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ABSTRACT

This report summarizes extensive testing performed in a laboratory setting, using depleted uranium (DU)
penetrator dart segments retrieved from the Jefferson Proving Ground (JPG) in southeastern Indiana, as
well as Site soil and rainwater. These media were used in conjunction with a laboratory weathering

procedure (American Society of Testing and Materials [ASTM] D 5744) that (1) enhances reaction-
product transport in the aqueous leach of a solid sample, and (2) measures rates of weathering product
release.

In this testing, the penetrator dart segments are shown to very slowly corrode; the corrosion products
subsequently partially dissolve and then leach through a thin soil column under the accelerated
weathering test conditions. After 22 accelerated leach intervals, representing over one year of real-time
leaching, the maximum cumulative mass fraction of DU draining from the shallow soil column with
implanted penetrator segment is estimated to be less than or equal to 8E-05 (less than or equal to 0.008
percent, by mass). The maximum concentration of dissolved uranium in the soil column leachate toward
the end of the testing period (presumably after saturation of uranium bound to soil minerals) approaches
approximately 10 milligrams per liter (mg/L) (approximately 4E+03 picoCurie per liter [pCi/L]). This is

consistent with formation of schoepite (nominally U0 3e2H 20) as the long-term solubility-limiting surface
alteration product (Jang et al.., 2006). Schoepite was determined to be a major mineral phase in both the
original and induced weathering dart corrosion rinds. Hold-up (retardation) of dissolved uranium by

sorption to the site soil minerals and/or fornation of relatively insoluble secondary uranium compounds,
appears to be significant and controls the near-field migration of uranium species.

At the termination of the accelerated leaching protocol, the DU dart segments were removed, and the

environmentally-available uranium inventory in the soil was estimated. After twenty-three cycles of
accelerated leaching (representing actual experimental elapsed time 1.27 years [y]), the fractional DU
mass loss to near-field soil and eluted water averaged approximately 0.002 per year (y'). Of this total,

only a small proportion of inventory had partitioned to the aqueous eluent, the balance remained bound
within the soil. Based on the DU-exposed soil and water mass balance, the average computed DU

corrosion rate in our experiment is approximately 0.02 gram(s) per centimeter squared year [g cm 2y']).
This value is well within the range of similar estimates cited by Handley-Sidhu et al. (2010) for corrosion
rates for DU under oxic conditions in a non-marine environment (reported range approximately 0.01 to
0.8 g cm 2y'). At these low corrosion rates, the DU material from largely intact penetrator darts would
require many decades to corrode completely.

There is considerable hold-up of uranium within the near-field soil. Many soil phases, including hydrous

oxide minerals and soil organic matter can interact with the soluble uranyl ion (UO 2
2 +) to retard its

migration. To further assess this expectation, aliquots of drained, DU-exposed soil were assessed by a
modified Tessier Sequential Extraction (SE) procedure. The premise of the Tessier-type SE protocol is
that a progressively more aggressive series of lixiviates are used to extract the soil matrix, in order to
assess the risk of ground water contamination and the subsequent migration of contaminant into the
environment. These SE methods recognize that total soil metal inventory is of limited use in
understanding bioavailability or metal mobility, and that it is useful to estimate the amount of metal
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present in different solid-phase forms. Despite some drawbacks, the SE method can provide a valuable
tool to distinguish among trace element fractions of different solubility related to mineral phases.

Uranium was found to be associated predominantly with the relatively more refractory "carbonate" and
"hydrous metal oxide" (operationally-defined) geochemical fractions.
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1. INTRODUCTION AND SUMMARY

The JPG in southeastern Indiana was established in 1941 as a proving ground for the test firing of a wide
variety of munitions. DU projectiles were tested here between 1983 and 1994. These tests were intended
to be nondestructive in nature (i.e., without the formation of DU aerosol from striking hard targets),
although some of the rounds may have partially fragmented upon impact. It is estimated that
approximately 154,000 pounds (70,000 kilograms [Kg]) of DU remain in the DU Impact Area (SAIC
2007). The DU impact area (approximately 2000 acres) is under U.S. Nuclear Regulatory Commission
(NRC) license and is contaminated with both conventional unexploded ordinance (UXO) and DU.

The purpose of the present investigation is to better address the request for information by the NRC for
potential decommissioning and modification to a possession-only radiological license for the JPG site.
Concerns expressed by the NRC (and by the local community) include the site-specific corrosion rate of

the DU armor-piercing projectile darts (kinetic energy "penetrators") and potential subsequent transport
of toxic uranium U to the local groundwater system.

The data from these investigations describe a net release rate of DU, produced by corrosion of the

penetrator dart segment and subsequent migration through a thin Site soil segments induced by drainage
of Site rain water, in accordance with a laboratory weathering procedure (ASTM D 5744) that (I)

enhances reaction-product transport in the aqueous leach of a solid sample, and (2) measures rates of
weathering product release.

As Hilton (2000) observes, there is no simple correlation between corrosion rate data and release rate
data. The corrosion rate is the rate at which a material physically degrades. It is based on the total
amount of material reacted. The release rate is the rate that material is transported away from the sample.
The release rate is related to the corrosion rate, but it depends on a number of other factors, including
structural adherence of oxide, solubility of the corrosion products formed, colloid formation in aqueous
phase, and sequestration of radionuclides in the soil matrix and alteration products that may be formed.

Figure 1 illustrates a prepared cross-sectional view of a typical surface-corroded DU projectile dart. It
shows a thin (approximately I millimeter [mm]) corrosion rind comprised of gray-colored, sparingly-

soluble reduced uranium oxide (UOx, where x is less than or equal to 2.67) immediately adjacent to the
metal alloy. Near the interface with oxic soil media there is a yellow-colored, fluorescent phase,
identified by X-ray diffraction as schoepite (nominally U0 3onH 2O, where n is an integer), which appears
to be the long-term uranium solubility-limiting phase; Jang et al. (2006) predict solubility of schoepite to

be approximately 2 to 20 milligrams per liter (mg/L) at near-neutral (pH of 6 to 7.5) oxic groundwater.
Overlaying the uranium oxide mineral phases is a layer of adherent soil phase, which may "armor" the
corrosion products to some extent (by forming a physical barrier).
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Figure 1. Optical Microscopic Image for a Polished Cross-section of a Dart Segment
from As-received Specimen 08-2288 (Associated with Soil Type PAC).
Dart core diameter is approximately 25 mm.

Table I summarizes the estimated mass balance for DU after twenty-three cycles of accelerated leaching
(actual experimental elapsed time 1.27 years). Normalized to the experimental elapsed time, the
fractional DU mass loss to near-field soil and eluted water averaged (1.57 grams [g]/605.4-g)/(l.27-y)
0.002 y-. Of this total, only about 2.5 percent of the DU "loss" inventory partitioned to the aqueous
eluent, the balance remained bound within the soil.
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Table 1. Mass Balance Summary: Partitioning of DU to Retained Soil and Eluted
Aqueous Phases after 23 Cycles of Accelerated Leaching*

Original End of Test: Mass Balance for U Loss
Soil Mass

MCL ID Soil Description Penetrator Penetrator U Inventory (g) TotalType Pntao
(g) Aqueous Soil Total % Mass Loss

13-1663 PAC Cell #1 Soil Scraped 701.8 0.05 1.71 1.75 0.25%

13-1664 PAC Cell #2 Soil Unscraped 623.5 0.04 0.73 0.77 0.12%

13-1665 PCR Cell #3 Soil Scraped 577.1 0.04 1.43 1.47 0.26%

13-1666 PCR Cell #4 Soil Unscraped 620.2 0.04 1.49 1.54 0.25%

13-1667 PGR Cell #5 Soil Scraped 583.1 0.03 1.60 1.63 0.28%

13-1668 PGR Cell #6 Soil Unscraped 526.4 0.02 2.25 2.27 0.43%

13-1669 PAC Cell #7 Soil N/A 0.000 0.001 0.00 N/A

Average for Cells #1 through #6 605.4 0.04 1.54 1.57 0.26%
Notes:

* Total elapsed time = 463 days (actual experimental accelerated leach test interval).
% -percent
DU - depleted uranium
g - gram(s)
ID - identification
N/A - not applicable
PAC - soil type Avonsburg/Cobbsfork
PCR - soil type Cincinnati/Rossmoyne
PGR - soil type Grayford/Ryker
U - uranium

As shown in Appendix A2, Handley-Sidhu et al. (2010) have reviewed the few existing published

corrosion rate estimates for DU under environmental conditions. Corrosion rates are normalized to the

nominal (geometric) metal substrate surface area, as indicated in Equation (1):

Corrosion Rate (g cm-2 y-') = 365 x Weight loss (g)
Metal Surface Area (cmz) x Time (days) (1)

For data derived from the current investigation, based upon the mass balance estimates presented in

Table 1, and the nominal DU penetrator segment geometric surface area derived in Appendix 2, a rough
estimate for DU corrosion can be derived (Table 2). These estimates for corrosion rates are a simplistic
linear extrapolation of the mass balance data over the actual duration of the experiment; data shown in
Appendix A I indicates that partitioning to the eluted aqueous phase is not constant over time, but that
estimates for uranium concentration demonstrate considerable variability by collection interval.
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Table 2. Estimates for DU Corrosion Rate Under Accelerated Leaching (Real Time
Leach Duration 1.3 years)

Nominal Aqueous Eluent Total (Soil + Aqueous)
Cell Original Penetrator Dart Rate Rate

Number dart mass Dart Surface Area g-U gcm;2y- g-U g cm-2y-I
(g) Preparation (cm 2) * lost g Y lost g

1 701.8 Scraped 80.18 0.047 4.64E-04 1.75 1.72E-02

2 623.5 Unscraped 72.35 0.040 4.33E-04 0.77 8.44E-03

3 557.1 Scraped 65.71 0.045 5.38E-04 1.47 1.77E-02

4 620.2 Unscraped 72.02 0.043 4.74E-04 1.54 1.68E-02

5 583.1 Scraped 68.31 0.026 3.03E-04 1.63 1.88E-02

6 526.4 Unscraped 62.64 0.022 2.73E-04 2.27 2.85E-02

Average 602 70.2 0.037 4.14E-04 1.57 (1.8 ± 0.6)E-2
Notes:

* From Appendix 3, Table A3-1 (Estimates for nominal geometric surface area)
• * Computed using equation (I), with Time = 463 days (actual experimental accelerated leach test interval; the time

equivalent for typical JPG field exposure (wet/dry cycles) has not been estimated).
% - percent
cm2 

- centimeters squared
DU - depleted uranium
g - gram(s)
g cm 2y- - gram(s) per centimeter squared year
g-U - gram(s) uranium
JPG - Jefferson Proving Ground, Indiana

Despite the limitations for the stated assumptions used for calculation of the corrosion rates summarized
in Table 2, the average computed DU corrosion rate (approximately 0.02 g cm-2y'l) is well within the
range of similar estimates cited by Handley-Sidhu et al. (2010) for corrosion rates for DU under oxic
conditions in soil-moist oxic environment (reported range approximately 0.01 to 0.8 g cm 2y').

As noted previously (Table 1), there is considerable hold-up of uranium within the near-field soil. Many
soil phases, including hydrous oxide minerals and soil organic matter, can interact with the soluble UO 2 

2

to retard its migration. The physical properties summarized in Table 3 (i.e., relatively low pH value and
relatively high total organic carbon) may favor such soil retention.
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Table 3. Drained DU Exposed Soil: Select Physical Properties

Drained Soil Soil pH Value TOC TC
(ASTM D4972 *) (mg/Kg) (mg/Kg)Sample DescriptionA- DrAs Dy

ID 0.01 N As- Dry As- Dry

% Moisture DIW CaC12 Received Weight Received weightBasis Basis Basis Basis

E-1 Cell #1 Soil 18.2% 4.48 4.24 6,780 8,270 8,520 10,400

E-I-DUP Cell #1 Soil 17.9%

E-2 Cell #2 Soil 16.7% 4.36 4.17 6,900 8,280 9,130 11,000

E-3 Cell #3 Soil 15.9% 3.92 3.68 6,970 8,290 10,100 12,000

E-4 Cell #4 Soil 15.3% 3.99 3.76 4,860 5740 9,340 11,000

E-5 Cell #5 Soil 14.9% 4.43 4.23 8,400 9,870 8,940 10,500

E-6 Cell #6 Soil 15.9% 4.55 4.33 8,380 9,960 9,630 11,500

E-7 Cell #7 Soil 19.2% 4.40 4.22 7,690 9520 7,850 9,720

E-7-DUP Cell #7 Soil 6,110 7,560 7,990 9,890

Average 16.8% 4.30 4.09 7,010 8,440 8,940 10,750
Notes:

* ASTM Method D4972 (Standard Test Method for pH of Soils) calls for pH measurements on soil aliquots equilibrated
with both de-ionized water (DIW) and with 0.01 N CaCI2 solutions.

% - percent

CaCI 2 - calcium chloride
DIW - deionized water
DU - depleted uranium

DUP - duplicate
ID - identification

mg/Kg - milligram(s) per kilogram
N - Normal
TC - total carbon
TOC - total organic carbon

To further assess this expectation, aliquots of drained, DU-exposed soil were assessed by a modified
Tessier SE procedure. The premise of the Tessier-type SE protocol is that a progressively more
aggressive series of lixiviates are used to extract the soil matrix, in order to assess the risk of ground water
contamination and the subsequent migration of contaminant into the environment. These SE methods
recognize that total soil metal inventory is of limited use in understanding bioavailability or metal
mobility, and that it is useful to estimate the amount of metal present in different solid-phase forms.
Despite some drawbacks, the SE method can provide a valuable tool to distinguish among trace element
fractions of different solubility related to mineral phases.

U was found to be associated predominantly with the relatively more refractory "carbonate" and "hydrous
metal oxide" (operationally-defined) geochemical fractions (vide infra). The soils contained plentiful iron

(Fe), manganese (Mn), and aluminum (Al), which have mineral forms that can sorb and bind U0 22+

(Krupka and Serne, 2002).
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2. MATERIALS AND METHODS

2.1. Description of the Methodology for the Simulated Weathering of the Six Penetrator
Segments

Initially, six penetrator dart segments were prepared, two each cut from three penetrators. Three
segments were used "as is," without scraping the exterior surface, and three segments were scraped to
remove bulk corrosion product from the exterior surface. Soils from three locations (designed PAC [JPG
soil type Avonsburg/Cobbsfork], PCR [JPG soil type Cincinnati/Rossmoyne], PGR [ JPG soil type
Grayford/Ryker], see Table 1) were also received by Materials and Chemistry Laboratory, Inc (MCLinc).
These soils were collected from areas outside of the DU impact areas, and were collected at near-surface
(0 to 0.5 feet). Each soil was mixed separately to provide three homogeneous samples from each
location. A scraped penetrator segment was placed in a Kg quantity of soil from each location in a
humidity cell and an "unscraped "(as-received) segment was likewise placed in a Kg quantity of soil
from each location resulting in six humidity cells that contained a penetrator segment and soil sample. A
seventh humidity cell contained a I-Kg sample of soil from location Avonsburg/Cobbsfork (AC) without
a penetrator segment. This information is summarized in Table 4. The recorded initial mass of penetrator
includes a relatively small contribution of adherent corrosion product, considered inconsequential for
mass balance purposes.

Table 4. Test Cell Preparation

Soil Location Penetrator Initial Mass of Initial Mass of
Cell No. , Segment ID No. Soil Penetrator

(location/condition) (g) (g)
JP-PAC-005

1 PAC (AC/Scraped) 1,000.1 701.8
JP-PAC-005

2 PAC (AC/Un-scraped) 1,001.4 623.5

3 PCR JP-PCR-008
(CR/Scraped) 1,000.2 577.1
JP-PCR-008

4 PCR JCR-00d 1,000.3 620.2(CR/Un-scraped)

JP-PGR-0015 PGR (GR/Scraped) 1,000.5 583.1

JP-PGR-00 i6 PGR (GR/Un-scraped) 1,000.1 526.4

7 PAC No penetrator segment 1,000.4
Notes:

* PAC = soil type Avonsburg/Cobbsfork; PCR = soil type Cincinnati/Rossmoyne, PGR:
g - gram(s)

ID - identification

soil type Grayford/Ryker.

The leachate sample identification numbers follow this designation scheme:

For example, 00-1-AC-005-S, where "00" is the initial leach that was done prior the first dry air or wet air
cycles. The first leachate collection following the first dry air and wet air cycle was 01-i-AC-005-S. The
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"I" is the cell number. The "005" is the penetrator segment number. The "S" means that the segment

was scraped. A "U" instead of"S" would mean that the segment was un-scraped.

2.2. Description of the simulated weathering cycles

The simulated weathering cycles basically followed the ASTM Method D5744-96, Standard Test Method

for Laborator' Weathering of Solid Materials Using a Modified Humidity Cell., (Reapproved 2001). This

procedure (1) enhances reaction product transport in the aqueous leach of a solid material sample of

specified mass, and (2) measures rates of weathering-product mass release. The weathering protocol

selected simulates the effect of DU weathering in the vadose zone, including periodic intervals of short-

term rainfall flooding, and is believed to be more aggressive than weathering induced by actual field
metrological conditions. The native soil utilized in this testing includes viable indigenous microbes, so

that it was unnecessary to inoculate the solids with Thiobacillusferroxidans (as suggested in Appendix to

D5744 for testing vs. barren rock ore).

The apparatus for this testing is illustrated in Figure 2. Following the ASTM D5744 method, the

simulated weathering cycle starts with an initial water leach. That is, the very first activity after loading

the penetrator segments and soil into the humidity cells is to add water to each cell so as to cover the

surface of the soil several inches deep in water. In all cases, approximately 900-g of site rainwater was
added to each cell for this purpose. The rain water used was collected and supplied to MCLinc by the
client. The as-received rainwater had pH a value approximately 5.0 and correspondingly low total

(bicarbonate) alkalinity (0.5 mg/L, expressed as CaC0 3 [calcite]). Complexation with carbonate ion often

controls the mobility of UO2 +
2 in groundwater (see, e.g., Curtis et al., 2006; Zhou and Gu, 2005). An

increase in alkalinity in water drained from the test cells would likely suggest partial dissolution and

depletion of CaCO 3 mineral phase from the test soil.

After adding the water to each cell, the water was allowed to remain in each cell for three hours, and then

the plug was removed from the bottom of each cell to begin draining the water directly into tared (pre-
weighed) and labeled collection bottles. The seven cells were allowed to drain for 69 hours (h) after

opening the drain plugs. The collected water was sent to the designated lab for analyses under Chain-of-

Custody (COC) seals with a COC sheet. Each cell was re-weighed to record a weight for each wet cell.
Then the dry air manifold was connected to each cell and dry air was passed thru each cell at a rate of

greater than I liter per minute (L/min) for 9 days (d). Following the dry air cycle, each cell was removed
again and re-weighed. All seven cells were then connected to the wet air manifold and wet air was
flowed through each cell at greater than I-L/min for 9-d. After 9-d of the wet air treatment, each cell was

re-weighed and approximately 900- g of water was added to each cell to start the next leach cycle. This

simulated weathering cycle was repeated numerous times resulting in 23 leachate sample sets. That is,
the initial leachate collection was numbered "00" and the last leachate collection which followed 22 dry

air, wet air, leach cycles were numbered "22" for a total of 23 leachate collection sets with seven water

samples per each collection set.

Figure 2 illustrates a penetrator dart segment placed in an accelerated leach testing apparatus cell. The

soil containment cell dimensions are approximately 11.7 centimeters (cm) (inside diameter) by
approximately 20.5-cm (depth) (total volume about 2.2 liters [L]). The drained soil occupies

approximately 860 cubic centimeters (cm 3), for a packed bed density of 1. 16 g/cm 3.
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Figure 2. Illustration of the Modified Humidity Cell Apparatus, Constructed
Consistent with ASTM D5744-96 Requirements

Figure 3. Embedded Penetrator Segment in Cell #1, Photographed After the Drying
Cycle.
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2.3. U Activity and Equivalent Mass Estimates

By request of the client, uranium isotopes in the leachate were monitored by alpha spectroscopy
(subcontracted to Eberline Services, Oak Ridge, TN). All sample batch analytical quality assurance (QA)
(blank, laboratory control sample [LCS], spike, minimum detection activity, duplicate [DUP] analyses)
were within acceptable limits. For purposes of estimating uranium mass balance (e.g., mass fraction of
original penetrator segment mass leached per sampling interval and cumulative over the duration of the
experiment), it is useful to convert the measured isotopic activities to their mass equivalents, using the
literature specific activities cited in Table 5.

