laboratory studies have demonstrated (Lawter et al., 
2018). The 1000-h carbonate extraction has been previously used to exchange solid phase contaminants 
that are associated with calcite, such as uranium (Zachara et al., 2007, Kohler et al., 2004). The 1000-h 
extraction removed approximately 49% of the total acid extractable I-127. 1-D column leach experiments 
(Section 4.3.1) showed only a small fraction (< 4%) of total I-127 leached in 130 pore volumes. 

Compared to the acidic sequential extractions, the TMAH extraction removed 80% more I-127 from the 
sediment, so additional surface phases are present that release I-127 under alkaline conditions. These 
results are similar to previously reported I-127 extractions in Hanford sediments (Szecsody et al., 2020b). 

I-127 speciation on all extracted liquids shows iodine is predominantly present as iodide (> 95%), with 
only low concentrations of iodate present (Table 12). The predominance of iodide-127 in vadose zone 
pore water is previously reported (Szecsody et al., 2018, 2020b), and in contrast to the predominance of I-
127 as iodate in groundwater (Zhang et al., 2013). 

Table 12. I-127 total and iodine species analysis of sequential and parallel liquid extractions. 
Borehole, depth 

(ft) 
HEIS 

# 
H2O ex. ex. 1 ex. 2 ex. 3 ex. 4 ex. 5 ex. 6 Total 1000h TMAH(a) 
(µg/g) (µg/g) (µg/g) (µg/g) (µg/g) (µg/g) (µg/g) (µg/g) (µg/g) (µg/g) 

D0006A, 206.5-207 B3TF37 0.0194 0.0332 0.0029 0.03284 0.070 0.0031 0.0118 0.1539 0.0752 0.276 
D0006A, 206.5-207 dup B3TF37 0.00205 0.0011 0.0010 0.00312 0.008 0.0031 0.0118 0.0283 0.1079 0.260 
D0006A 207, post leach B3TF37  0.0217 0.0005 0.0026 0.0055 0.0180 0.0265 0.0747(d)   
D0006A, 207-207.5 iodate(b) < MDL 7.3 x10-4 1.5 x10-4 < MDL < MDL  --  --   < MDL <MDL 
D0006A, 207-207.5 dup iodate(b) < MDL 5.8 x10-4 4.6 x10-4 2.0 x10-4 < MDL  --  --   < MDL < MDL 
D0006A, 207-207.5 iodide(b) 0.022 0.0340 0.033 0.030 0.077  --  --   0.083 0.292 
D0006A, 207-207.5 dup iodide(b) 0.00081 0.0029 0.004 0.005 0.009  --  --   0.114 0.232 
MDL   7.4x10-5 7.4x10-5 7.4x10-5 7.4x10-5 7.4x10-5 7.4x10-5  7.x1005 7.4x10-5 7.4x10-5 5.0x10-5 
contaminated GW(c) W22-114 0.17                   
uncontaminated GW 699-36-70A 0.11                   
contaminated VZ C9507 104' 0.057 0.06 0.08 0.32 0.47 0.15 1.2 2.1   2.5 
(a) TMAH I-127 spike recovery was outside ±20% 
(b) Iodate + iodide was not within ±20% of total I-127. Species are not corrected for Mo interference. 
(c) Szecsody et al., 2017 
(d) Total post leach. T1 leached 0.00289 µg/g, T2 leached 0.00525 µg/g total I-127. 

 

The total I-129 values in various extractions were difficult to analyze at the reported low concentrations 
due to interference with co-extracted molybdenum. Aqueous I-129 was 0.00031 to 0.00074 µg/g, which is 
low compared to previous aqueous extracted I-129 in contaminated Hanford sediments (0.001 to 0.01 
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µg/g; Szecsody et al., 2018, 2020b). The total TMAH extracted I-129 for this sediment (0.0015 µg/g) was 
also low relative to other contaminated Hanford sediments (0.04 to 0.1 µg/g). 

The aqueous total I-129 was 25% to 50% of the TMAH-extracted total I-129, in contrast to I-127, where 
the aqueous I-127 was 5% to 12% of the TMAH-extracted I-127. The I-129 was below detection limits in 
sequential acidic extractions 2 through 6, and the 1000-h carbonate extraction mainly due to the presence 
of high molybdate, which required samples to be diluted so Mo was < 2 µg/L, and subsequently increased 
the minimum detection limit for I-129. Measured Mo concentrations in extractions did indicate higher 
concentrations in the acidic sequential extractions (Table 13). Lower detection limits for total I-129 in the 
presence of Mo are possible with the future development of a separation column to strip out the 
molybdate before I-129 analysis.  