Table 5. U Isotopic Specific Activity

Isotope pCi/jg-U

U-234 6.23E+03

U-235 2.16E+00

U-236 6.51E+0 I

U-238 3.36E-01

Notes:
pCi/pg-U - picoCuries per microgram(s) uranium
U - uranium

Table 6 lists radiochemical attributes for natural and munitions-grade DU.

Table 6. Radiochemical Attributes for Natural and Munitions-grade DU

Natural U DU (Munitions)'
0.693 0.382

Isotope %Mass %Activity %Mass %Activity

U-234 0.0055% 49.61% 0.0006% 9.70%

U-235 0.7111% 2.22% 0.2000% 1.13%
U-236 0.0000% 0.0003% 0.0003% 0.05%

U-238 99.2835% 48.17% 99.8000% 89.12%
Notes:

% - percent
DU - depleted uranium
pCi/pg-U - picoCuries per microgram(s) uranium
U - uranium

2.4. Alkalinity

Alkalinity, a significant contributor to uranyl mobility, was determined by titration versus standardized
acid to an endpoint of pH 4.5 (bicarbonate endpoint), and results are expressed as mg/L CaCO 3

** http://www.informaworld.com/smpp/section?content=a714111273&fulltext=713240929. (See also Littleton,
2006).
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(American Public Health Association [APHA], Standard Methods for the Examination of Water and
Wastewater, Method 2320 B).

3. RESULTS

3.1. Characterization of original (as-found) penetrator corrosion rinds

Literature expectations for uranium at the surface of a DU penetrator are that it would slowly oxidize in
wet oxic soil to initially form low-solubility U0 2 (uraninite), and ultimately (upon prolonged weathering),
it would form more oxidized, relatively soluble phases such as schoepite (hydrated U0 3 - nominally

U0 392H 20) or possibly other alteration phases (such as rutherfordine (UW02CO) or becquerelite
(Ca(U0 2 )60 4 (OH) 6(H 20)8), depending upon site-specific geochemical factors. These weathered phases
are often the solubility-limiting phases for uranium in natural systems, but they can also be further
transformed into other compounds.

Wagner and Stevenson (2009) report that the uranium oxide phases identified on as-found site corrosion

rind were U0 2 (uraninite) and U0 3 o2H 20 (schoepite) (major phases), and (minor) uranyl peroxide,

U0 4a4H20 (studtite). Whereas uraninite is relatively insoluble, the more oxidized species such as
schoepite and studtite should exhibit moderate, pH-dependent, solubility in oxic water. Studtite (uranyl
peroxide hydrate) and/or metastudtite (partially dehydrated studtite) are likely produced as very minor
phases due to alpha radiolysis of water that forms the peroxide reagent; see Douglas et al. (2005), Rey,
(2009). Studtite and metastudtite have been identified at other sites as an alteration product in casks of
spent nuclear fuel (Douglas et al., 2005; Young et al., 2006).

These observations may be compared to those of Mellini and Riccobono (2005), who report that a DU
penetrator, shot in 1999 at Djakovica, Western Kosovo, and there collected in June 2001, showed evident
alteration processes, perceivable as black and yellow coatings. X-ray diffraction (XRD) indicates that the
black coating mostly consists of uraninite, U0 2, with possible presence of other more oxidized uranium
forms, such as U30 8 . The yellow material is reported to be mostly amorphous, with variable weak
diffraction lines, due to minor embedded uraninite grains, or possibly schoepite. Therefore, the Djakovica
dart shows evident oxidation and leaching processes, progressively releasing mobile forms. 2

The maximum solubility of oxidized uranium phases (surface layers on penetrators [e.g., schoepite]) at
near-neutral pH (as found in the water in Kosovo) is about 10 mg/L (parts per million [ppm])3 . However,
there are many processes in nature that can retard the transport of uranium (sorption to hydrated metal
oxide minerals and organic matter in the soil; co-precipitation with CaCO 3, etc., under certain conditions,
the leached hexavalent soluble form of uranium may become reduced [if the soil contains iron-Il-bearing
minerals, bacteria, or organic matter], transforming to the tetravalent insoluble form [U0 2] - with
crystalline material having low solubility at neutral pH, perhaps as low as 1 microgram per liter [jig/L],

2 The darts recovered from Jefferson Proving Grounds show similar characteristics; see Travaglini (2008) and

Wagner (2009).
http://www.reliefweb.int/librarv/documents/2001/unep-duappendix5-1 2mar.pdf

(For DU, this stated maximum uranium solubility represents up to 4,000 pCi/L. This is approximately the maximum
activity observed in this investigation; see Fig. 3.)
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but oxidizing conditions, complexation and degree of crystallinity can significantly affect this property);
see Casas et al (1998)., Kertes et al. (1985).

Figure 4. Optical Microscopic Image for a Polished Cross-section of a Dart Segment
from As-received Specimen 08-2288 (Associated with Soil Type PAC).
Dart core diameter is approximately 25 mm.

Figure 4 illustrates an optical image for a polished cross-section of an as-received penetrator dart
segment, which has been embedded in epoxy resin (Stevenson, 2010A). It shows a thin (I to 2 mm) rind
of corrosion products - a dark gray, near-surface zone (assumed to be predominantly U0 2), overlain by a
yellow, highly fluorescent material (schoepite). The corrosion products are also encased in a tenaciously
adherent accretion of soil minerals, which likely also serve as a physical barrier to the corrosion and
subsequent leaching phenomena. Brock (2003), and Buck and Brock (2004) conclude from a study of
DU from an arid site that uranium precipitates as aggregates of tabular, hexagonal schoepite-
metaschoepite crystals with silicate clay/silt particles, coated with amorphous silica, and so dissolved
uranium does not move quickly and is probably inhibited by the adherent silicate coatings. The surface
corrosion layer(s) illustrated in Figure 4 (and similar images presented by Stevenson, 2010A) appear far
less than the estimates presented by Schimmack et al. (2007), who estimated that 7.9 percent of the initial
DU mass was corroded after 3 years, based upon their laboratory column experiments.
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3.2. Post-Leach Characterization of Corrosion Products

Examination of air-dried corrosion products on penetrator dart segments at the conclusion of the

accelerated leach study identified meta-schoepite, equivalent to U0 3anH20 (with n less than2), yellow,
and trace U0 2, black, as the dominant uranium-bearing phases (Stevenson, 2010); see Figure 4. Thus the
mineralogy of corrosion products induced during the accelerated weathering procedure is essentially the
same as those identified as present on the as-received specimens.

Figure 5. Side View Photograph of Unscraped JP-PAC-005 from Cell 2.

Figure 6. End View Photograph of Unscraped JP-PAC-005 from Cell 2.

Photographs of penetrator segment from Cell #2, retrieved at the conclusion of leach
cycle #22. (From Stevenson, 2010).
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3.3. Summary of X-ray Photoelectron Spectroscopy (XPS) Results

Samples of crushed corrosion products (as previously prepared for XRD analysis) were examined by the

surface-selective technique of XPS. This technique can differentiate between reduced forms of uranium

(U(IV)) and oxidized forms (U(VI)).

As Bums (1999) notes, U0 2 is probably always at least partially oxidized in nature, especially at the near-

surface. Prepared specimens of corrosion scrapings were briefly subjected to argon ion milling, to clean
the surfaces (e.g., removing the ubiquitous superficial oxidized uranium from reduced phases such as
U0 2), so that the recorded composition more nearly approximates the bulk phase; see Nelson et al.,
(2003). Table 7 summarizes XPS data for numerous as-received penetrator darts. Table 8 summarizes
data from post-leach retrieved segments, with comparison to the original (as-found) specimen from which
the segment was prepared.

In general, the uranium valence state distributions for near-surface corrosion products are similar for as-
received and post-weathering specimens (with approximately 2/3 as oxidized U(VI) and 1/3 as reduced
U(IV)). The post-weathering estimates of uranium valance states show less variability than did the
original (as-found) specimens.

Table 7. Summary of XPS Results (Percent Distribution of U(IV) and U(VI) for As-found
Corrosion Products.

Soil Type PAC Soil Type PCR Soil Type PGR

Specimen U(IV) U(VI) Specimen U(IV) U(VI) Specimen U(IV) U(VI)

08-2300 26.5 73.5 08-2294 33.2 66.8 08-2296 61.1 38.9

08-2301 30.4 69.6 08-2304 52.7 47.3 08-2297 20.4 79.6

08-2303 42.9 57.1 08-2305 48.0 52.0 08-2295 36.9 63.1

08-2285 35.9 64.1 08-2307 47.6 52.4 08-2298 30.3 69.7

08-2288 44.2 55.8 08-229 1 15.2 84.8

08-2302 29.0 71.0 08-2306 41.4 58.6

08-2284 21.6 78.4 08-2289 45.1 54.9

08-2287 35.1 64.9 08-2290 60.4 39.6

08-2299 35.0 65.0 08-2292 47.7 52.3

08-2286 25.0 75.0 08-2293 8.9 91.1

Average 32.6 67.4 Average 40.0 60.0 Average 37.2 62.8
± a ± 7.4 ± 7.4 - a ± 16.4 ± 16.4 ±o a ±17.3 -17.3

Notes: Bolded specimens are those selected for segmentation and use in accelerated leach tests.
± - plus or minus
* - standard deviation
PAC - soil type Avonsburg/Cobbsfork
PCR - soil type Cincinnati/Rossmoyne
PGR - soil type Grayford/Ryker
U(IV) - reduced forms of uranium
U(VI) - oxidized forms of uranium
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Table 8. Summary of XPS Results (Percent Distribution of U(IV) and U(VI) for Post-
leach Corrosion Products.

Original As-found Post-leach(Pre-Leach)

Segment % distribution LeachPst Initial % distribution
MCLinc ID U(IV) U(VI) Cell # Condition U(IV) U(VI)

I Scraped 32.8 67.2
08-2288 44.2 55.8 2 Unscraped 29.1 70.9

3 Scraped 35.0 65.0
08-2290 60.4 39.6 Unscraped 35.4 64.6

5 Scraped 29.7 70.3
08-2296 61.1 38.9 6 Unscraped 29.0 71.0

Average 55.2 44.8 Average 31.8 68.2

k a 1 9.6 + 9.6 * *3.0 -3.0

Notes:
% - percent
± - plus or minus
cr - standard deviation
ID - identification
MCLinc - Materials and Chemistry Laboratory, Inc.
U(IV) - reduced forms of uranium
U(VI) - oxidized forms of uranium

3.4. Leach Study Results

Leach study data are summarized in Appendix 1, and include graphical representations for the estimated
cumulative mass fraction of uranium collected during the test leach intervals. The original mass of
penetrator dart emplaced in the test soil is used as the operational uranium source term. This is a very
good approximation for the mass source term, although it is recognized that:

I) the penetrator is an alloy (containing, e.g., approximately 0.4 weight percent [wt.%] titanium
[Ti]);

2) there is a small amount of surface oxidation product(s) present on the segments (see
"Characterization" Section above, and Figure 4); and

3) the native soils used have a small amount of uranium present (see data for Cell 7, with no
penetration segment added).

The relatively large mass of the penetrator dart segment make the corrections for other surface-adherent
phases and native soil sources negligible. For the purpose of mass balance estimate, uranium isotopic
activities in the collected leachate are converted to their mass-equivalents (using the parameters from
Table 2). Note that the density of metallic DU in the original penetrator darts is approximately 19.05
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g/cm3, with the relatively thin rind of adherent corrosion product and soil being much less dense (e.g.,

schoepite density about 4.8 g/cm3 ).4' I

Table 9 compares the initial mass of the dart segments used with the mass of the retrieved darts at the

conclusion of the testing (note that estimates are for gently brushed dart segments, and include the
contributions by tenaciously-adherent corrosion product and soil accretion). These measurements support

the conclusion that changes in penetrator dart mass after accelerated weathering are minimal. Mass

balance data presented in Appendix I also support this conclusion.

Table 9. Mass Estimates for Penetrator Dart Segments **

Cell Initial Dart Final Dart Change % Change

mass (g) mass (g) A (g) %A

1 701.8 706.7 4.9 0.7%

2 623.5 626.5 3.0 0.5%

3 577.1 579.7 2.6 0.5%

4 620.2 622.6 2.4 0.4%

5 583.1 585.4 2.3 0.4%

6 526.4 525.5 -0.9 -0.2%
Notes:

** Estimates include associated adherent corrosion product and soil grains.

A - difference
% - percent
g - gram(s)

In general, the very first few leachate samples collected appear to have isotopic disequilibrium (i.e.,

activity is dominated by uranium - 234 [234U], and are not in the isotopic proportions expected for bulk-
phase DU; see Table 3 and Figure 5). Uranium isotopes in groundwater are often not in secular

equilibrium (i.e., activity of 234U "daughter" is not equal to the activity of the uranium - 238 [238U]
"parent"). General consensus is that the proportion of isotope 23 4U can be elevated in groundwater in the
presence of relatively "insoluble" uranium minerals, due to alpha recoil reactions that preferentially eject

the (more active) 234U at the mineral surface into a new chemical environment (e.g., groundwater), where

the uranium is more soluble and hence more mobile (Sahoo, 2009; Pottorff, 2004; Abdul-Hadi et al.,
2001). It is probable that the initial excess of 234U activity in the leachate solution represents the

dissolution of accumulated corrosion rind (which is relatively enriched in 234U due to alpha recoil

phenomena), and that by leach interval #6, there is an approach to steady-state for the rates of corrosion

formation and subsequent leaching 6, as inferred by the 234U contribution to total activity in the leachate
approaching the expected value for 234U activity ratio in the bulk phase of the DU in the penetrator.

4 http://webmineral.com/data/Schoevite.shtmi

Shttp://www.wolframalpha.com/entities/minerals/schoepite/dz_/jv/gb/
6 See discussion from http://home.datacomm.ch/ecoglobe/nuclear/duunepa5.htm: "This (steady-state leach rate)

indicates that in soil solutions the rate of schoepite dissolution is about the same as the rate of oxidation of the
penetrators."
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By interval #10 (or sooner) the measured isotopic composition of uranium in the leachate is consistent
with a steady-state leach of DU (Figure 6). In addition, the measured activity ratios for 2 34

U/
238U

approximate the expectations for munitions DU (Table 3).

Handley-Sidhu et al. (2010) report that corrosion of unfired DU follows a latency period that depends on
the specific geochemical conditions; they recommend that this latency be subtracted to give a more
accurate estimate of steady-state corrosion rate.

At long-term, the cumulative mass fraction of uranium in the leachate converges for scraped and non-
scraped penetrator segments (see Figure 7 for PAC soil), and the subsequent rate of leaching appears to
approach a steady-state rate that may persist until the sorptive capacity of the thin soil column is
exhausted.

Activity ratio, 2 3 4 U/Utotal

in PAC Soil Leachate

.2

4.

0.90

0.80

0.70

0.60

0.50

0.40

0.30

0.20

0.10

0.00

9

A * 1-PAC-005-S

* 2-PAC-005-U

A 7-PAC (control)

6. _111--

0 5 10 15

Sampling interval

20 25

Figure 7. Estimates for the Ratio of Measured Activity, 234U/Utotal, in PAC Soil
Column Leachate.

By sampling interval 10 (or sooner), the activity ratio approaches the expected value for steady-state
leaching from DU (activity, 234U /Utotal is approximately 0.10; see Table 3). (Data for control soil, 7-PAC,
with no added penetrator dart segment, have low activity and hence high uncertainty for the calculated
activity ratio estimate).
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Data Series 11-22

1.2E+04

1.OE+04
-- 8.0E+03 Estimated SA = 0.39 pci/pg
S 6.OE+03

t'M y = 2.5778x
:" 4.OE+03 R = 0.9988

D 2.OE+03

0.OE+00
0.OE+00 1.0E+03 2.OE+03 3.OE+03 4.OE+03

U,,,, (pCi/L, reported)

Notes:

calc. - calculated
pýg/L - microgram(s) per liter
pCi/pg - 30icocurie(s) per microgram
R2 - linear regression squared correlation coefficient
SA - specific activity
Utotal- total uranium

Figure 8. Uranium in Leachate Solution (Data From All Soil Columns, Leach Intervals
11 through 22).

Uranium mass concentration is estimated from reported isotopic activities, using literature values for their
individual specific activity (SA) (see Table 2). The estimated SA (SA is approximately 0.39 pCi/pg-U) in
the leachate is approximately the same as the theoretical value for DU from munitions (see Table 3).

4. EXAMINATION OF DU-EXPOSED SOIL

The original configuration of the soil test cells was presented in Table I. Soil specimens and associated
DU penetrator dart segments (described in Table 1) were subjected to 22 accelerated leach intervals, in
accordance with ASTM D 5744; this testing represented over one year of real-time leaching. At the end
of this test cycle, soil columns remained in standby condition while awaiting Project review of the Interim

Report (EMP002105), and/or requests for additional testing. The provenance of the soil specimens
during this prolonged interval is given in Appendix 2.

A geological description of the DU impact area soil types is given in SAIC (2007). The field data
indicate that the somewhat poorly drained Avonburg series may be grouped together with the poorly
drained Cobbsfork series for the purpose of interpretation and future site characterization sampling tasks.

Combined, these two soil series would comprise approximately 55 percent of the DU Impact Area. The
well-drained Cincinnati and Rossmoyne series also may be grouped together, since both have a fragipan
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subsurface diagnostic horizon, which tends to perch water during parts of the year, and this combination
would account for another 32 percent of the DU Impact Area. The well-drained Grayford/Ryker, and
somewhat poorly drained Holton series all have somewhat unique soil conditions and are proposed to be
treated separately, and combined account for the remaining 13 percent of the DU Impact Area.

The soil samples originally supplied to MCLinc were collected at the JPG Site at a depth of 0 to 0.5 feet
below ground surface, at select locations from outside of the DU Impact Area.

PAC Soil: Effect of Implanted
Penetrator Segment

1.00E+OS

1.OOE+04

1.OOE+03
E -+-None
"1.0E+02 -Um-Scraped

- Nonscraped
1.OOE+01

1.OOE+00
0 5 10 15 20 25

Leach Interval

Notes:

pg-U - microgram(s) uranium
PAC - soil type Avonsburg/Cobbsfork

Figure 9. Estimates of Total uranium (ttg), Cumulative, As Leached from Soil Type
PAC: Effect of Added Penetrator Dart Segment.
Cell #7 has no added penetrator segment. (Note logarithmic chart ordinate).

4.1. Soil pH Estimates

Soil pH value is estimated using ASTM D4972-01, Standard Test Methodfor pH of Soils. By this
method, pH measurements are made in both water and a dilute (0.01 Normal [N]) CaCI2 solution (pH
5.15) because the calcium displaces some of the exchangeable aluminum. The low ionic strength
counters the dilution effect on the exchange equilibrium by setting the salt concentration of the solution
closer to that expected in the soil solution. The pH values obtained in the solution of CaCI2 are slightly
lower than those measured in water due to the release of more aluminum ions which then hydrolyze.
Therefore, both measurements are required to fully define the character of the soil pH. Data are
summarized in Table 10; soil pH values (for all specimens) are slightly acidic (pH 4.0 to 4.8), suggesting
the occurrence of exchangeable Al and also minimal CaCO3. High microbial respiration (producing
weakly acidic dissolved carbon dioxide [C0 2]) can also contribute to soil acidity; McLean (1982) states
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that soil water in a pore containing 10 percent CO 2 in the gaseous state would be at a pH value of 4.45 if it
is not buffered at a higher pH by the soil or neutralized by basic substances.

Table 10. Soil pH Values

MCL ID Soil Type Description pH pH
.p D(in DIW) (in 0.01 N CaCI2)

13-1663 PAC Cell #1 Soil 4.48 4.24 -0.24

13-1664 PAC Cell #2 Soil 4.36 4.17 -0.19

13-1665 PAC Cell #3 Soil 3.92 3.68 -0.24

13-1666 PCR Cell #4 Soil 3.99 3.76 -0.23

13-1667 PCR Cell #5 Soil 4.43 4.23 -0.2

13-1668 PGR Cell #6 Soil 4.55 4.33 -0.22

13-1669 PGR Cell #7 Soil 4.40 4.22 -0.18

13-1671 PAC Soil Type PAC 4.79 4.49 -0.3

13-1672 PAC Soil Type PCR 4.47 3.95 -0.52

13-1672-DUP PCR Soil Type PCR 4.46 3.91 -0.55

13-1673 PGR Soil Type PGR 4.82 4.52 -0.3
Notes:

* PAC = soil type Avonsburg/Cobbsfork; PCR = soil type Cincinnati/Rossmoyne, PGR = soil type Grayford/Ryker.
A - the difference in pH vales estimated for soil contacted with DIW and with dilute CaCI 2 solution.
CaCI 2 - calcium chloride
DIW - deionized water equilibration
ID - identification
MCL - Materials and Chemistry Laboratory, Inc.
N - normality

Chen and Yiacoumi (2002) performed simulation calculations to show that DU mobilization from soil is a
relatively slow process. Whenever possible, simulation results were compared with published
experimental and field data. Precipitation, redox (reduction-oxidation reaction), and sorption reactions
resulted in the immobilization of DU. Among these reactions, sorption played a major role, and the pH of

soils was critical in the immobilization; higher pH in soils generally resulted in greater immobilization of
DU.