Based on these results, I-129 may not be present in the same surface phases as I-127 (Figure 10). If I-129 
and I-127 were present in the same aqueous, adsorbed, and solid surface phases, then analysis of I-127 
transport would provide useful information on the potential migration of I-129. However, because each of 
these isotopes represent different sources of iodine, it is reasonable that they may exist in different solid 
phases. 

A comparison of the I-127/I-129 isotopic ratios in the A-AX tanks to subsurface samples provides some 
information about pore water dilution or contribution of multiple sources. The I-127/I-129 isotopic ratios 
in the Hanford tanks are 2.3 to 7.3 (241-BY-107 and 241-C-104), and 0.79 to 1.27 for a second group 
(AN-104, AP-101, AW-101, BY-108, S-102, S112; Reynolds, 2021). For the A tanks (AN-104, AP-101, 
AW-101), the I-127/I-129 isotopic ratio is 0.32 ± 0.13. Given the subsurface I-127/I-129 isotope ratio in 
D0006A at 206.5 to 207 ft depth of 63 for the deionized water extraction and 40 to 45 for the artificial 
pore water extraction (Table 13), the change from a ratio of 0.32 is likely due to the addition of mainly 
natural I-127 from sediments. The change in I-127/I-129 isotopic ratio (assuming the AN/AP/AW tank 
ratio is applicable to AX) indicates a dilution of 126 to 200. Dilution of the iodine in the tanks with other 
waste streams (i.e., 200-E-286 trench) would dilute concentrations but not change the I-127/I-129 isotopic 
ratio (assuming trench waste contained no iodine). In contrast, for total iodine extractions of the sediment 
and pore water, the I-127/I-129 isotopic ratio was 210 (total for acid extractions) and 190 (TMAH 
extraction), indicating considerable additional natural I-127 dissolved from sediment minerals. It is 
hypothesized that I-127 dilution of pore water from a surface release will increase with depth, so the I-
127/I-129 isotopic ratio should increase from tank values (0.32) to higher values (i.e., 45 at 207 ft depth, 
for example). Differences in the change in the I-127/I-129 ratio with depth between boreholes might 
indicate different I-129 or I-127 sources. Given the 126 to 200 times dilution, this indicates the pore water 
chloride concentration of 77 mg/L could have been 9700 to 15000 mg/L in the 200-E-286 trench. 

Table 13. I-129 total analysis of sequential and parallel liquid extractions. 
Borehole, depth HEIS H2O ex. ex. 1 ex. 2 ex. 3 ex. 4 ex. 5 ex. 6 Total 1000h TMAH 

(ft) # (µg/g) (µg/g) (µg/g) (µg/g) (µg/g) (µg/g) (µg/g) (µg/g) (µg/g) (µg/g) 
D0006A, 206.5-207 B3TF37 3.1 x10-4 7.4 x10-4 < MDL < MDL < MDL < MDL < MDL 7.4 x10-4 < MDL 1.4 x10-3 
D0006A, 206.5-207 dup B3TF37 < MDL 2.9 x10-5 < MDL < MDL < MDL < MDL < MDL 2.9 x10-5 < MDL 4.91 x10-3 
D0006A, 206.5-207 I-127/I-129 ratio 63 40-45  --  --  --   --  -- 210 -- 190 
D0006A 207, post leach B3TF37  < MDL < MDL < MDL < MDL < MDL < MDL    
D0006A, 207-207.5 B3TF36 5E x10-5          
MDL   3.2 x10-5 3.2x10-5 1.6 x10-4 1.6 x10-4 1.6 x10-4 1.6 x10-4 1.6 x10-3 3.2 x10-5 3.2 x10-5 3.2 x10-4 
Mo (ug/L) B3TF37 4.1 4.6 4.6 15.4 ND ND 46.1    
contaminated GW(a) W22-114 0.04                   

contaminated VZ(b) C9507 
104' 0.0015             0.031   0.01 

(a) Lee et al., 2017 
(b) Szecsody et al., 2018      
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Figure 9. Pre- and post-leach total I-127 sequential extractions. 

 

 
(a) 

 
(b) 

Figure 10. Comparison of the total I-127 (a) and I-129 (b) for different extractions.  

4.3 Contaminant (I-129) Transport (Tier 3) 

4.3.1 Leach Experiments with I-129, I-127, and Mo Analysis 

1-D column leach experiments were conducted in Tier 3 to measure both the mass and rate of I-129 
released from the D0006A 206.5-207 ft depth sediment. To meet those objectives, artificial pore water 
(APW) was injected at a constant flow rate for 130 pore volumes, and effluent samples were collected to 
measure total I-129, I-129 species, total I-127, I-127 species, and molybdate. Because iodide (as I-127) is 
naturally present in the sediment (Table 12), a larger number of effluent samples were collected in the 
first few pore volumes to capture iodide and iodate behavior for both I-127 and I-129. Two separate 1-D 
column leach experiments were conducted with the D0006A sediment. 

Results of both leach experiments showed only a few samples above the detection limits for total I-129 
(Figure 11a and b). Measured concentrations of 0.08 to 0.42 µg/L were similar to values previously 
measured in aqueous extractions (i.e., 0.31 and 0.33 µg/L, Table 13). The minimum detectable limits 
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(MDLs) for each sample showed change resulting from different dilutions needed for different samples, 
depending on the molybdenum concentration. There were four stop flow events in both experiments, 
which resulted in an increase in molybdenum (described below), which unfortunately increased the total 
I-129 detection limits. Therefore, leach experiments were not useful for evaluating leached I-129 mass 
nor the I-129 leach rate from sediment. 

In contrast, total I-127 was quantified in all effluent samples along with I-127 species for samples in the 
first 6 pore volumes (Figure 11c and d). Because the influent pore water had a low I-127 concentration 
(11 µg/L as iodate), effluent total I-127 showed an initial decrease, as the in-situ iodide leached from the 
sediment (first 2 pore volumes), then an increase as the injected iodate leached through the column (2 to 
10 pore volumes). The separate iodide analysis (red diamonds in Figure 11c and d and expanded plots in 
Figure 12 12) clearly shows the iodide leaching from the sediment column along with essentially no 
iodate (blue triangles). The iodine-127 release rate was calculated at the 70 h stop flow event at 2 pore 
volumes (Table 14). 
 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

Figure 11. 1-D column leach results for D0006A, 206.5 to 107 ft depth sediment for experiments T1 and 
T2 (duplicate experiment) showing I-129 (a and b), I-127 (c and d), and Mo (e and f).  
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Although molybdenum (Mo) is not a contaminant of concern, it was necessary to quantify in effluent 
samples for total I-129 analysis. Initial molybdate (i.e., only aqueous species present, Figure 3b) in the 
effluent was 75 to 300 µg/L (Figure 11e and f), so significant sample dilution was required to reduce Mo 
to less than 2 µg/L for total I-129 analysis. Molybdate decreased to below detection limits by 10 pore 
volumes. The total leached Mo was 0.19 µg/g and 1.02 µg/g (Figure 11e and f), comparted to an 
estimated total extractable Mo in uncontaminated sediment of 0 to 2 µg/g (Table 11 footnote, DOE, 
1993). This appears to be a significant fraction of mobile Mo, but there is little known about the natural or 
anthropogenic molybdate transport in sediments. If the Mo is from the stainless steel (which is 
approximately 2% Mo), there should be significant Fe, Cr, and Ni, all of which are present in much higher 
concentration in the steel, although they have different transport and precipitation properties. The Fe and 
Ni should generally precipitate, but Cr (as chromate) could remain mobile. Therefore, although Mo is 
leaching from the sediment, because little is known about natural Mo leaching and the inconsistency with 
other metals in the stainless steel, it is unlikely that the Mo is from the stainless steel.  

At each stop flow event, there was a significant increase in the molybdate concentration, indicating 
nonequilibrium between surface and solution Mo phases and slow release of Mo from the sediment into 
pore water. Mechanisms could include diffusion of aqueous molybdate in immobile pore water (which 
should be relatively rapid and only within a few pore volumes), or dissolution of one or more solid phases 
releasing Mo into solution. Calculation of the Mo release rates at the four stop flow events show only a 
small decrease between 2 and 130 pore volumes (Table 14, Figure 13). This may indicate the same 
surface phase releasing molybdate, such as molybdate substitution in calcite. In contrast to these results, 
calculation of uranium and chromium release rates in sediments over a greater number of pore volumes 
generally shows an orders of magnitude decrease, as high solubility phases are initially releasing 
contaminants in the first few pore volumes, then a low solubility phase slowly releasing contaminants (at 
a slower rate) at a large number of pore volumes. 
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(a) 

 
(b) 

Figure 12. 1-D column leach results for D0006A, 206.5 to 207 ft depth showing the first 10 pore volumes 
of I-127 total, I-127-iodide, and I-127-iodate for experiments T1 (a) and T2 (b). 