Sorption of ions to mineral surfaces is strongly dependent upon the solution phase pH value, which
affects the surface charge distribution on the sorptive substrate. As the pH value increases above the
point of zero charge (pzc) for the substrate, the surface becomes more negatively charged and the sorption
of cations generally increases. Conversely, sorption of anions is generally favored at pH values below the
pzc of the substrate. For iron-containing minerals, the pzc is typically in the range of 6 to 8.5 (Silva &

Nitche, 1995).

Sorption by iron oxides of uranyl carbonate anions is strongly affected by solution pH value, with an
optimum specific sorption occurring at pH values near 5.5 to 6.5 (Farrell et al., 1999; Krupka and Serne,
2002; Jang et al., 2007), although removal of soluble uranium by all mechanisms (e.g., by sorption, ion-
exchange and co-precipitation) may continue to be effective at elevated pH values. Barnett et al. (2002)
had fair success modeling the sorption of soluble uranium to soil minerals, based upon a model
independently developed for sorption of UO 2

t 2 to ferrihydrate; both experimental data and theoretical
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prediction indicate maximum partition coefficient (Kd) values for UO 2'
2 sorbed to soil minerals at pH

values near 5 to 8.

4.2. Soil Moisture Estimates

Moisture in select soil samples was analyzed using MCLinc, Operator Aid, MCL-7756, Appendix MM,

based on ASTM-D2216, Standard Test Method for Laboratory Determination of Water (Moisture
Content of Soil and Rock by Mass. Results are summarized in Table 11.

Table 11. Soil Moisture Estimates

Soil As-Prepared As Retrieved (Drained) Soil
MCL ID Type Description Water wet wt. Water Dry wt.

* wet wt. (g) (wt.%)** (g)W (wt. %) (W)

13-1663 PAC Cell #1 Soil 1000 13.3 1058 18.1 867

13-1664 PAC Cell #2 Soil 1001 12.9 1047 16.7 872

13-1665 PCR Cell #3 Soil 1000 14.1 1021 15.9 859

13-1666 PCR Cell #4 Soil 1000 13.6 1020 15.3 864

13-1667 PGR Cell #5 Soil 1000 15.1 998 14.9 849

13-1668 PGR Cell #6 Soil 1000 14.8 1013 15.9 852

13-1669 PAC Cell #7 Soil 1000 12.0 1089 19.2 880

13-1671 PAC Background 2.6

13-1672 PCR Background 2.1

13-1673 PGR Background 9.0
Notes:

* PAC = soil type Avonsburg/Cobbsfork; PCR = soil type Cincinnati/Rossmoyne, PGR
** Estimated value, based on the dry weight estimate from retrieved soil.
% - percent
g - gram(s)
ID - identification
MCL - Materials and Chemistry Laboratory, Inc.
wt. - weight

: soil type Grayford/Ryker.

So-called "background" soil samples (13-1671, 13-1672, 13-173) were aliquots of stored original soils;
these aliquots had dessicated considerably during storage.

4.3. TOC Estimates

Aliquots of wet soil were submitted to GEL Laboratories, LLC7 for analysis of Total Carbon (TC) and
TOC, using EPA SW846 Method 9060. Results (summarized in Table 4) are reported on as-received

basis (see Table 1 I for moisture estimates).

7 GEL Laboratories, LLC, Charleston, SC, Work Order 329188, reported July 15, 2013.
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Table 12. TC and TOC in Soil Samples*

MCL Sample Soil Type Description TOC TC TOC/TC
ID (mg/Kg) (mg/Kg) (%)

13-1663 PAC Cell #1 Soil 6,780 8,520 80%

13-1664 PAC Cell #2 Soil 6,900 9,130 76%

13-1665 PCR Cell #3 Soil 6,970 10,100 69%

13-1666 PCR Cell #4 Soil 4,860 9,340 52%

13-1667 PGR Cell #5 Soil 8,400 8,940 94%

13-1668 PGR Cell #6 Soil 8,380 9,630 87%

13-1669 PAC Cell #7 Soil 7,690 7,850 98%

13-1669 PAC Cell #7 Soil 6,110 7,990 76%

13-1671 PAC Background 12,500 12,800 98%

13-1672 PCR Background 9,030 10,700 84%

13-1673 PGR Background 8,210 12,200 67%
Notes:

* Reported "'as-received" basis.
% - percent
ID - identification
MCL - Materials and Chemistry Laboratory, Inc.
mg/Kg - milligram(s) per kilogram
PAC - soil type Avonsburg/Cobbsfork
PCR - soil type Cincinnati/Rossmoyne
PGR - soil type Grayford/Ryker
TC - total carbon
TOC - total organic carbon

Soil organic carbon is the main source of energy for soil microorganisms. TOC contains contributions
from soil microbial biomass, decomposing plant matter, stable "humus" from organic decomposition
residues, etc. For the soils described in Table 12, TOC is the predominant form of carbon. Minerals,
such as CaCO 3 and dolomite, are the principal inorganic carbonate species in most soils.

4.4. Soil Analysis

Soils were analyzed for major elements (greater than 1.0 weight percent) and minor elements
(from 1.0 to 0.1 weight percent) using a scanning electron microscope (SEM) and associated
energy dispersive spectrometer (EDS). Samples were prepared by grinding to a fine powder in a
SPEX mixer mill for three minutes using tungsten carbide lined grinding vials and a tungsten
carbide ball. Preliminary examination of the powdered original soils (13-1671, 13-1672, and 13-
1673) with a polarized light microscope showed the samples to consist primarily of quartz (near
70 percent by volume) and clay with minor amounts of plagioclase feldspar, and heavy mineral
phases (e.g., pyroxene, titanite, rutile and other oxides).

Small portions of the powdered samples were placed on carbon dots mounted on Al disks. The
powder was compacted by hand and carbon coated. A JEOL 840 SEM and an EDAX genesis
EDS system were used for analyses. Analyses were performed using a 20 kilovolt (kV) beam
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scanned over a 1.8 millimeter squared (mm 2) area, and counted for a period of 200 seconds.
Representative EDS spectra are shown in the figures below. Figure 10 is from sample 13-1663,
a post-leach sample for soil type PAC. Figure 11 is from sample 13-1671, an original, air-dried
sample of soil type PAC.

Results for all samples are reported as oxide equivalents in Table 13 below. These data represent
averages of two analyses per sample and are normalized to 100 percent by weight. Carbon was
not included since no carbonate was noted under polarized light microscopy.

Table 13. Weight Percent of Oxides in Soils as Determined by Semi-quantitative EDS
Analysis.

Oxides _Sample Numbers (in weight percent of oxides)
13-1663 13-1664 13-1665 13-1666 13-1337 13-1668 13-1669 13-1671 13-1672 13-1673

SiO2  80.23 78.80 83.09 84.17 70.01 69.18 80.18 82.66 84.15 74.59

TiO2  1.35 1.11 1.12 1.07 0.92 1.03 1.29 0.98 1.36 1.03

A120 3  10.97 12.23 7.88 7.93 15.92 16.03 10.71 9.95 7.62 12.39

Fe 20 3  4.19 4.21 4.45 3.64 8.28 8.92 4.47 3.40 3.55 7.12

MgO 0.55 0.59 0.38 0.35 0.94 1.03 0.50 0.49 0.38 0.75

CaO 0.44 0.59 0.27 0.28 0.53 0.52 0.45 0.40 0.29 0.60

K20 1.66 1.41 1.54 1.52 2.28 2.44 1.68 1.37 1.49 2.13

Na 2O 0.46 0.85 0.62 0.49 0.93 0.54 0.48 0.48 0.59 0.77

P'Os 0.08 0.11 0.05 0.07 0.09 0.09 0.04 0.08 0.06 0.12

SO 0.10 0.13 0.13 0.13 0.06 0.12 0.12 0.12 0.11 0.15

CuO 0.00 0.00 0.50 0.38 0.07 0.13 0.09 0.10 0.44 0.39

Total 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
Notes:

EDS - energy dispersive spectrometer

As a quality check, two internal standards from the National Institute of Standards and
Technology (NIST) were analyzed along with the samples; NIST 2704 (Buffalo River Sediment)
and NIST 2711 (Montana Soil). The published analyses for both standards, as well as the results
of two analyses from this study are shown in Table 14. Note that the results for analyses from
this study and the published results do show some differences. The published analyses, given as
weight percent elements, were recast to weight percent oxides and normalized to 100 percent.
This was the same treatment used for the results reported in the study. As reported, the original
analyses were not normalized to 100 percent. However, given the semi-quantitative nature of the
present study, the analyses compare favorably to the standards.
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Table 14. Comparison of Standards Analyses.

NIST Sample 2704
(Buffalo River Sediment)

(in weight percent of oxides)

NIST Sample 2711
(Montana Soil)

(in weight percent of oxides)Oxides
r I

2704
published

2704-01 2704-02

SiO2  69.07 62.02 61.35

TiO 2  0.85 0.92 0.90

Al 2O, 12.82 16.32 16.22

Fe 2O3  6.52 9.26 9.85

MnO 0.00 0.13 0.11

MgO 2.21 2.29 2.20

CaO 4.04 3.46 3.84

K20 2.67 3.36 3.44

Na 20 0.82 0.61 0.67

SO 2  0.88 0.97 1.05

CuO 0.12 0.25 0.29

2711 271 2711-401 2711-02
published

69.71 65.21 64.61

0.55 0.60 0.65

13.21 15.79 15.49

4.42 5.55 6.14

0.88 0.30 ND

1.86 2.07 2.21

4.31 4.94 6.16

3.16 3.30 3.54

1.65 1.96 1.20

0.09 0.21 ND

0.15 ND ND

Total 100 100 99.9 99.9 99.9 100
J. L _______________ I. .L1 A J

Notes:

NIST - National Institute of Standards and Technology
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Notes: Al - aluminum

C - carbon
Ca - calcium
EDS - energy-dispersive X-ray spectroscopy

Fe - iron
K - potassium
keV - kilo electron volts

Mg - magnesium

Na - sodium
NIST - National Institute

0 - oxygen
PAC - soil type Avonsburg/Cobbsfork
P - phosphorus
Si - silicon
S - sulfur
Ti - titanium

Figure 10. EDS Spectra for Sample 13-1663; Post leach Soil Type PAC.
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Notes: Al - aluminum
C - carbon

Ca - calcium
Cu - copper
EDS - energy-dispersive X-ray spectroscopy

Fe - iron
K - potassium
keV - kilo electron volts
Mg - magnesium

Na - sodium
NIST - National Institute

0 - oxygen
PAC - soil type Avonsburg/Cobbsfork
P - phosphorus

Si - silicon
S - sulfur
Ti - titanium

Figure 11. EDS Spectra for Sample 13-1671; Original Pre-leach Soil Type PAC.

5. SEQUENTIAL EXTRACTION (SE) OF SOIL SPECIMENS

5.1. Background

Often, the technique of choice for evaluating low-level radionuclide partitioning in soils and sediments is
the SE approach. This methodology applies operationally-defined chemical treatments to selectively
dissolve specific classes of macro-scale soil or sediment components [e.g., Tessier et al. (1979); Phillips
and Chappelle (1995)]. These methods recognize that total soil metal inventory is of limited use in
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understanding bioavailability or metal mobility, and that it is useful to estimate the amount of metal
present in different solid-phase forms. Despite some drawbacks, the SE method can provide a valuable
tool to distinguish among trace element fractions of different solubility related to mineral phases.

Many recent studies published in the technical literature have used a selected sequence of extractions
from the soil matrix, with each successive lixiviant solution increasing in its aggressiveness. The results
of these SE (or "fractionation") often allow a comparison of how tenaciously different metal contaminants
partition to different soil and sediment compositions. The partitioning of contaminants to different
geochemical fractions is related to the contaminant speciation (or chemical form), as well as other
physiochemical factors. Metals deemed least mobile in soil have a relatively small proportion of the total
associated with the most readily accessible (or "exchangeable") fraction whilst having the greatest
proportion associated with the most refractory (or "residual") fraction. Metals in the residual fraction are
typically locked up within refractory crystalline mineral phases, and are not readily accessible to leach
into the environment except on a geological time scale.

SE by modified Tessier protocol has attracted attention as an operational means to aid in the assessment
for the potential risk of DU penetrator shards left in war zones, such as the Balkans and the Middle East
(see, e.g., Oliver et al., [2008]; and Radenkovid et al.).

Details of the modified Tessier SE procedure performed at MCLinc are presented in Appendix 4. The
sequence of extractions, and the attributed geochemical components affected, is briefly described below:

Fraction I: Exchangeable Cations (Magnesium Chloride lixiviate, pH approximately 7);

Fraction 2: Carbonate-Bound Metals (Acetate Reagent, pH approximately 8.2);

Fraction 3: Metals Associated With Hydrous Iron- and Manganese Oxides (Hydroxylamine-
Acetate Reagent),

Fraction 4: Bound to Organic Matter (Acid and hydrogen peroxide [HO] reagent).

For purpose of mass balance calculations, it is also necessary to determine the total environmentally-

available metal inventory.

5.2. Total Environ mentally-Available Metal (Extractable Inventory)

Aliquots of the selected soil samples (less than 2-mm size fraction) were extracted as described in MCL-
7746, Acid Digestion for M'etals Based on EPA Method 3050B. This digestion method (using strong
nitric acid and H202) recovers most of the environmentally available heavy metal content, but it does not
recover metals locked within a refractory silicate matrix.

5.3. Residual Fraction

Because the residual fraction is not considered to be available for release to the environment except on a
geological time scale, it may not be necessary to quantitate this fraction unless the data is needed for mass
balance closure. Total digestion is relatively difficult and expensive, and seldom used in environmental
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analysis. More commonly used strong acid-based extractions such as EPA Methods 3050 and 3051
generally recover most of the available heavy metal content, but they cannot recover metals locked within
a refractory silicate matrix. The proportion of residual metal may also be roughly estimated by mass
balance, if an estimate of total constituent analysis is available for the original material. In the tabulations
reported below, the residual fraction is defined as the computed difference between the total
environmentally-available metal inventory and the sum of inventories from extraction Fractions I
through 4.

5.4. Results

Inductively-coupled plasma - optical emission (ICP-OES) is used to quantitate uranium and select metals
in soil extract. Inductively-coupled plasma - mass spectroscopy (ICP-MS) is used to determine the
uranium enrichment (weight percent uranium-235 (235U) isotope) in soil extracts. For extracts derived
from soil from Cells I through 6, previously contacted with DU, the average uranium enrichment was
determined to be (0.198 ± 0.004) percent 235U isotope, consistent with the expected composition of United
States DU munitions (see Table 3).8

Cell #7 was prepared using PAC-type soil collected outside of the DU impact area. This soil and its
extracts had no detectable uranium content. An aliquot of Cell #7 was used for purposes of preparing a
matrix spike (MS), by the addition of a small aliquot of natural uranium (0.71 percent 235U isotope) as
uranyl nitrate solution; leached aliquots from Cell #7-MS were determined to have an average uranium
enrichment value (0.703 + 0.006) percent 235U isotope. The recovery of added uranium (at 248 mg/Kg)
was 110 percent.

Results for the extraction of select metals in the test soil cells are summarized in Tables 15 through 21,
and are presented in graphical form in Figures 12 through 18. By the end of the accelerated soil leaching
procedure, the drained soils leached in the presence of penetrator dart segments (Cells I through 6) were
in contact with aqueous phase containing soluble uranium at approximately 10 mg/L, consistent with
formation of schoepite (nominally U0 3o2H 20) as the solubility-limiting surface alteration product (See
Section 3.1). Thus, it is expected that the drained test soils from these cells would have a considerable
inventory of exchangeable U, due to soluble uranium remaining in the pore water. However, most of the
test cell soils had the greatest proportion of uranium in the more-refractory so-called carbonate and
hydrous oxide fractions, with the latter usually predominant. This is consistent with other investigations
of uranium contaminated soils.

The surface complexation reaction of uranyl with iron-containing minerals has been used as one means to
model subsurface migration (Barnett et al., 2002; Payne and Waite, 1991; De Nero et al., 1999), used in
conjunction with information on the site water chemistry and hydrology. The assessment of uranium

8 The NRC defines DU as U in which the percentage of the 235U isotope by weight is less than 0.711 percent (10

Code of Federal Regulations [CFR] 40.4). The military specifications designate that the DU used by U.S.
Department of Defense (DoD) contain less than 0.3 percent 235U (U.S. Army Environmental Policy Institute [AEPI],
1995). In actuality, DoD uses only DU that contains approximately 0.2 percent 235U (AEPI, 1995). [ See URL:
http://www.gulflink.osd.mil/librarv/randrep/du/mrI 108.7.chap l.html ]
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bound to hydrous metal oxides is one component of the operationally-defined partitioning by the SE

methodology.

For modeling the retardation of the mobility of UO 2
t2 in soil matrix, the fraction operationally associated

with hydrous metal oxides has generally been the dominant concern. Bryan and Siegel (1998) go as far as
to claim that such binding may be essentially irreversible under normal environmental conditions.
However, the so-called "organic" geochemical compartment may also be important; for example, Oliver
et al. (2006) used SE to identify the dominance of organic matter in controlling migration and
bioavailability of DU in the near-field.
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Table 15. SE of Cell #1 Soil (PAC)

U *t Mn * AI * Fe *
MCLinc ID Fraction

mg/Kg %Total mg/Kg %Total mg/Kg %Total mg/Kg %Total
13-1675 Exchangeable 126 9% 14 6% 69 1% 4 0%

13-1676 Carbonate-Bound 439 30% 0.4 0% 6.3 0% 4 0%

13-1677 Hydrous Oxide 739 51% 137 63% 198 3% 1,060 16%
13-1678 Organic matter 80 6% 32 15% 777 13% 279 4%

(Calculated) Residual 66 5% 34 16% 4800 82% 5333 80%
13-1663 Total 1,450 100% 217 100% 5,850 100% 6,680 100%

Notes: * Analysis of extracts by ICP-OES (inductively coupled plasma - optical emission spectroscopy)
t ICP-MS: Average wt.% 235U isotope = (0.194 ± 0.004) - DU
% - percent
Al - aluminum
DU - depleted uranium
Fe - Iron
ICP-MS - inductively coupled plasma - mass spectroscopy
ID - identification

mg/Kg - milligram(s) per kilogram
Mn - manganese
PAC -soil type Avonsburg/Cobbsfork
SE - sequential extraction
U - uranium
235U - uranium - 235
wt.% - weight percent

Cell #1 Soil by SE
UU(%) *Mn(%) NAI(%) *Fe(%)

820Xg0%

63% o51%

30%!

l 16% 15%13% 15%K9% 6% 6% 14
.. 1 %0 0% 0%/ 3%/ 4% . _ ..

Figure 12. Partitioning of Select Metals to Aqueous SE Extract for Cell #1 Soil
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Table 16. SE of Cell #2 Soil (PAC)

U*Mn*Ai * Fe *
MCLinc ID Fraction I Mn A

mg/Kg %Total mg/Kg %Total mg/Kg %Total mg/Kg %Total

13-1679 Exchangeable 34 4% 14 6% 81 1% 3.9 0%
Carbonate- 175

13-1680 Bound 19% 0.4 0% 7 0% 3.9 0%
Hydrous 324 1, 1

13-1681 Oxide 36% 143 58% 226 ,4% 1380 19%

Organic 56
13-1682 matter 6% 35 14% 698 11% 283 4%

(Calculated) Residual 313 35% 56 23% 5098 83% 5669 77%

13-1664 Total 902 100% 248 100% 6,110 100% 7,340 100%
Notes: * Analysis of extracts by ICP-OES (inductively coupled plasma- optical emission spectroscopy)

t ICP-MS: Average wt.% 235U isotope = (0.193 ± 0.001) - DU

% - percent
Al - aluminum

DU - depleted uranium

Fe - Iron
ICP-MS - inductively coupled plasma - mass spectroscopy
ID - identification

mg/Kg - milligram(s) per kilogram
Mn - manganese

PAC -soil type Avonsburg/Cobbsfork
SE - sequential extraction

U - uranium
235U - uranium - 235
wt.% - weight percent

Cell #2 Soil by SE

* U(%) *Mn(%) isAl(%) *Fe(%)

83%77%

58%

36%0 35%

19% 19% 22%

4% 6%..% 0% UO0%O0%O0% 4%m% 6%. .4%

4,

C,
.4li

Figure 13. Partitioning of Select Metals to Aqueous SE Extract for Cell #2 Soil
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Table 17. SE of Cell #3 Soil (PCR)

U ! n*AI * Fe *
MCLinc ID Fraction Mn A

mg/Kg %Total mg/Kg %Total mg/Kg %Total mg/Kg %Total

13-1679 Exchangeable 211 13% 12 7% 175 4% 3.9 0%

13-1680 Carbonate- 438 26% 0.4 0% 11 0% 3.9 0%
Bound

13-1681 Hydrous 115 7% 64 36% 160 4% 1,030 15%
Oxide1

13-1682 Organic 629 37% 25 14% 436 10% 345 5%
matter

(Calculated) Residual 287 17% 79 44% 3498 82% 5587 80%

13-1664 Total 1,680 100% 180 100% 4,280 1 00% 6,970 100%
lNoLeS: Analysis o0 extracts Dy KTjr-a klinUUcuively coupletd plasma - optical emission spectroscopy)

t ICP-MS: Average wt.% 235U isotope = (0.200 ± 0.002) - DU
% - percent
Al - aluminum
DU - depleted uranium

Fe - Iron
ICP-MS - inductively coupled plasma - mass spectroscopy

ID - identification
mg/Kg - milligram(s) per kilogram
Mn - manganese
PCR -soil type Cincinnati/Rossmoyne
SE - sequential extraction
U - uranium
235U - uranium - 235
wt.% - weight percent

Cell #3 Soil by SE
E U(%) Mn(%) MAI(%) *Fe(%)

82%80%

36% 37% 44%

13% 7% 4% 0% 0%0I7%..%Omo % o-mm mm _. .

ell,I

Figure 14. Partitioning of Select Metals to Aqueous SE Extract for Cell #3 Soil
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Table 18. SE of Cell #4 Soil (PCR)

UtMn * AI * Fe *
MCLinc ID Fraction

mg/Kg %Total mg/Kg %Total mg/Kg %Total mg/Kg %Total

13-1679 Exchangeable 212 11% 12 8% 170 4% 4 0%

13-1680 Carbonate- 427 22% 0.4 0% 9 0% 4 0%
Bound

13-1681 Hydrous Oxide 629 32% 91 59% 181 4% 1,260 19%

13-1682 Organic matter 123 6% 21 14% 540 13% 338 5%

(Calculated) Residual 569 29% 30 19% 3310 79% 5154 76%

13-1664 Total 1,960 100% 154 100% 4,210 100% 6,760 100%

Notes: * Analysis o1 extracts by ICiP-O)ES (inductively coupled plasma - optical emission spectroscopy)
t ICP-MS: Average wt.% 235U isotope = (0.198 ± 0.002) - DU
% - percent
Al - aluminum

DU - depleted uranium
Fe - Iron
ICP-MS - inductively coupled plasma - mass spectroscopy
ID - identification
mg/Kg - milligram(s) per kilogram
Mn - manganese
PCR -soil type Cincinnati/Rossmoyne

SE - sequential extraction
U - uranium
235U - uranium - 235

wt.% - weight percent

Cell #4 Soil by SE

N U(%) Mn(%) sAI(%) AFe(%)

79%76%

59%

32% 29%

4% % Er19%, I411%8%22% 19% 14%13% 111 %4% 0% 0% 0%0 %1% 6%

.... .. .......... .. .11 m.i t..... . .

60IFA
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Figure 15. Partitioning of Select Metals to Aqueous SE Extract for Cell #4 Soil
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Table 19. SE of Cell #5 Soil (PCR)

U*Mn*A!I* Fe *
MCLinc ID Fraction U*t Mn A

mg/Kg %Total mg/Kg %Total mg/Kg %Total mg/Kg %Total

13-1679 Exchangeable 140 10% 16 4% 159 2% 6.8 0%

13-1680 Carbonate- 419 29% 0.4 0% 9 0% 3.9 0%
Bound

13-1681 Hydrous Oxide 712 48% 252 64% 369 4% 959 5%

13-1682 Organic matter 88 6% 49 12% 938 10% 174 1%

(Calculated) Residual 111 8% 76 19% 7635 84% 1 8316 94%

13-1664 Total 1,470 100% 393 100% 9,110 100% 19460 100%

Notes: * Analysis of extracts by ICP-OES (inductively coupled plasma - optical emission spectroscopy)
t ICP-MS: Average wt.% 235U isotope = (0.201 ± 0.004) - DU

% - percent
Al - aluminum
DU - depleted uranium

Fe - Iron
ICP-MS - inductively coupled plasma - mass spectroscopy

ID - identification
mg/Kg - milligram(s) per kilogram

Mn - manganese
PCR -soil type Cincinnati/Rossmoyne

SE - sequential extraction

U - uranium
215U - uranium - 235

wt.% - weight percent

Cell #5 Soil by SE

SU(%) NMn (%) *Al%) *Fe(%)

94%
84%

64%

29% IIa.t~i"
1 0 % 4 % 2 % 0%0% 0 % 0 4 % 5 % 6 % 1 2 % 1 0 %
H i - I..... ..t' W '

Ne
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Figure 16. Partitioning of Select Metals to Aqueous SE Extract for Cell #5 Soil
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Table 20. SE of Cell #6 Soil (PCR)

U *t Mn * AI * Fe *
MCLinc ID Fraction

mg/Kg %Total mg/Kg %Total mg/Kg %Total mg/Kg %Total

13-1695 Exchangeable 133 5% 7 2% 111 1% 7.8 0%

13-1696 Carbonate- 463 17% 0.4 0% 9 0% 4 0%
Bound

13-1697 Hydrous Oxide 982 36% 394 89% 463 5% 1,120 5%

13-1698 Organic matter 96 4% 98 22% 916 10% 177 1%

(Calculated) Residual 1036 38% -56 -13% 7701 84% 19081 94%

13-1667 Total 2,710 100% 444 100% 9,200 100% 20,390 100%

Notes: * Analysis ot extracts by ICP-OES (inductively coupled plasma - optical emission spectroscopy)
t ICP-MS: Average wt.% 235U isotope = (0.198 ± 0.003) - DU
% - percent
Al - aluminum
DU - depleted uranium

Fe - Iron
ICP-MS - inductively coupled plasma - mass spectroscopy
ID - identification
mg/Kg - milligram(s) per kilogram

Mn - manganese
PCR -soil type Cincinnati/Rossmoyne
SE - sequential extraction

U - uranium
235U - uranium - 235

wt.% - weight percent

Cell #6 Soil by SE

*U(%) *Mn(%) RAI(%) *Fe(%)

89%

5% 2% 1% 0%
17%
B0% 0% 0%

94%
849

38%
2% % •"1E1

-13%0+1

Figure 17. Partitioning of Select Metals to Aqueous SE Extract for Cell #6 Soil
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Table 21. SE of Cell #7 Soil (7-PAC-MS)

U tMn * AI * Fe *
MCLinc ID Fraction

mg/Kg %Total mg/Kg %Total mg/Kg %Total mg/Kg %Total

13-1695 Exchangeable 17 6% 20 9% 96 2% 3.9 0%

13-1696 Carbonate- 86 32% 0.5 0% 10 0% 3.9 0%
Bound

13-1697 Hydrous Oxide 121 44% 136 62% 224 4% 1,360 19%

13-1698 Organic matter 18 7% 29 13% 678 12% 268 4%

(Calculated) Residual 31 11% 33 15% 4502 82% 5634 77%

13-1667 Total 273 100% 218 100% 5,510 100% 7,270 100%
Notes: * Analysis of extracts by ICP-OES (inductively coupled plasma - optical emission spectroscopy)

t ICP-MS: Average wt.% 235U isotope = (0,703 ± 0.0063) - U (natural)
% - percent
Al - aluminum
Fe - Iron
ICP-MS - inductively coupled plasma - mass spectroscopy
ID - identification
mg/Kg - milligram(s) per kilogram
Mn - manganese
MS - matrix spike
PCR -soil type Cincinnati/Rossmoyne
SE - sequential extraction
U - uranium
235U - uranium - 235
wt.% - weight percent

Cell #7-MS Soil by SE
N U(%) NMn(%) aAI(%) *Fe(%)

62%

32%

6% 9 2% 0% 0% 0% O//-

82%77%
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Figure 18. Partitioning of Select Metals to Aqueous SE Extract for Cell #7-MS Soil
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6. MASS BALANCE SUMMARY - PERCENTAGES OF DU RETAINED IN SOIL

AND ELUTED INTO COLLECTED WATER

Refer to Table I for the leach test logistics (i.e., original mass for as-received Site soil and inserted
penetrator dart segment). For the soil test columns with inserted penetrator dart segments (viz., Cells #1
through #6), the average mass of DU partitioning to soil and water, referenced to the original mass of
penetrator dart, is only on the order of approximately 0.3 percent after about 1.3-y of accelerated leaching
(Table 22). Of this small mass of DU "lost "from the dart specimen, 98 percent is retained in the near-
field soil, and 2 percent is leached into the collected water (aqueous fraction).

Table 22. Partitioning of DU to Retained Soil and Eluted Aqueous Phases after 23 Cycles
of Accelerated Leaching

Original End of Test: Mass Balance for U Loss
Mass

MCL ID Soil Type Description Penetrator Penetrator Uranium Inventory (g) Total

(g) Aqueous Soil Total % Mass Loss

13-1663 PAC Cell #1 Soil Scraped 701.8 0.05 1.53 1.58 0.23%

13-1664 PAC Cell #2 Soil Unscraped 623.5 0.04 0.94 0.98 0.16%

13-1665 PCR Cell #3 Soil Scraped 577.1 0.04 1.72 1.76 0.30%

13-1666 PCR Cell #4 Soil Unscraped 620.2 0.04 2.00 2.04 0.33%

13-1667 PGR Cell #5 Soil Scraped 583.1 0.03 1.47 1.50 0.26%

13-1668 PGR Cell #6 Soil Unscraped 526.4 0.02 2.75 2.77 0.53%

13-1669 PAC Cell #7 Soil N/A N/A 0.000 0.001 0.00 N/A

Average for Cells #1 through #6 605.4 0.04 1.73 1.77 0.30%
Notes: % - percent

g - gram(s)
ID - identification
MCL - Materials and Chemistry Laboratory, Inc.
mg/Kg - milligram(s) per kilogram
Mn - manganese
N/A - not applicable
PAC - soil type Avonsburg/Cobbsfork
PCR -soil type CincinnatiiRossmoyne
PGR - soil type Grayford/Ryker
U - uranium

The average mass balance estimates in Table 22, for DU distributed to soil and water, are consistent with
the rough estimates for differences in mass for the penetrator dart segments, before and after leaching,
summarized in Table 6 (less than 0.5 weight percent). These mass balance estimates by the accelerated
leaching procedure (approximately 0.30 percent of DU mass dissolved and/or detached after about 1.3-y)
are far less than the laboratory column experiment estimates presented by Schimmack et al. (2007), who
projected that 7.9 percent of the initial DU mass was corroded after 3-y.
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7. CORROSION RATE ESTIMATES

Data for nominal metal corrosion rate is typically normalized to the substrate surface area, and expressed
in units such as g cm 2 y"1 (Handley-Sidhu et al. [2010]; Hilton [2000]) (Equation A2-2).

o R1 ) = 365 x Weight loss (g)Corrosionym Y = Metal Surface Area (cm2) x Time (days) (1)

Combined uranium mass partitioning to soil and water are presented in Table 22. Nominal geometric
surface areas for the penetrator dart segment used are presented in Appendix A2. These estimates are
used for the computations presented in Table 23.

Table 23. Estimates for DU Corrosion Rate under Accelerated Leaching (Real Time
Leach Duration is 1.3-y)

Nominal Aqueous Eluent Total (Soil + Aqueous)

Cell Original Penetrator Dart

Number Dart Mass Dart Surface g-URate g-U Rate
(g) Preparation Area Lost (g cm' Y') Lost (g cm' Y',)

(cm
2) * ** **

I 701.8 Scraped 80.18 0.05 4.64E-04 1.58 1.56E-02
2 623.5 Unscraped 72.35 0.04 4.33E-04 0.98 1.07E-02
3 557.1 Scraped 65.71 0.04 5.38E-04 1.76 2.1OE-02
4 620.2 Unscraped 72.02 0.04 4.74E-04 2.04 2.23E-02
5 583.1 Scraped 68.31 0.03 3.03E-04 1.50 1.73E-02
6 526.4 Unscraped 62.64 0.020 2.73E-04 2.77 3.48E-02

Ninths- * Annendiv Tnhle AL-I (Nlnminnl oenmv'trir cilrfnc• aren

** Computed using equation (1).

cm2 - square centimeter(s)
DU - depleted uranium
g - gram(s)
g cm 2 yl - gram(s) per square centimeter year

g-U - gram(s) uranium
y - year(s)

From Table 23, the nominal average corrosion rate for DU penetrator dart segment, accounting for loss to
residual soil and aqueous eluate, is approximately (2.0 ± 0.8)E-2 g-cm*2y-I. This estimate was computed
using conservative estimates for the dart surface area and for the elapsed exposure time (i.e., accelerated
leaching versus field conditions).

In a recent review, Handley-Sidhu et al. (2010) compiled estimates for the corrosion rates of DU-titanium
(Ti) alloy; their summary table is reproduced below as Table 24. In general, for DU weathered under
non-marine geological conditions, reported corrosion rates ranged from approximately 0.01 g cm 2y' (for
waterlogged soil) to 0.8 g cm 2y-' (for organic clay-rich soil). Our crude estimates for DU corrosion in
soils exposed to oxic wet/dry accelerated leach conditions (approximately 0.02 g cm-2yI) is toward the
lower end of this literature range.
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Table 24. Corrosion Rates of DU-Ti alloy, as Compiled by Handley-Sidhu et al. (2010).

Study Environment Geochemical RateConditions (g cm.2y') Comments References
I Air Oxic 0.0012 Laboratory air (30 days) Trzaskoma (1982)
2 H20 Oxic 0.072 Distilled water Trzaskoma (1982)
3 3.5% NaCI Oxic 0.40 Trzaskoma (1982)
4 5% NaCI Oxic 1.5 McIntyre et al. (1988)

In situ biogeochemical conditions
Seawater, Solway Oxic 2.6-3.1 and the level of Toque and Baker
Firth physical disturbance were (2007)

uncharacterised.
In situ biogeochemical conditions

6 Marine sediment, Not 1.4-1.8 and the level of Toque and Baker
Solway Firth characterized physical disturbance were (2007)

uncharacterised.

Marine sediment Salinities of 31.5 and 16.5; pH 6.4-
microcosums Progressively 0.056 ± 8.0; 3.2% OC; Handley-Sidhu et al.
simulating the anoxic 0.006 CEC 4.0 meq/100 g and inorganic (2009b)
Solway Firth carbon 370 mg kg--I

(Salinity of3l.5; pH 7.6-7.9; 0.8%

8 Waterlogged sand Nitrate- 0.020 ± OC; CEC Handley-Sidhu
(salinities of31.5) reducing 0.003 1.3 meq/100 g and inorganic carbon (2008)

430 mg kg- I
Dune sand Eskmeals, Not 0.080-0.17 pH 6.5-7.9 Toque and Baker
Cumbria characterized (2006)

Dune sand pH 7.2-7.5; 0.8% OC; CEC 1.3

10 simulating Eskmeals, Oxic 0.10 ± 0.01 meq/100 g; inorganic Handley-Sidhu et al
Cumbria carbon 430 mg kg-I and sand (2009a)

moisture content of 13%
Organic, clay-rich Not Toque and Backer

II soil from characterized 0.80-1. I pH 5.8-6.0 (2006)
Kirkcudbright

pH 5.0-6.5; 12% OC; CEC 21
12 Field-moist soil Oxic 0.49 ± 0.06 meq/100 g; inorganic carbon 80 mg Handley-Sidhu et al

kg-I and soil moisture content of (2009c)
22%

13 Sandy-loamy and Not 0.19 ± 0.03 Two soils investigated; pH 5.6 and Schimmack et al.
silty-loamy soil characterized 5.7; 2.1% OC. (2007)

pH 5.0 -6.5; 12% OC; CEC 21

N itrate- meq/100 g and inorganic carbon 80 Handley-Sidhu et al
14 Waterlogged soil reducing 0.010-0.02* mg kg 1 . *Corrosion ceased under (2009c)

anoxic
conditions.
Olsen phosphorus 27 -45 mg kg";

I5 Phosphate-fertilized Nitrate- 0.00016- pH 5.0 - 6.0; 12% OC; CEC 21
waterlogged soil reducing 0.0044 meq/ 100 g and inorganic carbon 80 Unpublished;

1_ __ _mg kgl.

-4- * n" iti 0/ --.. nN

CEC - cation exchange capacity
DU - depleted uranium
g cm 2 yl - gram(s) per centimeters squared year
H20 - water
meq - milliequivalent of hydrogen
mg kg-I - milligram(s) per kilogram
NaCI - sodium chloride
OC - organic carbon
Ti - titanium
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8. SUMMARY DISCUSSION

The data reported here support the modeling of net uranium transport from a corroding DU penetrator dart

segment emplaced in a relatively thin layer of Site soil, when subjected to a standardized accelerated
leach protocol (ASTM Method D4646). In this scenario, a number of competing phenomena are
occurring (dart corrosion, uranium oxide dissolution and leaching, subsequent partitioning of uranium to
soil and aqueous phases, etc.), such that the data summarized in Appendix A-I represent net uranium
partition to the leachate under the defined test conditions (i.e., uranium release rate).

The mechanistic steps for penetrator dart corrosion after embedment in near-surface (oxic) soil, and the

subsequent transport of relatively mobile uranyl species in soil and water phases, may be simplistically
represented as follows:

A. Oxidation of uranium alloy to form solid corrosion rind:

xU (metal) + yO, + nH 20 - (U0 2 + UO 3"nH2O)

B. Leaching/dissolution of schoepite-type (UO) corrosion rind:

UO3 "2H2 0•S) + 2H+ - UO 2
2
+ + 3H2 0(1)

C. Complexation of leached uranyl ion (UO 2
2

+):

UO22+ + 2HCO3 " - UO2 (CO3 ) 2
2
- + 2H+

D. Retardation of leached uranyl ion by soil minerals (surface complexation):

(e.g.) FeOH + UO22+ + 2CO3
2" + H+ - [FeOH2 + UO 2 (C 3 )-2]

E. Formation of secondary alteration minerals (potential long-term sinks for U)

Each of these mechanistic steps is discussed in more detail below.

8.1. Mechanistic A: Oxidation of Uranium Alloy to Form Solid Corrosion Rind (Analogy
to Nuclear Fuel Element Corrosion)

At proposed disposal repository depths, ground waters are inevitably oxygen-free and any oxygen

introduced during repository construction and operation prior to sealing will be rapidly consumed by
mineral and biochemical reactions in the surrounding clays and by minor corrosion of the container

(Shoesmith, 2007). These conditions are thus different than those for DU fragments located in the oxic
vadose zone of soil, but they may be applicable to fragments in waterlogged anoxic soils.

High activity fuel element corrosion in anoxic water is driven reaction by radiolytically-produced H,O 2 ;
under conditions of lower alpha radiation fields (and with dissolved oxygen), corrosion by chemical
reactions prevail, with transport of uranium being solubility-limited (Shoesmith, 2007); see Fig. 19 (from
Shoesmith, 2007). The very low specific activity of depleted uranium UO2 (0.017 mega Becquerel per

Materials and Chemistry Laboratory, Inc. (MCLinc)
2010 Highway 58, Suite 1000

Oak Ridge, Tennessee 37830-1702
(865) 576-4138 www.MCL-inc.com

F-1054



M'CALF.V MCLinc Project: EMP00215/SA1002726
SAIC Subcontract: 23900-BA-SO887

Page 53 of 116

gram of UO, [MBq/g-U0 2]) place it within the regime of solubility control, with minimal accelerated
corrosion due to radiolytic production of peroxide.

9OLIBULMVCOUIKOL ___ RADIOLVflCCVNIRVA
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Figure 19. Illustration Showing the Concept of an Alpha Activity Threshold for the
Onset of Radiolytically-controlled Fuel Corrosion.