Table 14. Molybdenum and I-127 iodide release rates from sediment calculated from stop flows. 

 PNNL 
# Borehole 

Depth 
(ft) HEIS # COC 

Release Rate 
at 2 pv 

(µg/Kg/day) 

Release Rate 
at 7 pv 

(µg/Kg/day) 

Release Rate 
at 18 pv 

(µg/Kg/day) 

Release Rate 
at 110 pv 

(µg/Kg/day) 
T1 D0006A 206.5-207 B3TF37 Mo 3.62 1.70 0.78 1.56 
T2 D0006A 206.5-207 B3TF37 Mo 15.1 7.39 4.70 7.65 

T1 D0006A 206.5-207 B3TF37 I-127 
iodide 0.057    

T2 D0006A 206.5-207 B3TF37 I-127 
iodide 0.067    
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Figure 13. Change in the molybdenum and I-127 release rate over time during leach experiments. 

4.3.2 Iron and Manganese Extractions 

Iron (Fe) and manganese (Mn) extractions were conducted to characterize the potential for contaminant 
reduction in the sediments. The relative distribution of Fe and Mn in different forms provides insight into 
the sorptive and reactive capacity of the sediments. Table 15 and Table 16 show the results of the 
extractions and Fe and Mn analyses. For context, Fe is also plotted, showing the relative portions of 
different Fe(II/III) forms and the relative amounts of redox-active iron and ferrous iron phases (Figure 
14a) and Mn phases (Figure 14c). The D0006A 106.5 to 107 ft depth sediment contained a total of 15.8 
mg/g extractable iron (ferrous and ferric), based on a 3-week extraction in 5 M HCl. This Hanford 
formation (H2) sediment contains a mixture of mafic (i.e., sediments derived from basalt) and granitic 
minerals, with mafic minerals (pyroxenes, amphiboles) and clay minerals containing significant Fe and 
Mn phases. Ferrous phases were a small (2.5 mg/g) fraction of the total iron. There was no measurable 
adsorbed ferrous iron and the siderite/iron sulfide mass was also small (< 0.46 mg/g), so the environment 
was predominantly oxic, as the total ferrous phases were ~15% of the total iron. For ferric phases, the 
amorphous and crystalline iron oxides were also small (< 2.2 mg/g; available for microbial Fe reduction), 
whereas most of the ferric iron was likely in pyroxene and amphibole phases. Although all of these 
sediments are from the vadose zone, if water saturated, some abiotic reduction does occur (Szecsody et al. 
2014) due to the small mass of ferrous iron from carbonates/sulfides. The ratio of ferrous and ferric iron 
and the total Fe in this sediment was comparable to other vadose zone sediments at Hanford (Figure 14b) 
in both the Hanford and Ringold formations. 

Although the total Mn(II) and Mn(IV) extracted from the sediment (0.29 mg/g, Table 16) was 1% to 2% 
of the total iron in the sediment, there was a greater fraction of potentially redox reactive Mn(II) phases 
(purple in Figure 14c). The amount of ion exchangeable Mn(II) was small (0.001 mg/g), but the Mn(II) 
associated with carbonates (0.13 mg/g) was significant. Mn(II) phases were ~30% of the total Mn. 

Table 15. Iron extraction results. 

Borehole, depth 
(ft) 

HEIS 
# 

Ads. 
FeII 

(mg/g) 

FeIICO3, 
FeS 

(mg/g) 

Other 
FeII 

(mg/g) 

Am. 
FeIII 

(mg/g) 
Crys. FeIII 

(mg/g) 

Other 
FeIII 

(mg/g) 
Total FeIII 

(mg/g) 
D0006A, 206.5-207 B3TF37 < 0.005 0.46 2.01 0.067 2.16 13.8 16.0 
D0006A, 206.5-207 dup B3TF37 < 0.005 0.36  -- 0.057 2.04 13.5 15.6 
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Table 16. Manganese extraction results. 

Borehole, depth 
(ft) 

HEIS 
# 

Ads. 
MnII 

(mg/g) 
MnIICO3 
(mg/g) 

Am. 
MnII+IV 
(mg/g) 

Crys. 
MnII+IV 
(mg/g) 

Total MnII+IV 
(mg/g) 

D0006A, 206.5-207 B3TF37 0.00056 0.127 0.098 0.088 0.300 
D0006A, 206.5-207 dup B3TF37 0.00202 0.134 0.090 0.093 0.279 

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 14. Iron extraction results for D0006A, 206.5 to 207 ft depth (a), a comparison to other B-complex 
vadose zone iron extractions (b), manganese extraction results for D0006A, 206.5 to 207 ft 
depth (c), and a comparison to other B-complex vadose zone manganese extractions (d). 
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5.0 Conclusions 
This study was initiated to characterize subsurface contaminants in the A-AX vadose zone (principle 
study question, PSQ #2), distribution of contaminants in pore water and solid phases (PSQ #4), sediment 
phases that may be altered by contaminants, and estimate chemical and physical properties of sediments 
that influence contaminant movement. Possible sources are waste releases from nearby tanks, chemical 
processes, and disposal ditches, including a) A-104 and/or A-105, b) 242A evaporator, and c) 200-E-286 
ditch. Additional elements were also analyzed to determine if the waste releases resulted in corrosion of 
the stainless-steel casing of wells. A tiered approach was used for characterizing contaminants in samples 
from boreholes D0006 and D0008, which includes:   
• Tier 1: estimate mobile and total contaminant concentrations and sediment physical properties,  
• Tier 2: characterize contaminant speciation as an indicator of contaminant movement potential, and  
• Tier 3: measure contaminant leaching to quantify the mass and release rates from sediments  

Contaminant concentration screening (Tier 1) of seven depths in both boreholes showed elevated sulfate 
and nitrate in all samples (130 to 280 ft depth), elevated chloride in five depths, and no elevated 
radionuclides except I-129 in D0006 at 206 to 208 ft depth. The elevated nitrate, sulfate, and chloride 
indicate waste could initially have been acidic (i.e., sulfuric, nitric, hydrochloric acid), which would lead 
to stainless steel corrosion. An acidic spill near surface would have been neutralized within tens of feet of 
depth in the vadose zone given the moderate to high acid neutralization capacity of the sediment, so 
stainless-steel casing corrosion would have been more likely in shallow sediments. However, current 
elevated chloride concentrations (pH neutral) at depth are sufficiently high result in some corrosion of 
stainless-steel surface, especially at welds. GEL labs data also shows low (but above natural) chromate 
from shallow to 170 ft depth, then higher chromate to 280 ft, which suggests chromate leaching from a 
surface spill or casing dissolution. GEL labs data also showed evidence of more than one plume, as 
nitrate, pertechnetate, and iodide (iodide or iodate) was found at depth (> 130 ft), but tritium, which is 
also a highly mobile contaminant, was found in shallow sediment (20 to 80 ft). Disposal from the 200-E-
286 ditch from 1946 to 1953 in combination with tank leaks, then a later 60,000-gallon water line leak in 
1978 could have resulted in the multiple infiltrating plumes. Elevated aqueous cations and anions in the 
D0006 at 206 to 208' depth pore water (SO4

2-, NO3
-, Na+, K+, Ca2+, Mg2+, Si) could be the result of acid 

disposal and calcite dissolution at shallow, with deeper migration of SO4
2-, NO3

- from acids and Ca2+ and 
Mg2+from calcite. Elevated Si (160 mg/L) indicates dissolution of clays or other silicates, which can also 
occur in acids. Although there is no direct indication of acids reacting with sediments because sediments 
from 130 to 280 ft depth have near natural pH (7.6 to 7.9) and 1.65% calcite. In contrast, acid disposal at 
other sites at Hanford (300A, U-8 crib) showed depeleted calcite in shallow sediments. Acid extractable 
metals do show elevated Cr but not Fe, Ni, Mo, and Mn above natural levels (metals present in 304L and 
316L stainless steel), so may be an indication of stainless steel well corrosion or transport of Cr from a 
shallow spill (i.e., 200-E-386 ditch), if an acid spill were leaching through the vadose zone. 