Below the threshold, the fuel dissolution process is solubility-controlled. (From
Shoesmith, 2007, Fig. 10).

Hilton (2000) and Delegard and Schmidt (2008) review the corrosion of uranium metal in anoxic humid
environments. According to most technical literature on the subject, the net anoxic reaction of uranium
metal with water is hyperstoichiometric, forming UO 2+,, with x being less than 0. 1 (Hilton 2000). The
technical literature also notes that the uranium oxide initially formed on the metal surface is not protective
and periodically spalls from the surface. The initial UO2 corrosion product will readily react with gaseous
or dissolved atmospheric oxygen and is further oxidized to form phases such as metaschoepite, nominally
U03o2H 2O (Sinkov et al. 2008):

U02 + 0.5 x 02 - UO+x

UO2 + 0.5 02 + 2 H20 -* U0 3 '2H 20

U metal corrosion in anoxic liquid water generally is uniform, and the corrosion rate is linear
(proportional to time) or specifically paralinear (initially parabolic but becoming linear following cyclic
spallation and re-generation of the non-adherent uranium oxide layer).

Reported measurements of the corrosion rates of uranium metal in aerated or oxic liquid water are much
more limited than those in anoxic water, and available data show a great deal of variation (Delegard and
Schmidt, 2008). According to the critical data review by Delegard and Schmidt , the projected uranium
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metal corrosion rate at 15 degrees Celsius (°C) for anoxic water is approximately 260-times greater than

the oxic water rate.

However, as Hilton (2000) observes, there is no simple correlation between corrosion rate data and
release rate data. The corrosion rate is the rate at which a material physically degrades. It is based on the
total amount of material reacted per unit surface area. The release rate is the rate that material is
transported away from the sample. The release rate is related to the corrosion rate, but it depends on a
number of other factors. Some of these factors include structural adherence of oxide, solubility, colloid

formation and sequestration of radionuclides in alteration products.

Handley-Sidhu et al. (2010) present a summary table for literature estimates for corrosion rates of DU-Ti
alloy. Rate estimates vary greatly (e.g., 0.0002 to 2 g cmZ2y'), but are generally lowest for nitrate-
reducing, phosphate-fertilized waterlogged soil and highest in oxic brackish or marine (saline water)
environments. Figure 20, from Handley-Sidhu et al. (2010), illustrates conceptually the metallic uranium
corrosion component of the net uranium release mechanism. The tests described in this investigation
predominantly represent "field-moist" (oxic) environment, with brief interludes of suboxic exposure (cell
flooding during the exposure cycle; see Section 2.2). Uranium metal is observed to corrode more rapidly
under field-moist than waterlogged exposure condition (Handley-Sidhu et al., 2010).
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I Hmdley-SAEU et al / Science of the fol*3 EnvirenMent 408 (2010) 5690-5700

q* Metascho.~teWO 3, 21110) --- DU Penetrator F-] MIUtix (i SOa soi. din atd)

* Pitting Corrosion 4i Passivation(U0 1)

Figure 20. Conceptual Model of the Main Mechanisms of DU Penetrator Corrosion in
the Terrestrial Environment (Figure 2 in Handley-Sidhu et al., 2010)

De Windt et al. (2003) have published model predictions for UO2 oxidative dissolution and subsequent
uranium transport. (In the data examples considered here, U0 2 is a primary corrosion product for
uranium metal).

8.2. Mechanistic B: Leaching/Dissolution of Schoepite-type (UOx) Corrosion Rind

Data presented in this report and elsewhere in the literature indicate that the near-surface corrosion
products on weathered DU penetrator darts in oxic moist soil are similarly dominated by uraninite
(UOW21,) and schoepite-type minerals (U03-nH 2 0, where n is less than or equal to 2).

Experimental and theoretical treatment by Jang et al. (2006) predicts solubility of schoepite to be
approximately I E-5 to I E-6 moles per liter (mol/L) (2 to 20 ppm) at near-neutral (pH 6 to 7.5) oxic
groundwater. In this investigation, leaching of corroded DU penetrator darts within shallow soil columns
requires considerable time to approach these limiting levels of soluble uranium in the drained leachate
solution, indicating that considerable uranium must be held up by minerals present in the soil prior to
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saturation. The net mobility of the dissolved uranyl ions in groundwater is largely controlled by the
bicarbonate anion in the aqueous phase and the presence of hydrous metal oxide phases in the soil.

8.3. Mechanistic C: Complexation of Leached Uranyl Ion (UO2 2
+)

The potential off-site mobility of uranium thus depends on the partitioning of uranium between aqueous
and solid (soil and sediment) phases. The aqueous speciation of actinides in low-temperature
geochemical solutions is dictated primarily by the redox potential, the pH, and the total dissolved
carbonate concentration (Murphy and Shock, 1999). Hexavalent uranium (as uranyl, UO 2 -,2 ) may be
relatively mobile, forming strong soluble complexes with ubiquitous (bi)carbonate ion which renders it
appreciably soluble even under mild reducing conditions.

Figures 21 and 22 are published distribution estimates for uranium in modeled water compositions; it is
strongly recommended that a theoretical distribution diagram be computed using the thermodynamic
master parameters (redox potential [Eh], pH, and alkalinity), plus dissolved oxygen and complexation
ligands such as fluoride and phosphate ions, that have been determined for authentic in-situ JPG
groundwater (or porewater) composition. Established soil-water chemistry models, such as PHREEQC or
MINTEQA., may be helpful.

Note in Appendix A-I that near-field rainwater leachate has low total alkalinity (typically only a few
mg/L as CaCO 3); this may help limit uranium transport in the near-field. Also note that many of the near-
field leachate samples had pH values in the range of approximately 5.5 to 7.5, a favorable range for

sorption to many types of soil minerals and mineral coatings (Fig. 23).
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Figure 21. Calculated Distribution of U(VI) Hydrolytic Species as a Function of pH at
1,000 pg/L (4.2E-6 mol/L) Total Dissolved U(VI) in a Model Groundwater
Composition Containing Bicarbonate Ion.
(From Fig. 5.7 in EPA 402-R-99-004B).

Materials and Chemistry Laboratory, Inc. (MCLinc)
2010 Highway 58, Suite 1000

Oak Ridge, Tennessee 37830-1702
(865) 576-4138 www.MCL-inc.com

F-1 059



f'fCLN MCLinc Project: EMP002 I5/SAI002726
SAIC Subcontract: 23900-BA-SO887

Page 58 of 116

PNNL-14126

o-
WL

pH

Figure 6.2. Eh-pH Diagram Showing the Dominant Aqueous Complexes of Uranium [Diagram was
calculated at 25 0C and a concentration of 107 molIL total dissolved uranium in the
presence of dissolved chloride, nitrate, carbonate, and sulfate.]

Figure 22. Eh-pH Phase Diagram for Soluble Uranium (Figure 6.2 in Krupka and
Serne, 2002).

8.4. Mechanistic D: Retardation of Leached Uranyl Ion by Soil Minerals (Surface
Complexation)

Sorption of ions to mineral surfaces is strongly dependent upon the solution phase pH value, which
affects the surface charge distribution on the sorptive substrate. As the pH value increases above the
point of zero charge (pzc) for the substrate, the surface becomes more negatively charged and the sorption
of cations generally increases. Conversely, sorption of anions is generally favored at pH values below the

pzc of the substrate.

Quartz (pzc less than or equal to 3)9 is typically the predominant mineral in soil; this is expected to give

the soil matrix a net negative surface charge under most environmental pH conditions, which in turn
attracts colloidal-sized iron oxide particles, the latter generally having a net positive surface charge under
the same conditions (Puls and Powell, 1982). A double-layer effect occurs: silica would normally repel

9 E. Papirer (Ed.) (2000), Adsorption on Silica Surfaces, Surfactant Science series, Vol. 90.
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anions, such as complexed U; however, the silica does attract a layer of colloidal hydrous metal oxides,
which can then surface complex with uranyl carbonate.

For iron-containing minerals, the pzc is typically in the range of 6 to 8.5 (Silva and Nitche, 1995). The
isoelectrical point (pHIEP) for metastable 2-line ferrihydrate (dominant Fe-colloid species in aquatic
systems) is pH 8.7 (Shafer et al., 2003) (positive zeta potential [i.e., net positively-charged surface] at pH
less than pH[EP). Sorption by iron oxides of uranyl carbonate anions is strongly affected by solution pH
value, with an optimum specific sorption occurring at pH values near 5.5 to 6.5 (Farrell et al., 1999;
Krupka and Serne, 2002; Jang et al., 2007), although removal of soluble uranium by all mechanisms (e.g.,
by sorption, ion-exchange and co-precipitation) may continue to be effective at elevated pH values.
Barnett et al. (2002) had fair success modeling the sorption of soluble uranium to soil minerals, based
upon a model independently developed for sorption of uranyl ion to ferrihydrate; both experimental data
and theoretical prediction indicate maximum Kd values for uranyl ion sorbed to soil minerals at pH values
near 5 to 8 (see also Figure 14).

In the illustrative equations above, Mechanistic D represents surface sorption of soluble uranyl carbonate

complex to solid hydrous iron oxide mineral substrate, such as goethite (Hsi and Langmuir, 1985). Other
important uranium surface complexation agents in soil include clay and phosphate minerals and natural

organic matter (NOM) (EPA 402-R-99-004B). Insoluble NOM may decrease the mobility of uranium by
forming surface terinary complexes (Murphy et al., 1999); soluble NOM (e.g., fulvic acid) may increase
the mobility of uranyl.

In the presence of (bi)carbonate, partition of uranyl to hydrous metal oxides and select other soil mineral
phases is usually maximum in the near-neutral pH range of approximately 5 to 8 (USEPA 1999; Krupka
and Serne, 2002; Ho and Miller, 1986; Meinrath et al., 1986; Koss, 1988); see Figure 14. The extent of
uranium binding to soil minerals varies considerably with the Site-specific compositions of soil and
groundwater constituents; see Figure 12. Soils containing larger percentages of iron oxide minerals and
mineral coatings and/or clay minerals will exhibit higher sorption characteristics for uranium than soils

dominated by quartz and feldspar minerals (Krupka and Seine, 2002).
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Figure 23. Distribution of U(VI) Kd Values for Sediments and Single-Mineral Phases as
a Function of pH in Carbonate-Containing Aqueous Solutions.

[Filled circles represent U(VI) Kd values compiled from the literature for sediments, and
listed in Table J.5 in EPA (1999b). Open symbols represent Kd maximum and minimum
values estimated from uranium adsorption measurements plotted by Waite et al. (1992)
for ferrihydrite (open squares), kaolinite (open circles), and quartz (open triangles).] This
illustration is taken from Figure 6.4 in Krupka and Serne (2002).

8.5. Mechanistic E. Formation of Secondary Alteration Minerals (potential long-term
sinks for U)

Finch and Murakami (1999) describe the phenomenon of uranium paragenesis, as noted at weathered
natural uraninite deposits. First, uraninite slowly dissolves and uranyl oxyhydroxide minerals (e.g.,
schoepite) precipitate. Next is the near-surface replacement of earlier-formed uranyl oxyhydroxides by
moderately insoluble uranyl silicates. In weakly complexing waters, some uranium is transported short
distances to precipitate on the outer surfaces of corroding uraninite as a coarsely crystalline rind of uranyl
oxyhydroxides, such as schoepite or (in calcium-rich systems) becquerelite. Monocarbonates such as
(sparingly soluble) rutherfordine (UO 2CO 3) may precipitate where the partial pressure of dissolved carbon
dioxide (pCO2 ) values are sufficient (e.g., as produced by biological activity on natural organic matter).
The early formed uranium oxyhydroxides may dissolve to form a soluble carbonate complex (e.g.,
UO2 (CO 3)3

2 ), or may be replaced by (e.g.) rutherfordine or becquerelite. Many other additional alteration
products may be formed, depending upon local mineralogy and ground water composition, since
approximately 200 uranium minerals are known to exist.
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For the paragenesis of the initial corrosion product, some analogies may also be drawn from the studies
performed to support the geologic disposal of spent nuclear fuel (Wonkiewicz and Buck, 1999), although
the applicable conditions of ambient temperature and fugacity of dissolved gases (02, CO,) are often quite
different. Oxidative corrosion occurs along the grain boundaries of near-surface UO,+,•. Carbonate
concentration has a strong effect on the dissolution rate of UO2 . Long-term (multi-year) studies with
unirradiated UO2 indicated precipitation of alteration products such as dehydrated schoepite within the
corroded inter grain boundaries, with additional interactions of uranyl with silicon, sodium, potassium,
calcium, etc., contributed from the synthetic ground water leachant solution, to form a variety of
sparingly-soluble alteration phases. These alteration phases may limit the aqueous transport or diffusion
of components near the surface interface between the reacting solid and the leachant solution. In natural
geologic systems, uranyl oxide hydrate (schoepite-type) phases and alkali and alkaline earth uranyl
silicate alteration phases may persist for very long times, thereby acting as relatively long-term sinks for
U. Johnson et al. (2004) report that formation of uranium-silicate mineral aggregates appears to be the
limiting factor in vertical vadose zone transport of DU at the arid site they investigated.

Formation of alteration products represents a variety of reactions between uranyl and other constituents in
soil and ground water to precipitate relatively insoluble U-containing solids, such as uranyl silicates (e.g.,
uranophane [Ca(UO2 )2 (SiO 3OH)2.(HlO) 5]) or phosphates (a family of more than 40 minerals, represented
by autunite [Ca[(UO7 )(PO4]2-(H2 0)1 0] (Finch and Murakami, 1999). Figure 22 (from Finch and
Murakami, 1999) shows some possible routes for formation of both soluble and insoluble uranium
complexes.
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Figure 24. Select Reactions of Dissolved Uranyl Ion (Figure 2 from Finch and
Murakami, 1999).

Delegard and Schmidt (2008), report that uranium species identified in sludge from Hanford K-basin,
which was historically used for storage of irradiated spent fuel (including uranium metal), now shows the

progression of phases arising from the corrosion of uranium metal and subsequent uranium oxidation and
mineralization reactions. The identified phases include uraninites (UO 2 , U40 9, U30 7), triuranium
octaoxide (U30 8 ), various schoepites and metaschoepites (e.g., U03-2.25H 20, U0 3.2H 20), uranyl
peroxides (studtite and metastudtite; respectively), and hexavalent sodium, potassium, and calcium
uranium compounds, such as becquerelite and compreignecite [K2(U0O) 60 2(OH) 6 8H 20], but no residual
uranium metal itself.

9. COMPARISON LITERATURE DATA FOR THE DISSOLUTION RATE FOR DU
PENETRATOR DARTS AND SUBSEQUENT MIGRATION OF URANIUM

Estimates of JPG uranium release rates and crude estimates for "corrosion rates" (to allow comparison to
literature compilations; see Handley-Sidhu, 2010) are derived in Appendix 2. The calculated values are
summarized in Table 25. The calculation for "corrosion rate" in Table 27 includes the cumulative mass
balance for soil and water (see Table 22).
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Table 25. Estimates for Mean DU Release Rate and Nominal DU "Corrosion Rate" for
JPG Data

(Leach intervals #10-23, elapsed time interval 211-463-d)
DU Release Rate * Nominal DU "Corrosion Rate" **

Cell ID (g-U/d) ((g-U) cm 2yn)

I-AC-S (1.55 + 0.68)E-04 1.56E-02
2-AC-U (0.86 ± 0.69)E-04 1.07E-02
3-CR-S (1.21 ± 0.72)E-04 2.1 0E-02
4-CR-U (1.24 ± 1.02)E-04 2.23E-02
5-GR-S (0.69 ± 0.27)E-04 1.73E-02
6-GR-U (0.35 ± 0.20)E-04 3.48E-02

7-AC (no dart) (5.16 + 1.69)E-07 N/A
Notes:

• See discussion in Appendix 3.
** Estimates for nominal DU corrosion rate include mass balance of total DU Partitioned to soil and water for the duration
of the testing.
AC - Avonsburg/Cobbs fork
CR - Cincinnati/Rossmoyne
ID - identification
GR - Grayford/Ryker
g-U/d - gram(s) uranium per day
(g-U) cm 2y' - granm(s) uranium per square centimeters year
JPG - Jefferson Proving Ground
N/A - not applicable

In a unique long-term study, German scientists investigated the behavior of armor piercing DU
ammunition in soil, which was exposed to weathering and leaching.'0 These scientists noted that when

uranium ammunition in organic-rich farm soil is exposed t6 simulated weathering under laboratory
conditions (using synthetic rainwater leachant for a total duration of three years), secondary uranium
minerals are formed, e.g., sabugalite [HAI(UO) 4(PO 4)4° 15H 20], in which toxic uranium is tightly bound.
These scientists estimated that DU bullets could completely transform into minerals such as sabugalite

within a time span of only 50 years (see also Schimmack et al., 2007). In this instance, it is likely that

phosphate in the fertilized farm soil promoted stabilization of the leached uranyl ion; Bostick (2003) note

that phosphate mineral soil amendment greatly retards the mobility of uranium by a combination of short-
term surface sorption and longer-term precipitation and mineralization.

Handley-Sidhu and co-workers (2009, 2010) report that mechanism of corrosion of(DU) penetrator waste

in the near-surface terrestrial environment and the corrosion products formed were highly dependent on

the water status of the soil. Under field-moist (presumably oxic) conditions, DU corroded at a rate of
0.49 plus or minus 0.06 g cm-2 y-' and the main uranium input to surrounding soil was large
metaschoepite particles. However, under waterlogged (presumably less oxic) conditions the rate of

corrosion was significantly slower at 0.01 to 0.02 g cm-2 y-' and occurred with the release of dissolved
species to the surrounding environment. These predictions differ qualitatively from those of Hilton
(2000) and Delegard and Schmidt (2008), who state that corrosion of enriched uranium metal (with

'0 http://wwwv.fzd.de/db/Cms?pNid= I 770&pOid=26451 ; http://www.hzdr.de/db/Cms?p0id=24122&pNid=473
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radiolysis generation of H202) is much greater under anoxic conditions (but also see Figure 10, which
indicates that uranium dissolution rates are lower under solubility-limited conditions).

Handley-Sidhu and co-workers predict that, under sub-oxic conditions, complete corrosion of a 120 mm
penetrator would take approximately 540-y. The water content and biogeochemistry of the soil had a
marked effect on the corrosion rate of DU. Corrosion was reportedly 40 times faster under field moist
conditions than in waterlogged soils, thus the authors predict complete corrosion of a 120 mm Charm
penetrator was calculated to take 90-y and 3900-y, respectively." Soil microbial activity is expected to

affect both the corrosion and net transport of uranium. Among other effects, microbial activity
contributes to elevated pCO2 in soil pore water.

British investigators' 2 report that DU projectile corrosion and subsequent seepage of leached uranium are
very Site-specific, with projection of mean penetrator dissolution times of around 12-y and 90-y for two

soil types and water flux conditions. Yet another published estimate 13 predicted that a DU penetrator can
be fully oxidized to corrosion products (e.g., uranium oxides and carbonates) within 25-y to 35-y after
impact. An earlier report had estimated that near-surface Charm-3 DU darts (initial mass 4500-g) could
totally corrode within as little as 20 years; UNEP, 2002; other estimates for dissolution of this size dart
range from 30-y to 60-y (Handley-Sidhu et al., 2010).

Johnson et al. (2004) assessed the solubility of corrosion and migration products from two DU kinetic
energy penetrators exposed on the desert surface for a 22-y period. They note that as uranium leached

from the penetrator migrates beyond several centimeters in depth, it forms insoluble aggregates with

silicate minerals. The formation of uranium-silicate mineral aggregates appears to be the limiting factor
in vertical vadose zone transport of DU at the site investigated.

The rate of corrosion of DU projectiles in the environment is sensitive to the oxygen fugacity (e.g., oxic

near-surface deposition versus anoxic water-logged condition). The subsequent migration of leached
uranium will also be very sensitive to water properties (e.g., pH and redox condition., ligands such as
bicarbonate, etc.), as well soil parameters, such as microbial consortia, natural organic matter content,
hydrous metal oxide minerals and mineral coatings), etc.

Consensus appears to be that corroding spent penetrator darts may persist in the environment for many
decades, depending upon the Site-specific conditions that include dissolved gas fugacity (pO2, pCO 2),
water properties (e.g., alkalinity, salinity), soil organic matter and mineralogy (e.g., hydrous metal oxide,

phosphate minerals), and the native soil microbial and fungi consortia. Longer-term protection of ground
water may be reliant upon strong sorption of released uranyl, and/or subsequent formation of less-soluble

alteration products, within the associated near-field soil zone.