Additional I-129 speciation (Tier 2) and transport (Tier 3) analysis was conducted on the D0006 206 to 
208 ft depth sample. The total I-129 in aqueous extractions (0.00034 mg/g) was 23% of the total I-129 in 
the sediment (0.0015 mg/g), as defined by the tetramethylammonium hydroxide (TMAH) extraction. 
Although the total I-129 and I-129 species was below detection limits in most extraction samples due to 
high molybdate, I-127 analysis provided some insight into possible I-129 surface phases. Total I-127 in 
sequential acidic extractions (0.15 mg/g) showed I-127 as 23% aqueous and adsorbed (highly mobile) and 
in precipitates dissolved with pH 5 acetate (21%), pH 2.3 acetic acid (46%, likely calcite), and 10% in 
hard to extract phases. Nearly all the I-127 was present as iodide. The I-127/I-129 in the A-AX tanks of 1 
to 7 were diluted in pore water at this depth to 45 to 63. Because a significant amount of I-127 was 
present associated with calcite, the 1000-h carbonate extraction showed that a significant amount of I-127 
(0.075 mg/g) is potentially mobile. The TMAH extraction showed additional I-127 was present in 
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alkaline precipitates (TMAH extraction 0.276 mg/g). I-127 was likely not associated with organic matter, 
as the total organic carbon (TOC) in pore water and in sediment was below detection limits (< 0.005%). 
The total inorganic carbon measurement of the sediment identified 1.65% calcite. It is possible that iodine 
was incorporated into calcite based on its presence in the acetic acid and carbonate extractions as well as a 
previous study that has shown that iodine can be incorporated into calcite.  

Iodine 1-D column leach experiments (Tier 3 analysis) were conducted to measure mobility of iodine 
with analysis of total I-129, total I-127, associated I-127 and I-129 species, and molybdate, which was 
needed for I-129 measurements. There was little direct information on I-129 leaching as only a few 
samples could be measured for total I-129 due to interference by molybdate. However, the I-127 leached 
from the sediment within 2 pore volumes was present entirely as iodide and was much smaller than 
predicted from sequential extractions or the 1000-h carbonate extraction. The I-127 release rate calculated 
at a stop flow event was 0.06 mg Kg-1 day-1. Molybdenum, also measured in the 1-D column leach 
experiments, present as molybdate, was dynamic, with a high initial concentration (300 µg/L) which 
decreased to below detection limits by 10 to 130 pore volumes. But, at each of the four stop flow events 
from 2 to 130 pore volumes, there was a large molybdate increase. The calculated Mo release rates from 
sediment did not decrease with increasing pore volumes, which suggested Mo was being released from 
the same precipitate phase, such as molybdate incorporated into calcite. The source of Mo was most likely 
natural sources based on the absence of co-contaminants (Fe, Ni, Cr) which are present at higher 
concentrations in stainless steel that would indicate well corrosion.  

Overall, because there was little radioactive contamination measured in D0006 and D0008 boreholes 
other than I-129 at the 206 to 208 ft depth in D0006, contaminants potentially released from A-104 and 
A-105 did not reach this location south of the A tank farm. Elevated cations and anions found at depth 
could be the result of acidic disposal that could cause shallow stainless steel casing corrosion or could be 
the result of infiltration of acidic water reacting with sediment. The nearby 242A evaporator contained 
alkaline waste (and tritium), but the nearby 200-E-286 ditch generally contained liquid effluent with high 
chloride. Stainless steel component metals were generally not elevated at the 206 to 208 ft depth except 
for Cr, which could be from casing corrosion and the high mobility of Cr as chromate or Cr surface 
disposal. The depth profiles of contaminants (sulfate 130 to 210 ft depth, chromate 180 to 280 ft depth, 
nitrate 130 to 220 ft depth, chloride 130 to 210 ft depth, tritium 20 to 80 ft depth) suggests at least two 
plumes to account for mobile contaminants at depth (i.e., chromate, nitrate, chloride) as well as a highly 
mobile contaminant in shallow sediment (tritium).  
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6.0 Quality Assurance 
This work was performed in accordance with the Pacific Northwest National Laboratory Nuclear Quality 
Assurance Program (NQAP). The NQAP complies with DOE Order 414.1D, Quality Assurance. The 
NQAP uses NQA-1-2012, Quality Assurance Requirements for Nuclear Facility Application as its 
consensus standard and NQA-1-2012 Subpart 4.2.1 as the basis for its graded approach to quality.  
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Appendix A – Data from Boreholes D0006/6A and D0008/8A 
analyzed by GEL Laboratories 

Table A.1. Radionuclide, metals, and anion data for borehole D0006. 

 

Table A.2. Radionuclide and selected anion data for borehole D0008 from Gel 
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