" http:/Hgoldschmidt.info/2008/abstracts/finalPDFs/A350.pdf
12 http://proceedings.ndia.org/j sem2007/4132 TOQUE.pdf

'3 http://www.mindfully.org/Nucs/2003/DU-UNEP- 1OmarO3.htm
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APPENDIX 1. LEACH DATA SUMMARY
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Al. SUMMARY OF LEACH SERIES

Table Al- 1. Leach Intervals and Duration

Time elapsed Time elapsed CollectionSeries (cycle) Leach Interval dt
(d) Wy date

0 1 0 0.00 6/29/2009
1 2 22 0.06 7/20/2009
2 3 43 0.12 8/10/2009
3 4 64 0.18 8/31/2009
4 5 85 0.23 9/21/2009
5 6 106 0.29 10/12/2009
6 7 127 0.35 11/2/2009
7 8 148 0.41 11/23/2009

8 9 169 0.46 12/4/2009
9 10 190 0.52 1/4/2010
10 11 211 0.58 1/25/2010
11 12 232 0.64 2/15/2010
12 13 253 0.69 3/8/2010
13 14 274 0.75 3/29/2010
14 15 295 0.81 4/19/2010
15 16 316 0.87 5/10/2010
16 17 337 0.92 5/31/2010
17 18 358 0.98 6/21/2010

18 19 379 1.04 7/12/2010
19 20 400 1.10 8/2/2010
20 21 421 1.15 8/23/2010
21 22 442 1.21 9/13/2010

22 23 463 1.27 10/4/2010

Notes: c - clay(s)
y - year(s)
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Table Al- 2. Summary for Leach Series 1-AC-005-S
Scraped Penetrator (701.8-g), placed in PAC Soil (1000.1 -g)

Series I-AC-005-S PAC-005-S Leachate

Leach Leachate Alkalinity UtotaN Cumulative
Sample ID Interval Volume (mg/L as CaCO3) (pCi/L (Itg-U/L) (pCi/jig-U) Fraction

(L) [Initial PHI , Leached

00- I-AC-005-S I 0.638 11.4 mgL 6.51E+0 3.05E+01 2.13 2.77E-08
[pH0 6.5] (±13%)

0I-I-AC-005-S 2 0.600 54.8 mg/L 1.08E+02 1.03E+02 1.05 1.16E-07
[pH0 6.5] (±12%)

02-I-AC-005-S 3 0.625 78.[ mg/L 8.59E+012 6.68E+01 1.29 1.60E-07[pHo 7.4] (.j 12%)

03-I-AC-005-S 4 0.625 7.2 mg/L 2.65 E+0I 3.70E+01 0.72 1.93E-07
(pH. 6.91 (±13%)

04-I-AC-005-S 5 0.636 18.4 mg/L 4.46E+0I 6.80E+01 0.66 2.56E-07
[pHo 6.5] (±13%)

05-I-AC-005-S 6 0.655 6.4 mg/L 3.28E+01 8.50E+01 0.39 3.35E-07
[pHo 6.91 (±15%)

06-1-AC-005-S 7 0.663 6.1 mg/L 2.38E+01 6.11IE+01 0.39 3.93E-07
[pH0 6.7] (±15%)

07-l-AC-005-S 8 0.687 3.4 mg/L 1.47E+02 3.54E+02 0.42 7.40E-07
[pHo 6.2] (±28%)

2.38 5. 93E+402
08-I-AC-005-S 9 0.687 1.54E+03 0.38 2.25E-06

[pH0 6.0] (±18%)

09-I-AC-005-S 10 0.698 3.1 mg/L 3.50E+03 8.80E+03 0.40 1.10E-05
[pHo 5.3] (±16%)

10-I-AC-005-S II 0.699 2.2 mg/L 2.19E+03 5.87E+03 0.37 1.69E-05
[pH0 5.2] (±17%)

I I-I-AC-005-S 12 0.733 2.5 mg/L 2.98E+03 7.45E+03 0.40 2.46E-05
[pH0 5. 1] (±17%)

12-I-AC-005-S 13 0.686 1.2 mg/L 7.78E+02 2.02E+03 0.39 2.66E-05
[pH0 5.6] (±17%)

13-I-AC-005-S 14 0.688 2.4 mg/L 1.39E+03 3.5 1E+03 0.40 3.OOE-05
[pH0 5.6] (±15%)

14-I-AC-005-S 15 0.691 2.3 mg/L 1.32E+03 3.34E+03 0.40 3.33E-05
[pH. 5.7] (±15%)

15-I-AC-005-S 16 0.689 2.8 mg/L 1.21E+03 3.04E+03 0.40 3.63E-05
[pH0 6.0] (±17%)

16-I-AC-005-S 17 0.694 2.4 mg/L 1.09E+03 2.82E+03 0.39 3.91E-05
(pH0 5.7] (±17%)

17-1-AC-005-S 18 0.706 2.8 mg/L 1.55E+03 4.02E+03 0.39 4.3 IE-05
[pHo 5.8] (±15%)

18-I-AC-005-S 19 0.714 3.6 mg/L 2.79E+03 7.20E+03 0.39 5.05E-05
[pH0 5.61 (±15%)

2.35 1.38E+03
19-1-AC-005-S 20 0.699 3.58E+03 0.39 5.40E-05

[pH0 5.51 (±16%) I I
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Series I-AC-005-S PAC-005-S Leachate

Leachate Alkalinity UtoUt.t CumulativeLeach/L Uttl lttMass

Sample ID Interval Volume (mg/L as CaCO 3) + %2/' (pg-U/L) (pCi/pg-U) Fraction
(L) [Initial pHI %2a) Leached

20-l-AC-005-S 21 0.701 2.8 mg/L 1.60E+03 4.17E+03 0.38 5.82E-05
[pH0 5.7] (±16%)

21-l-AC-005-S 22 0.695 6.6 mg/L 1.60E+03 4.21E+03 0.38 6.24E-05
[pH 6.81 (+20%)

22-l-AC-005-S 23 0.694 6.2 mg/L 1.84E+03 4.90E+03 0.37 6.72E-05
[pH 6.91 (±17%)

INULCe,. R LSXSUIl t1 76Oa, propagateu error), wV[iere -7O0 -- IUU/O LO/lesUlt)
** Estimated with use of isotopic specific activities
%- percent
a- one standard deviation
AC - Avonsburg/Cobbs fork
CaCO3 - calcite
g - gram(s)
ID - identification
L - liter
pig-U/L - microgram(s) uranium per liter
mg/L - milligram(s) per liter
PAC - soil type Avonsburg/Cobbs fork
pCi/L - picoCuries per liter
pCi/pg-U - picoCuries per microgram of uranium
pH.- initial pH
U,, - total uranium
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Table Al- 3. Summary for Leach Series 2-AC-005-U
Non-Scraped (As-Found) Penetrator (623.5-g), placed in PAC Soil (1001.4-g)

Series 1-AC-005-U PAC-005-U Leachate

Leachate Alkalinity UlotaI Utotaj Ut°ta Cumulative
Sample ID Volume (mg/L as (pCi/L (Ag-UI/L) (pCi/Ag- Mass Fractioninterval (L) CaCO3) = %2a) ** U) Leached

I Initial pHI *

00-2-AC-005-U 1 0.639 10.0 mg/L 6.90E+01 3.53E+01 1.95 3.62E-08
[pH, 6.5] (±13%)

01-2-AC-005-U 2 0.612 53.3 mg/L 7.78E+01 1.49E+02 0.52 1.83E-07
[pH0 6.8] (±13%)

02-2-A'C-005-U 3 0.688 20.3 mg/L 4.77E+02 1. 18E+03 0.40 1.49E-06
[pH. 7. 1] (±16%)

03-2-AC-005-U 4 0.688 4.5 mg/L 6.03E+02 1.57E+03 0.38 3.22E-06
[pH0 6.4] (±16%)

04-2-AC-005-U 5 0.691 6.4 mg/L 1.65E+03 4.23E+03 0.39 7.90E-06
[pHo 6.4] (±16%)

05-2-AC-005-U 6 0.695 5.3 mg/L 1.42E+03 3.69E+03 0.38 1.20E-05
[pH1 6.3] (±15%)

06-2-AC-005-U 7 0.663 5.6 mg/L 1.23E+03 3.17E+03 0.39 1.54E-05
[pH^ 6.2] (±15%)

07-2-AC-005-U 8 0.687 4.1 mg/L 1.80E+03 4.75E+03 0.38 2.06E-05
[pH. 6.1] (±15%)

08-2-AC-005-U 9 0.675 2.9 mg/L 5.26E+02 1.36E+03 0.39 2.21E-05
[pH. 6.0] (±17%)

09-2-AC-005-U 10 0.718 3.4 mg/L 1.27E+03 3.32E+03 0.38 2.59E-05
[pHo 6.01 (±17%)

10-2-AC-005-U 11 0.696 3.11 2.76E+03 7.09E+03 0.39 3.38E-05
[pH0 5.5] (±16%)

I 1-2-AC-005-U 12 0.720 3.1 mg/L 2.05E+03 5.57E+03 0.37 4.02E-05
[pH. 5.4] (±18%)

12-2-AC-005-U 13 0.702 1.8 mg/L 9.60E+02 2.51E+03 0.38 4.3 1E-05
[pH0 5.7] (±16%)

13-2-AC-005-U 14 0.672 2.2 mg/L 3.99E+02 1.04E+03 0.38 4.42E-05
[pH. 5.8] (±17%)

14-2-AC-005-U 15 0.684 2.6 mg/L 8.88E+02 2.29E+03 0.39 4.67E-05
[pH. 5.9] (±17%)

15-2-AC-005-U 16 0.677 2.8 mg/L 2.98E+02 7.63E+02 0.39 4.75E-05
[pH0 6.2] (±17%)

16-2-AC-005-U 17 0.678 2.6 mg/L 5.23E+02 1.35E+03 0.39 4.90E-05
[pHo 5.8] (±15%)

17-2-AC-005-U 18 0.697 2.8 mg/L 7.55E+02 1.94E+03 0.39 5.12E-05
[pH. 5.8] (±17%)

18-2-AC-005-U 19 0.707 1.9 mg/L 4.01E+02 1.01 E+03 0.40 5.23E-05
[pHo 5.5] (±18%) 1 1
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Series I-AC-005-U PAC-005-U Leachate

Leachate Alkalinity Utototal UptOal Cumulative
Sample ID Leach Volume (mg/L as (pCi(L 4ig-U/L) Mass FractionInterval (L) CaCO3) ± %2o) ** U)

Ilnitial pHI* Leached

19-2-AC-005-U 20 0.682 2.32 4.12E+02 1.03E+03 0.40 5.34E-05
[pHo 5.5] (±17%)

20-2-AC-005-U 21 0.682 1.85 mg/L 3.49E+02 9.01E+02 0.39 5.44E-05
[pH0 5.6] (±16%)

2I-2-AC-005-U 22 0.679 4.1 mg/L 1.45E+03 3.78E+03 0.38 5.86E-05
[pHo 6.1] (±16%)

22-2-AC-005-U 23 0.682 5.9 mgIL 1.78E+03 4.72E+03 0.38 6.37E-05F [pH0 5.9] (±17%)
XT ~ I 00 ipio~ IU, i~~7~)-1U0IWeULOles: ReSULLt,-ill /.a o/-O, propagatedLU errCor), whIere 7040/ -- LVU7-/O' L. /N•esulty

** Estimated with use of isotopic specific activities
% - percent
a -one standard deviation
AC - Avonsburg/Cobbsfork
CaCO 3 - calcite
g - gram(s)
I D - identification
L - liter
pig-UL - microgram(s) uranium per liter
mg/L - milligram(s) per liter
PAC - soil type Avonsburg/Cobbs fork
pCi/L - picoCuries per liter
pCi/pg-U - picoCuries per microgram of uranium
pHo- initial pH
Uota - total uranium
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Soil PAC-005 with Penetrator

I -*Scraped -u- Unscraped
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Figure Al- 1. Estimates of Fractional Leaching of Uranium from Penetrators in Soil for
Specimens in PAC-005 Soil.
Data for Cell #1 represents "scraped" condition and Cell #2 represents "unscraped"
condition.

PAC Soil: Effect of Implanted Penetrator
Segment

1.OOE+05
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S1.OOE+01

--- None

--U-Scraped

- Nonscraped

1.OOE+O0 . . .. .

0 5 10 15 20 25

Leach Interval

Notes: PAC - soil type Avonsburg/Cobbsfork

pg-U - microgram of uranium

Figure Al- 2. Estimates of Total Uranium (Itg), Cumulative, as Leached from Soil Type
PAC: Effect of Added Penetrator Dart Segment.
Cell #7 has no added penetrator segment. (Note logarithmic chart ordinate).
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Activity ratio, 2 3 4 U/UtotaI

in PAC Soil Leachate
1.00

0.80
0
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0.20 .

* 1-PAC-005-S

* 2-PAC-005-U

* 7-PAC (control)

0.00
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Sampling interval

Notes: 234U - uranium-234
PAC - soil type Avonsburg/Cobbstbrk
Utota - total uranium

Figure Al- 3. Estimates for the Ratio of Measured Activity, 234U/ U totan, in PAC Soil
Column Leachate.

By sampling interval 10 (or sooner), the activity ratio approaches the expected value for steady-state
leaching from DU (activity, 2 34

U/Ultota of approximately 0.10; see Text Table 6). (Data for control soil,
7-PAC, with no added penetrator dart segment, have low activity and hence high uncertainty for the
calculated activity ratio estimate).
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PAC Soil with Penetrator Segment

-- 1-AC-005-S -U-2-AC-005-U -7-AC
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4.00
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Leachate Collection Interval

25

Notes: AC - AvonsburgiCobbsfork
mg/L - milligram(s) per liter
PAC - soil type Avonsburg/Cobbsfork
Utota - total uranium

Figure Al- 4. Estimates of Total Uranium Concentration in Aqueous Eluate by Collection
Interval for Soil Type PAC

Also included is data for Cell 7 (7-AC), which is a control cell with no added
penetrator segment.
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Table Al- 4. Summary for Leach Series 3-CR-008 S
Scraped Penetrator (577.1 -g), placed in PCR Soil (1000.2-g)

3-CR-008-S PCR-008-S Leachate

Leach Leachate Alkalinity UWowa Cumulative

Sample ID Volume (mg/L as (pCi/L (1-UIL) (pCUg-)• Mass
Interval (L) CaCO3) ± %2a) (U Fraction

[Initial pH] * Leached

00-3-CR-008-S 1 0.639 12.1 mg/L 2.53E+02 1. 14E+02 2.22 1.26E-07
[pH, 6.6] (±13%)

01-3-CR-008-S 2 0.674 0.00 mg/L 7.77E+01 1.77E+02 0.44 3.33E-07
[pHo 2.8] (±16%)

02-3-CR-008-S 3 0.647 5.4 mg/L 3.3 I E+02 7.25E+02 0.46 1.15E-06
[pH0 6.2] (±17%)

03-3-CR-008-S 4 0.631 1.70 mg!L 4.60E+02 1,09E+03 0.42 2.33E-06
[pHo 5.3 ] (±16%)

04-3-CR-008-S 5 0.633 3.9 mg/L 8.52E+02 2.07E+03 0.41 4.61E-06
[pH0 6.10 (±14%)

05-3-CR-008-S 6 0.659 2.4 mg/L 7.29E+02 1.92E+03 0.38 6.80E-06[p1-10 5.8] (±15%)

06-3-CR-008-S 7 0.689 2.7 mg/L 1.0 1E+03 2.60E+03 0.39 9.90E-06
[pH0 5.8] (±16%)

07-3-CR-008-S 8 0.672 2.2 mg/L 8.50E+02 2.25E+03 0.38 1.25E-05
[pl-!o 5.6] (±18%)

08-3-CR-008-S 9 0.692 1.7 mg/L 1.04E+03 2.75E+03 0.38 1.58E-05
[pHo, 5.2] (+17%)

09-3-CR-008-S 10 0.692 0.95 mg/L 1.24E+03 3.29E+03 0.38 1.97E-05
[pHn 4 .9 ] (±17%)

10-3-CR-008-S II 0.694 0.05 mg/L 1.09E+03 2.78E+03 0.39 2.3 1E-05[pH-I 4.6] (±-15%)

11-3-CR-008-S 12 0.694 0.00 mg/L 8.20E+02 2.11 E+03 0.39 2.56E-05[p-I 4.5] (±18%)

12-3-CR-008-S 13 0.680 0.42 mg/L 9.19E+02 2.35E+03 0.39 2.84E-05
[pHo 4.7] (±18%)

13-3-CR-008-S 14 0.698 0.62 mg/L 1.04E+03 2.67E+03 0.39 3.16E-05
[pH- 4.7] (±16%)

14-3-CR-008-S 15 0.699 0.37 mg!L 1.01E+03 2.39E+03 0.42 3.45E-05
[pHo 4 .6 ] (±16%)

15-3-CR-008-S 16 0.717 0.90 mg/L 1.25E+03 3.04E+03 0.41 3.831E-05
[pH11 4.8] (±16%)

16-3-CR-008-S 17 0.712 2.6 mg/L 9.01E+02 2.45E+03 0.37 4.13E-05
[pHo 4.8] (± 19%)

17-3-CR-008-S 18 0.731 0.41 mg/L 1.03E+03 2.65E+03 0.39 4.47E-05
[pHI, 4.6] (+17%)

18-3-CR-008-S 19 0.727 0.90 mg/L 1.16E+03 3.03E+03 0.38 4.85E-05
[pHo 4.8] 1(±16%) 1
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3-CR-008-S PCR-008-S Leachate

Leachate Alkalinity U'." Cumulative
Leach lume (mg/L as (pCi/L U[on U) MassSample ID Interval Volume CaCO 3) + %2o) (ag-U/L) (pCiIpg-U) Fraction(L) [Initial pH] * Leached

19-3-CR-008-S 20 0.702 0.73 mgiL 1.57E+03 4.OOE+03 0.39 5.33E-05
[pH0 4.7] (±16%)

20-3-CR-008-S 21 0.712 0.52 mg/L 1.30E+03 3.27E+03 0.40 5.74E-05
[pH. 4.6] (±16%)

21-3-CR-008-S 22 0.668 4.39 mg/L 2.85E+03 7.18E+03 0.40 6.57E-05
[pH0 5.7] (±16%)

22-3-CR-008-S 23 0.710 2.1 mg/L 3.76E+03 9.73E+03 0.39 7.77E-05______________________[pHo 4.9] (±-18%) __________

~Notes: R eSUlt it 79/2, propagateu error), where -/o7c = iWO (O/Kzaesult
** Estimated with use of isotopic specific activities
% - percent
a - one standard deviation
CaC0 3 - calcite
CR - CincinnatilRossmoyne
g - gram(s)
ID - identification
L - liter
ltg-U/L - microgram(s) uranium per liter
mg/L - milligram(s) per liter
PCR - soil type Cincinnati/Rossmoyne
pCi/L - picoCuries per liter
pCi/tg-U - picoCuries per microgram of uranium
pH.- initial pH
Utot - total uranium
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Table Al- 5. Summary for Leach Series 4-CR-008 U
Non-Scraped (As-Found) Penetrator (620.2-g), placed in PCR Soil (1000.3-g)

4-CR-008-U PCR-008-U Leachate

Alkalinity Uw Cumulative
Leach Leachate (mg/L as (pCi/L Utow4  Ut.o Mass

Sample ID Interval Volume CaCO3) ± %2;) (og-U/L) (i/Ag-U) Fraction
(L) [Initial pHI * Leached

00-4-CR-008-U 1 0.620 8.0 mg/L 8.69E+01 7.22E+O01 1.20 7.22E-08
[pH0 6.3] (±12%)

01-4-CR-008-U 2 0.609 0.00 mg/L 3.52E+02 8.82E+02 0.40 9.39E-07
[pHo 3.2] (±17%)

02-4-CR-008-U 3 0.694 2.7 mg/L 7.62E+02 1.55E+03 0.49 2.67E-06
[Po) 5.8] (±17%)

03-4-CR-008-U 4 0.627 2.0 mg/L 6.1OE+02 1.49E+03 0.41 4.18E-06
[pH-I 5.6] (±13%)

04-4-CR-008-U 5 0.641 2.0 mg/L 6.34E+02 1.43E+03 0.44 5.66E-06
[pHo 5.4] (±15%)

05-4-CR-008-U 6 0.647 2.0 mg/L 6.43E+02 1.64E+03 0.39 7.37E-06
[pH0 5.4] (±15%)

06-4-CR-008-LJ 7 0.663 1.7 mg/L 5.1OE+02 1.38E+03 0.37 8.85E-06
[pH0 5.3] (±15%)

07-4-CR-008-U 8 0.704 0.97 mg/L 3.68E+02 9.55E+02 0.39 9.93E-06[pl-Io 4.98 (±16%)

08-4-CR-008-U 9 0.698 0.00 mg/L 4.84E+02 1.22E+03 0.40 1.13E-05
[pHo 4.4] (±16%)

09-4-CR-008-U 10 0.681 0.00 mg/L 4.47E+02 I. 15E+03 0.39 1.26E-05
[pH. 4.5] (±16%)

10-4-CR-008-U 11 0.704 0.07 mg/L 3.80E+02 i.00E+03 0.38 1.37E-05
[pH0 4.6] (±16%)

1I-4-CR-008-U 12 0.681 0.00 mg/L 2.39E+02 5.92E+02 0.40 1.43E-05
[pHo 4.4] (±17%)

12-4-CR-008-U 13 0.685 0.10 mg/L 4.02E+02 1.02E+03 0.40 1.55E-05
[pHo 4 .5] (±15%)

13-4-CR-008-LJ 14 0.681 0.00 mg/L 4.23E+02 1.00E+03 0.42 1.66E-05
[pH0 4.51 (±15%)

14-4-C R-008-U 15 0.686 0.00 mg/L 4.72E+02 1.04E+03 0.45 1.77E-05[p!-Io 4.5] (±17%)

15-4-CR-008-U 16 0.695 0.84 mg/L 5.68E+02 1.46E+03 0.39 1.94E-05
[pH-1 4.81 (+17%)

16-4-CR-008-U 17 0.678 1.4 mg/L 1.64E+03 4.22E+03 0.39 2.40E-05[pHI 4.9] (±15%)

17-4-CR-008-U 18 0.695 0.70 mg/L 1.96E+03 5.06E+03 0.39 2.96E-05
[pH0 4.71 (±17%)

18-4-CR-008-U 19 0.696 0.88 mg/L 2.19E+03 5.56E+03 0.39 3.59E-05
[pHo 4.7] (±14%)
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4-CR-008-U PCR-008-U Leachate

Leachate Alkalinity Utow U Cumulative
Leach lume (mg/L as (pCi/L UtotL) Cuo Massinterval Volume CaCO 3) ± %2a) (sg-U/L) (pCi/pg-U) Fraction(L) [Initial pHIl * Leached

19-4-CR-008-U 20 0.693 1.3 mg/L 2.52E+03 6.31E+03 0.40 4.29E-05
[pH0 4.8] (±19%)

20-4-CR-008-U 21 0.687 0.79 mg/L 2.54E+03 6.53E+03 0.39 5.39E-05
[pH, 4.7] (±17%)

21-4-CR-008-U 22 0.694 1.9 mg/I 3.24E+03 8.53E+03 0.38 6.42E-05
[pH1 4.9] (±15%)

22-4-CR-008-U 23 0.694 0.72 mg/L 3.43 E+03 9.09E+03 0.38 7.51E-05
I_ I [pHo 4.6] (1 17%)II

Notes: Kesult (± %2(y, propagated error), where %2a = 10)%* (2/Kesult)
** Estimated with use of isotopic specific activities
% - percent
Y - one standard deviation

CaCO 3 - calcite
CR - Cincinnati/Rossmoyne
g - gram(s)
ID - identification
L - liter
ag-UiL - microgram(s) uranium per liter
mg/L - milligram(s) per liter
PCR - soil type Cincinnati/Rossmoyne
pCi/L - picoCuries per liter
pCi/pg-U - picoCuries per microgram of uranium

pH.- initial pH
U,otf - total uranium
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Soil PCR-008 with Penetrator
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Figure Al- 5. Estimates of Fractional Leaching of Uranium from Penetrators in Soil for
Specimens in PCR-008 Soil

PCR Soil: Effect of Scraping
Penetrator Segment
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Figure Al- 6. Data as in Figure A1-5, but with Logarithmic Chart Ordinate (to
Emphasize Data for Initial Leach Intervals).
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Soil PCR with Penetrator Segment
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Notes: PCR - soil type CincinnatifRossmoyne
pgiL - microgram(s) per liter

UotaI - total uranium

Figure Al- 7. Estimates of Total Uranium Concentration in Aqueous Eluate by Collection
Interval for Soil Type PCR
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Table Al- 6. Summary for Leach Series 5-GR-001 S
Scraped Penetrator (583. 1-g), placed in PGR Soil (I000.5-g)

5-GR-001-S PGR-001-S Leachate

Leachate Alkalinity UoM u, Utota Cumulative
Leach lehe (mg/L as (pCi/L (pg-CL) (pCi/ltg-iInteal Volume CaCO3) ± %2u) ** U) Mass Fraction

Sample D Interval (L) Ilnitial pHl * Leached

00-5-GR-00 I-S 1 0.690 19.4 mg/L 1.05E+02 5.67E+01 1.85 6.70E-08
[pH. 6.8] (±13%)

0I-5-GR-001-S 2 0.641 1.9 mg/L 4.10E+01 7.96E+01 0.51 1.55E-07
[pH0 5.4] (+13%)

02-5-GR-001-S 3 0.682 2.9 mg/L 1.18E+02 2.35E+02 0.50 4.29E-07
[pHo 6.01 (+14%)

03-5-GR-001-S 4 0.666 2.6 mg/L 1.70E+02 4.21 E+02 0.41 9.09E-07
[pH0 6.0] (±15%)

04-5-GR-00I-S 5 0.681 3.7 mgiL 2.67E+02 6.38E+02 0.42 1.66E-06
[pH0 6.3] (±14%)

05-5-GR-00 -S 6 0.696 2.8 mg/L 6.47E+02 1.62E+03 0.40 3.58E-06
[pH0 6.0] (+15%)

06-5-GR-00l-S 7 0.684 2.7 mg/L 1.21E+03 3.16E+03 0.38 7.29E-06
[pH0 5.8] (±15%)

07-5-GR-001-S 8 0.710 2.5 mg/L 6.11E+02 1.59E+03 0.39 9.22E-06
[pH0 5.91 (±16%)

08-5-GR-001-S 9 0.695 2.7 mg/L 2.88E+02 7.75E+02 0.37 1.01E-05
[pH0 6.8] (±16%)

09-5-GR-001-S 10 0.707 2.8 mg/L 1.35E+03 3.47E+03 0.39 1.43E-05
[pH0 6.01 (±16%)

10-5-GR-001-S I1 0.725 2.9 mgiL 9.58E+02 2.58E+03 0.37 1.76E-05
[pH0 6.2] (±17%)

11-5-GR-001-S 12 0.711 2.7 mg/L 1.05E+03 2.62E+03 0.40 2.07E-05
[pH0 5.6] (±16%)

12-5-GR-001-S 13 0.707 1.7 mg/L 5.44E+02 1.41E+03 0.39 2.25E-05
[pH0 5.8] (±15%)

13-5-GR-001-S 14 0.726 2.6 mg/L 6.54E+02 1.68E+03 0.39 2.45E-05
[pH0 5.6] (±16%)

14-5-GR-001-S 15 0.724 2.6 mg/L 8.47E+02 2.23E+03 0.38 2.73E-05
[pH^ 5.81 (±15%)

15-5-GR-001-S 16 0.724 2.5 mg/L 6.88E+02 1.82E+03 0.38 2.96E-05
[pH0 5.8] (±17%)

16-5-GR-00 1-S 17 0.726 2.4 mg/L 2.38E1+02 5.90E+02 0.40 3.03E-05
[pH0 5.7] (±19%)

17-5-GR-001-S 18 0.736 2.3 mg/L 7.67E+02 1.96E+03 0.39 3.28E-05
[pH0 5.7] (±16%)

18-5-GR-00 I-S 19 0.733 2.0 mg/L 8.72E+02 2.16E+03 0.40 3.55E-05
[pH_ 5.5] (±19%)
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5-GR-001-S PGR-001-S Leachate

Leachate Alkalinity UtCml UativeLeach Lecae (mg/L as (pCi/L Ut.tW Cumulative

Sample ID Leac Volume Cas ( %20) (pg-U/L) (Chi/g- Mass Fractioninterval (L) CaCO3) ±%2(r) U) Leached
[Initial pHI *

19-5-GR-00I-S 20 0.717 2.2 mg/L 5.31 E+02 1.39E+03 0.38 3.72E-05
[pH,, 5.5] (±16%)

20-5-GR-00l-S 21 0.736 2.1 mg/L 7.00E+02 1.81E+03 0.39 3.95E-05
[pH0 5.6] (±15%)

21-5-GR-001 -S 22 0.728 7.5 mg/L 4.49E+02 I. 14E+03 0.39 4.09E-05
[pH. 8.2] (±17%)

22-5-GR-00 I-S 23 0.733 2.8 mg/L 1.34E+03 3.32E+03 0.40 4.5 1E-05
__ I I _ [pH. 5.6] (±17%)
Notes: * Result (± %2a. propagated error), where %2a = 100%* (2a/Result)

•* Estimated with use of isotopic specific activities
% - percent
Y -one standard deviation

CaCO 3 - calcite
g - gram(s)
GR - Gray ford/Ryker
ID - identification
L - liter
jtg-U/L - microgram(s) uranium per liter
mg/L - milligram(s) per liter
pCi/L - picoCuries per liter
pCi/pg-U - picoCuries per microgram of uranium
PGR - soil type Grayford/Ryker
pH.- initial pH
UtotaI - total uranium

Materials and Chemistry Laboratory, Inc. (MCLinc)
2010 Highway 58, Suite 1000

Oak Ridge, Tennessee 37830-1702
(865) 576-4138 www.MCL-inc.com

F-1092



oDlxcL MCLinc Project: EMP00215/SAI002726
SAIC Subcontract: 23900-BA-SO887

Page 91 of 116

Table Al- 7. Summary for Leach Series 6-GR-001 U
Non-Scraped (As-Found) Penetrator (526.4-g), placed in PGR Soil (1000.1 -g)

6-GR-001-U PGR-001-U Leachate

Leachate Alkalinity Utota0  utai (p Cumulative
Sample ID Leach Volume (mg/L as (p~i/L (g-UL) (pCi/g Mass FractionInterval (L) CaCO3) ±/%2s) (U U) Leached

Ilnitial pHj *L

00-6-GR-00 1-U 1 0.672 17.0 mgiL 5.29E+02 3.49E+02 1.52 4.46E-07
[pHo 6.7] (±12%)

01-6-GR-00I-U 2 0.566 0.00 mg/L 1.07E+03 7.45E+02 1.43 1.25E-06
[pHo1 2.5] (±12%)

02-6-GR-00 I-U 3 0.644 3.3 mg/L 9.02E+01 1.91E+02 0.47 1.48E-06
[pHo. 6.2] (±14%)

03-6-GR-00 I-U 4 0.646 3.0 mg/L 3.71E+02 9.37E+02 0.40 2.63E-06
[pH0 6.1] (±17%)

04-6-GR-001-U 5 0.652 3.4 mg/L 1.59E+03 4.OOE+03 0.40 7.58E-06
[pH. 5.8] (±15%)

05-6-GR-00 I-U 6 0.666 3.9 mg/L 1.40E+03 3.59E+03 0.39 1.2 1E-05
[pHo 6.1] (±16%)

06-6-GR-001-U 7 0.681 2.7 mg/L 6.09E+02 1,58E+03 0.39 1.42E-05
[pH0 5.8] (±15%)

07-6-GR-001-U 8 0.728 3.4 mg/L 1.62E+03 4.18E+03 0.39 1.99E-05
[pH0 6.0] (±15%)

08-6-GR-001-U 9 0.697 2.7 mg/L 5.06E+02 1.33E+03 0.38 2.17E-05[pH0 5.91 (±16%)

09-6-GR-001-U 10 0.704 2.8 mg/L 2.817.35 E +02 0.38 2.27E-05
[pH^ 6.01 (±16%)

10-6-GR-001-U 11 0.727 2.2 mg/L 4.84E+02 1.25E+03 0.39 2.44E-05[pH0 5.6] (±16%)

11-6-GR-001-U 12 0.708 2.0 mg/L 2.35E+02 6.OOE+02 0.39 2.52E-05[pH0 5.51 (±16%)

12-6-GR-001-U 13 0.710 1.6 mg/L 1.81E+02 4.75E+02 0.38 2.59E-05
[pH0 5.8] (±17%)

13-6-GR-001-U 14 0.699 2.8 mg/L 5.66E+02 1.44E+03 0.39 2.78E-05
[pH1 0 5.7] (±16%)

14-6-GR-001-U 15 0.704 2.3 mg/L 1.19E+02 3.02E+02 0.39 2.82E-05
[pHH0 5.8] (±16%)

15-6-GR-001-U 16 0.679 2.8 mg/L 3.28E+02 8.52E+02 0.39 2.93E-05[pHo0 5.91 (±16%)

16-6-GR-001-U 17 0.699 2.0 mg/I 4.32E+02 1.11-E+03 0.39 3.08E-05
[pH- 5.5] (±17%)

17-6-GR-001-U 18 0.696 2.1 mg/L 2.11 E+02 5.48E+02 0.39 3.15E-05
[pH0 5.71 (±18%)

18-6-GR-001-U 19 0.706 2.0 mg/L 4.66E+02 1.2 1 E+03 0.39 3.31 E-05
[pH, 5.51 (±16%)
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6-GR-001-U PGR-001-U Leachate

Leachate Alkalinity UJ,°,3 U1 . Utw Cumulative
Sample ID VolumeL as (pCi/L (tg-UL) Ci/g- Mass FractionIneralh Vlm CaCO3) ±%2•) (lUg-U/L)hU)

(L) [Initial pHI ,** Leached

19-6-GR-001I-U 20 0.705 2.6 mg/L 4.01 E+02 1.00E+03 0.40 3.44E-05
[pH, 5.6] (±17%)

20-6-GR-001-U 21 0.715 2.2 mg/L 6.36E+02 1.60E+03 0.40 3.66E-05
[pHo 5.6] (±15%)

21-6-GR-001-U 22 0.697 3.2 mg/L 3.48E+02 9.07E+02 0.38 3.78E-05
[pHo 6.2] (±18%)

22-6-GR-001-U 23 0.697 2.8 mg/L 9.80E+02 2.59E+03 0.38 4.13E-05
[pH1 0 5.7] (±17%)

k TUL.
0 Les:

** Estimated with use of isotopic specific activities
% - percent
Y - one standard deviation

CaCO 3 - calcite
g - gram(s)
GR - GrayfordiRyker
ID - identification
L - liter
ptg-U/L - microgram(s) uranium per liter
mg/L - milligram(s) per liter
pCi/L - picoCuries per liter
pCi/pg-U - picoCuries per microgram of uranium
PGR - soil type Grayford/Ryker
pHo- initial pH
UtotaI - total uranium
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Soil PGR-001 with Penetrator
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Figure Al- 8. Estimates of Fractional Leaching of Uranium from Penetrators in Soil for
Specimens in PGR-001 Soil.
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Penetrator

1.OOE+05

w, 1.OOE+04

'a 1.OOE+03

U1.OOE+02

1.OOE+01

-*-,Scaped

-U1-Unscraped

1.OOE+00

0 5 10 15

Leach Interval

20 25
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jig-U - microgram(s) uranium

Figure Al- 9. Data as in Figure A1-8, but with Logarithmic Chart Ordinate (to Emphasize
Data for Initial Leach Intervals).
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Penetrator in PGR Soil
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Figure Al- 10. Steady-State Migration Rate of DU from Soil Containing Penetrator Dart
into Collected Aqueous Leachate.
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UtotaI - total uranium

Figure Al- 11. Estimates of Total Uranium Concentration in Aqueous Eluate by Collection
Interval for Soil Type PGR
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A2. EFFECT OF SOIL TYPE ON LEACHING FROM PENETRATOR

Cumulative U Mass Fraction Leached
for Scraped Penetrators
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Figure Al- 12. Effect of Soil Type on Leaching from (Scraped) Penetrator (Note
Logarithmic Ordinate)
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Cumulative U Mass Fraction Leached
for Unscraped Penetrators
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Figure Al- 13. Effect of Soil Type on Leaching from (Unscraped) Penetrator (note
logarithmic ordinate)
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Table Al- 8. Summary for Leach Series 7-AC-005
No Penetrator; 1000.4-g soil

7-AC PAC Leachate

Alkalinity U1o•
Leachate (mg/L as (pCi/L Ut, Ut.,a Cumulative

Sample ID Leach Volume CaCO3a ± %2o) (jig-U/L) (pCil/ig-U) PgInterval (L) Initial pHI %2 ** Leached

00-7-AC 1 0.517 34.9 mgiL 1.15E+02 6.05E+01 1.90 3.13E+01
[pHo 6.9] (±12%)

0 1-7-AC 2 0.626 2.6 mg/L 1.22E+01 2.09E+01 0.58 4.44E+01
[pH. 6.0] (±16%)

02-7-AC 3 0.617 5.1 mg/L 2.53E+01 3.48E+01 0.73 6.59E+01
[p_ _ [o 6 .6] (±14%)

03-7-AC 4 0.630 4.9 mg/L 1.50E+01 2.41E+O1 0.62 8.11E+01
[pHo 6.4] (±15%)

04-7-AC 5 0.632 4.0 mg/L 3.88E+0-1 5.72E+01 0.68 I. 17E+02
[pHo 6.3] (±13%)

05-7-AC 6 0.647 4.7 mg/I 1.25E+01 3.01EE+i01 0.42 1.37E+02
[pH. 6.4] (±17%)

06-7-AC 7 0.658 3.5 mg/L 1.41E+01 3.71E+01 0.38 1.61E+02
[pHo 6.01 (±17%)

07-7-AC 8 0.694 2.9 mg/L 9.78E+00 2.45E+01 0.40 1.78E+02
[pH0 6.2] (±21%)

08-7-AC 9 0.669 2.5 mg/L 5.07E+00 1.33E+01 0.38 1.87E+02
[pH1 1 6.1] (±24%)

09-7-AC 10 0.691 2.8 mg/I 8.06E+00 L.97E+01 0.41 2.01E+02
[pH0 6.1] (±21%)

10-7-AC 11 0.675 2.0 mg/l 5.29E+00 1.28E+01 0.41 2.09E+02
[pH0 5.7] (±23%)

11-7-AC 12 0.683 2.7 mg/L 3.24E+00 7.70E+00 0.42 2.15E+02
[pH0 5.9] (±27%)

12-7-AC 13 0.682 1.7 mg/L 5.64E+00 1.26E+01 0.45 2.23E+02
[pH0 5.91 (±21%)

13-7-AC 14 0.678 2.8 mg/L 6.05E+00 1.29E+01 0.47 2.32E+02
[pH0 6.0] (±22%)

14-7-AC 15 0.677 2.9 mg/L 5.55E+00 1.35E+01 0.41 2.41E+02
[pH0 5.9] (±22%)

15-7-AC 16 0.675 3.0 mg/L 6.84E+00 1.71E+O1 0.40 2.53E+02
[pHo 5.91 (±23%)

16-7-AC 17 0.689 3.3 mg/L 7.46E+00 1.95E+01 0.38 2.66E+02
[p11o 6.2] (±23%)

17-7-AC 18 0.701 2.5 mg/L 1.07E+0I 2.30E+01 0.46 2.82E+02
[pH0 6.0] (±36%)

18-7-AC 19 0.704 2.0 mg/L 4.46E+00 1.08E+01 0.41 2.90E+02
I [pH05.8] (±25%)

Materials and Chemistry Laboratory, Inc. (MCLinc)
2010 Highway 58, Suite 1000

Oak Ridge, Tennessee 37830-1702
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7-AC PAC Leachate

Alkalinity U.
Leachate (mg/L as (pCiIL U'W Utot Cumulative

Sample [D Leach Volume CaCO3) ± %2u) (pg-UIL) (pCi/pg-U) 11g
Interval (L) [Initial %H2 * Leached

19-7-AC 20 0.676 2.2 mg/L 4.90E+00 1.29E+01 0.38 2.98E+02
[pHo 5.81

20-7-AC 21 0.682 2.2 mg/I 6.8 1 E+00 1.74E+01 0.39 3.1OE+02
[pHo 5.8] (±21%)

21-7-AC 22 0.677 4.8 mg!L 6.60E+00 1.52E+01 0.43 3.2 1 E+02
[pH0 7.1] (±22%)

22-7-AC 23 0.685 2.4 mg/L 1.54E+01 2.67E+01 0.58 3.39E+02
[pH0 5.9] (±69%)

Notes: * Result (± %2y. propagated error), where %2a = 100%* (2a/Result)
** Estimated with use of isotopic specific activities
% - percent

- one standard deviation
CaCO 3 - calcite
g - gram(s)
AC - Avonsburg/Cobbsfork
ID - identification
L - liter
ltg - microgram(s)
pg-U/L - microgram(s) uranium per liter
mg/L - milligram(s) per liter
pCi/L - picoCuries per liter
pCi/pg-U - picoCuries per microgram of uranium
PAR - soil type Avonsburg/Cobbsfork
pHo- initial pH
Uow - total uranium

Materials and Chemistry Laboratory, Inc. (MCLinc)
2010 Highway 58, Suite 1000

Oak Ridge, Tennessee 37830-1702
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Soil PAC (No Penetrator Added)

-- tig-U (cumulative) - Linear (jig-U (cumulative))

400
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=100
0
1-- 0

y = 16.198x

0 5 10 15 20

Sampling interval number

25

Notes: PAC - soil type Avonsburg/Cobbsfork
R2 - correlation coefficient squared

pg-U - microgram(s) of uranium
U - uranium

Figure Al- 14. Estimates of Fractional Leaching of Uranium from PAC-001 Soil (No
Penetrator Dart Segment Added).

For the duration of testing, the average uranium activity in the leachate is approximately 15 pCi/L (23 lag-
U/L). The uranium in the soil without added penetrator dart appears to be impacted by both natural and
depleted uranium.

PAC Soil (No Penetrator Added)
140

M
4-

.E
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-*-pCi/L

--E- ug/L

0 5 10 15 20 25

Sample Interval

Notes: PAC - soil type Avonsburg/Cobbsfork
pCi/L - picoCurie(s) per liter
pg/L - microgram(s) per liter

Figure Al- 15. Total Uranium Estimates in Leachate from PAC-001 Soil (No Penetrator
Dart Segment Added).
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By sample interval #6, uranium activity in the leachate is consistently below 20 pCi/L. By Interval #8,
the corresponding concentration estimates (lag-U/L) projected from the measured isotopic alpha activity
data are consistently below the current (as of December 2003) EPA maximum contaminant level (MCL)
criterion of 30 jig-U/L.

Materials and Chemistry Laboratory, Inc. (MCLinc)
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APPENDIX 2. PENETRATOR GEOMETRY AND "CORROSION RATE"
ESTIMATES

Materials and Chemistry Laboratory, Inc. (MCLinc)
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Appendix 2. Penetrator Geometry and "Corrosion Rate" Estimates

Figure A2-1 illustrates a "typical" dart segment, with nominal diameter of 2.67-cm (greatest dimension).

S2%

Notes: cm - centimeter
g -gram(s)

Figure A2- 1. Image of Dart Segment 2296-2 (577.5-g).

Using dimensions and geometries estimated from Figure A2-1 (using only the minimally corroded
section), a crude estimate for the correlation between total simple geometric surface area and dart
segment mass may be calculated:

Surface area (geometric, cm 2) _ 10+0.1*(mass, g) (A2-1)

Where: - - approximately
cm2 

- square centimeter(s)
g - gram(s)

The empirical expression in (A2-1) does not include any additional roughness factor, to compensate
between nominal geometric and actual surface area (i.e., it does not include estimates for adherent porous
coatings or adhesions).

Materials and Chemistry Laboratory, Inc. (MCLinc)
2010 Highway 58, Suite 1000

Oak Ridge, Tennessee 37830-1702
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Data for nominal metal corrosion rate is typically normalized to the substrate surface area, and expressed
in units such as g cm-' y- (Handley-Sidhu et al., 2010; Hilton, 2000) (Equation A2-2).

Corrosion Rate (g cm-2 y- 1 ) = 365 x Weight loss (g) (A2-2)
Metal Surface Area (cm 2 ) x Time (days)

From Equation A2-1, the normalized metal corrosion rate (g cm-2y"I) is proportional to the metal release
rate (gram(s) per day [g/d]) only after the soil column is completely saturated with the leached metal (no
further retardation), and leaching rate approaches a steady-state.

Table A2-1 provides a crude estimate for geometric surface area for penetrator dart segments used in this
study. Since dart mass changes minimally during the test period (Table 9 of main text), it may be

assumed (for calculation purposes) that nominal dart geometric surface area also changes minimally (true
surface area will be affected by the extent of surface corrosion).

Table A2- 1. Estimate of Test Dart Geometric Surface Areas

Initial Nominal Geometric

Cell Number Dart Mass Estimate *
Surface Area

(g) (cm2)
1 701.8 80.18

2 623.5 72.35

3 557.1 65.71

4 620.2 72.02

5 583.1 68.31

6 526.4 62.64
Notes: * From Equation A2-4

cm2 - square centimeter(s)g -gram(s)

Appendix I provides data for the mass of uranium that leaches from the penetrator dart segment through
the associated soil layer (i.e., net metal release data). The total uranium metal lost, see Equation A2-2,
cannot be determined until mass balance closure (i.e., until determination of the uranium hold-up in soil
component and on the DU dart segment itself).

Figures A2-2 through A2-4 indicate that the steady-state release rate for total uranium in the leachate is of
the order of I E-4 g-U/d for dart segments with nominal surface area approximately 70-cm2 (Table A2- 1).
From Equation A2-2, this yields an apparent "corrosion rate" about 5E-04 g cm- y- (assuming that the
test soil is essentially saturated with uranium by leach interval #10). Estimates are presented in Table
A2-2; as noted previously, these estimates of "corrosion rate" do not account for the uranium that is
effectively sequestered by relatively tenacious adherence to the dart surface. These qualified estimates
may be compared to "corrosion rate" values compiled by Handley-Sidhu (Table A2-3). The present
estimate of "effective" corrosion rate is very low, compared to estimates for (e.g.) oxic "field moist soil"
(0.5 g cm'2y'l), and is more comparable to low corrosion rates noted for waterlogged media and/or

Materials and Chemistry Laboratory, Inc. (MCLinc)
2010 Highway 58, Suite 1000

Oak Ridge, Tennessee 37830-1702
(865) 5764138 www.MCL-inc.com
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phosphate amended soil. This may suggest that the associated near-field soil is still significantly
retarding uranium migration after about 1 .3-y of laboratory weathering.

Soil Type PAC
*1-AC-S U 2-AC-U 7-AC

1.00E+00

1.00E-01 5 - ,----, 10 ................... .... 15 20 25

1.00E-03z ? ooE-o4 M ME u n llta *NNE

to 1 OE 05

AA

1.00E-O.0E06 1 I L , ! ! ' !

1.00E-07
Leach Interval

Figure A2- 2.

Notes: Ag-U/At - difference in grams(s) uranium per difference in time
AC -AvonsburgiCobbsfork
g-U/d -gram(s) uranium per day
PAC - soil type Avonsburg/Cobbsfork

Uranium Leached from Soil Type PAC (Ag-U/At).

Soil Type PCR
*3-PCR-S 14-PCR-U

1.00E+00
5 10 15 20 25

1.00E-02 .

? 1.OOE-03

1.00E-05__

1.00E- 06
Leach Interval

Notes: Ag-U/At - difference in grams(s) uranium per difference in time
CR - Cincinnati/Rossmoyne
g-Ui/d -gram(s) uranium per day
PCR - soil type Cincinnati/Rossmoyne

Uranium Leached from Soil Type PCR (Ag-U/At).Figure A2- 3.
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1.0OE+0O
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1.OOE-02
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1.00E-04

1.tJOE-05

1.00E-06

Soil Type PGR

*S-PGR-S 06-PGR-U

5 10 15 20 25

Leach Interval

Figure A2- 4.

Table A2- 2.

Notes: Ag-U/At - difference in grams(s) uranium per difference in time
g-U/d -gram(s) uranium per day
PGR - soil type Grayford/Ryker

Uranium Leached from Soil Type PGR (Ag-U/At).

Estimates for Mean Release Rate and Nominal "Corrosion Rate" for JPG
Data
(Leach intervals #10-23, elapsed time 211-463-d)

Release Rate Nominal "Corrosion Rate" *Cell ID (g-U/d) (g-U/(cm 2y))

1-AC-S (1.55 + 0.68)E-04 1.72E-02
2-AC-U (0.86 ± 0.69)E-04 8.44E-03
3-CR-S (1.21 + 0.72)E-04 1.77E-02
4-CR-U (1.24 ± 1.02)E-04 1.68E-02
5-GR-S (0.69 + 0.27)E-04 1.88E-02
6-GR-U (0.35 ± 0.20)E-04 2.85E-02

7-AC (no dart) (5.16 ± 1.69)E-07 N/A
Notes: * From Equation A2-1. Note that the nominal "corrosion rate" includes uranium hold-up in soil

as well as the soluble uranium eluted with aqueous leachate.
AC -Avonsburg/Cobbsfork
CR - Cincinnati/Rossmoyne
g-U/(cm 2y) - gram(s) uranium per square centimeter year
g-U/d -gram(s) uranium per day
GR - soil type Grayford/Ryker
ID - identification
N/A - not applicable

Materials and Chemistry Laboratory, Inc. (MCLinc)
2010 Highway 58, Suite 1000
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Corrosion rates of DU-Ti alloy, as compiled by Handley-Sidhu et al. (2010).

Geochemical Rate
Study Environment Conditions (g cm.

2
y.

1
) Comments References

1 Air Oxic 0.0012 Laboratory air (30 days) Trzaskoma (1982)

2 HO Oxic 0.072 Distilled water Trzaskoma (1982)
3 3.5% NaCI Oxic 0.40 Trzaskoma (1982)
4 5% NaCl Oxic 1.5 McIntyre et al. (1988)

5 Seawater, Solway Firth Oxic 2.6-3.1 In situ biogeochemical conditions and the level of Toque and Baker (2007)

S Sphysical disturbance were uncharacterised.
6 Marine sediment, Solway Not characterized 1.4-1.8 In situ biogeochemical conditions and the level of Toque and Baker (2007)

Firth physical disturbance were uncharacterised.

Marine sediment Progressively Salinities of 31.5 and 16.5; pH 6.4-8.0; 3.2% OC;7Pmcroosuessmultinethy.0.056 ± 0.006 HnlySdue l 20b
7 microcosums simulating the anoxic CEC 4.0 meq/100 g and inorganic carbon 370 mg kg-1 Handley-Sidhu et al. (2009b)

Solway Firth

Waterlogged sand (salinities (Salinity of 31.5; pH 7.6-7.9; 0.8% OC; CEC Handley-Sidhu (2008)
8 ofNitrate-reducing 0.020 ± 0.003 1.3 meq/100 g and inorganic carbon 430 mg kg-1

9 Dune sand Eskmeals, Cumbria Not characterized 0.080-0.17 pH 6.5-7.9 Toque and Baker (2006)
10 Dune sand simulating Oxic 0.10 ± 0.01 pH 7.2-7.5; 0.8% OC; CEC 1.3 meq/100 g; inorganic Handley-Sidhu et al (2009a)

Eskmeals, Cumbria carbon 430 mg kg-1 and sand moisture content of 13%

11 Organic, clay-rich soil from Not characterized 0.80-1.1 pH 5.8-6.0 Toque and Backer (2006)
Kirkcudbright

12 Field-moist soil Oxic 0.49 ± 0.06 pH 5.0-6.5; 12% DC; CEC 21 meq/100 g; inorganic carbon Handley-Sidhu et al (2009c)80 mg kg-i and soil moisture content of 22%

13 Sandy-loamy and silty-loamy Not characterized 0.19 ± 0.03 Two soils investigated; pH 5.6 and 5.7; 2.1% OC. Schimmack et al. (2007)
soil

pH 5.0 - 6.5; 12% OC; CEC 21 meq/100 g and inorganic
14 Waterlogged soil Nitrate-reducing 0.010-0.02* carbon 80 ing kgL. *Corrosion ceased under anoxic Handley-Sidhu et al (2009c)

conditions.
15 Phosphate-fertilized Nitrate-reducing 0.00016-0.0044 Olsen phosphorus 27 -45 mg kg; pH 5.0-6.0; 12% C; Unpublished;

waterlogged soil CEC 21 meq/100 g and inorganic carbon 80 mg kg1 .
Notes:
* Corrosion ceased under anoxic conditions. DU - depleted uranium
% - percent g cm2y YI - gram(s) per centimeters squared year
CEC - cation exchange capacity H20 - water

meq - milliequivalent of hydrogen
mg kg-I - milligram(s) per kilogram
NaCI - sodium chloride

OC - organic carbon
Ti - titanium

Materials and Chemistry Laboratory, Inc. (MCLinc)
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APPENDIX 3. SOIL SAMPLE PROVENANCE
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Appendix 3. Soil Sample Provenance

Soil specimens were held at the MCLinc facility for a long time duration, which encompassed delays in
notice to proceed with different phases of the investigation and also the duration of active testing that was
performed. Since soil storage conditions (including oxygen fugacity) may affect the activity of native
microbial populations, we summarize these conditions in Table A3-I.

Table A3- 1. Soil Sample Provenance

Date Action Comment

10/22/2008 Field sampling event(SAIC COC JPGOOI-MCL) Samples shipped with water ice (-0 °C)
10/23/2008 Receipt of bulk soil samples at MCLinc Samples refrigerated (-6 'C)
5/28/2009 Initial notice to proceed from client Samples refrigerated (-6 'C)
6/26/2009 Begin leach interval # 1 (2 1-d cycle) * Ambient (-23 °C) temperature
10/06/2010 Collect final leach interval #23 Total leach test duration - 480-d

6/08/2012 Remove soil from leach chambers and Prior static ambient (-23 'C) storage 61 l-d.
refrigerate soil cores

6/26/2013 Remove refrigerated soil cores for additional Refrigerated (-2 'C) storage 385-d
analysis

7/08/2013 Begin SE
Notes: Soll samples were storea remrrgerate (,approximately 6 ) unti shortly oeTore the preparation ot soil columns Tor use

in accelerated leach testing.

- - approximately
'C - degree(s) Celsius
COC - Chain of Custody
d - day
MCL - Materials and Chemistry Laboratory, Inc.

SAIC - Science Applications International Corporation
SE - sequential extraction

Note that the soil cores were stored in the test chambers at ambient laboratory temperature for 611 -d
between the completion of leach interval #23 (10/06/2010) and the date (6/08/2012) that the soils were
removed from the test chamber, bagged and refrigerated (approximately 6 'C) for possible indefinite

storage. During the interval of static ambient storage, the soil was maintained moist and there was some
communication with ambient air (Figure Al-I). The ambient-stored soil cores maintained biological
activity, as evinced by the flora illustrated in Figures Al-I and A 1-2.

Materials and Chemistry Laboratory, Inc. (MCLinc)
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Figure A3- 1. Soil Test Cells Photographed April 26, 2011 (During Static Ambient
Storage).

Flora (algae) appear to have been established in the control and other cells. Note that the cells, containing
drained soil, communicate with the ambient atmosphere via severed ¼ inch tubing, and that there is water
condensate present in the chamber. Storage conditions thus likely approximate that of soil in the drained,
near-surface vadose zone.

Materials and Chemistry Laboratory, Inc. (MCLinc)
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Figure A3- 2. Cell #7 Soil Core (Type PAC, Control), Photographed After Static Ambient
Storage of 611-d.

Flora has been established at the surface of the control cell and also in several of the test specimens
(notably in Soil type PAC, Cells #1 and 2).

Materials and Chemistry Laboratory, Inc. (MCLinc)
2010 Highway 58, Suite 1000

Oak Ridge, Tennessee 37830-1702
(865) 576-4138 www.MCL-inc.com

F-1112



M NL,
- g - 1

MCLinc Project: EMP00215/SAI002726
SAIC Subcontract: 23900-BA-SO887

Page 11 of 116

APPENDIX 4. MCLINC PROCEDURE FOR MODIFIED TESSIER
SEQUENTIAL EXTRACTION PROCEDURE
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Appendix 4. MCLinc Procedure for Modified Tessier Sequential Extraction Procedure

(Uncontrolled copy of MCLinc, Modified Tessier Sequential Extraction Procedure for 2.5-g Soil or
Sediment Sample, MCL-7756, Appendix XX)

CO&c MU-M%3
O4PEWATOR AIDS

ApVjklix XX
rffdolve: 12/10/2010

APPENDIX XX

MODIFIED TESSIER SEQUENTIAL EXTRACTION PROCEDURE
FOR 2.5 GRAMS OF SOIL OR SEDIMENT SAMPLE

1. PURPOSE
The practical technique of choice for evaluating low-level radionuclide partitioning in soils and
sediments is the sequential extraction approach.' This methodology applies to operationally-
defined chemical treatments to selectively dissolve specific classes of macro-scale soil or
sediment components. There is no general agreement on the solutions preferred ror the extraction
of various components in sediment or soils, due mostly to the matrix effects involved in
heterogeneous chemical processes. The protocol below is based on the original method of
Tessicr et al. (1979), with minor modifications reflecting more recent literature cvalhations.

2. SAMPLE RECEIPT AND PREPARATION

It is recommended that soil core samples be shipped overnight to Materials and Chemistry
Laboratory. Inc. (MCLinc). packed with water ice to maintain the temperature at approximately 0
to 4 degrees Celcius ('C) to nininiize potential constituent changes duo to microbial activity. If
analysis cannot be initiated on the day of receipt, core samples will be placed in n deep freeze and
maintained at approximately -20 *C until testing can be perfonned (see, e.g., Hlavay et al, 2004).
Unless specific contractual arrangements have been negotiated with the client, sample after
thawing will not be excluded from exposure to the ambient atmosphere during sample processing;
strict air-exclusion may minimize confounding sulf'de-botund metals with their oxide-bound
counterparts and may help preervc in-situ redox conditions for anoxic sediments (Rapin et al.,
1986; Peltier, 2005). If air-exclusion is specified and commissioned by the client, then sample
preparation and extraction must be performed in an oxygen-firee environment (e.g., within a
specially maintained anoxic glove box).

Sample size is dictated by the apparent sample homogeneity. If relatively large pebbles are first
removed (e.g.. with use of a 910 mesh standard screen, to remove particles greater titan two
millimeters in diameter), a sample size oiapproximately 2.5 grams (g) (dry weight equivalent) of
blended soil may hb used. (Record actual mass taken). If wet soil is used, the moisture content
must be estimated with use of a separate sample, to permit interpretation of results expressed on a
dry-weight basis.

The lack of suitable certified reference materials for use with this procedure has precluded intra-
laboratory comparability of results and hence good quality control (QC). QC is thus the usual
controls on analytical accuracy.

3. ACRONYMS UNCOKgROLLED
*C degrees Celcius ]I 4~FORMATIONAL USE Oi' LY
cc cubic centimeter(s)
CaCOC calcite

Materials and Chemistry Laboratory, Inc. (MCLinc)
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Code; MCL-2736
OII13H~f Ot AIDS

Appen~dix XX
13nfrclio'r 12IWMIOJI

CBD reagent
C1llcoOll
CH3COONn
Co,
EPA
Fe
FW

8
h
H20
E1202
"CI
HINO 3

ICP
MLin
MCl..ine

rain
lit/g

mg/Kg
mi,
mol/L
MgCI2
NaOH
NIl 4C21z 10
NIOS19
OES
OC
RPM
TCLP
U
V
vlv

citrate-bicarbonate-dithionito
acetic acid or acetate
sodium acetate
carbon dioxide
U.S. Environmental Protection Agency
iron
fornuula weight
gram(s)
hour(s)
water (de-ionied)
hydrogen peroxide
hydrochloric acid
nitric acid
inductively coupled plasma spectroscopy (IIiICO T/ sL )
Materials and Chemistry Laboratory, hnc.
minute(s)
microgi-m(s) per gram INFORMATIONL ONLV
milligram(s) per kilogram
milliliter(s)
mole(s) per liter
magnesium chloride
sodium hydroxide
anmonium acetate
National Institute for Occupational Safety and Hlcahh
optical emission spectrometry
quality control
revolutions per minuto
Toxicity Characteristic Leaching Procedure
uranium
volume
volume per volume

I: EXCHANGEABLE CATIONS (MAGNESIUM CHLORIDE,4. FRACTION
pH 7)

Short-term (e.g., I hour ihi) equilibration of soil with a ncar-nutmral solution containing a
relatively high concentralion (e.g., I mole per liter [uaml/Li) ofelectrolyte dissolves water-soluble
salts and liberates readily exchangeable cations (by ion displacement). For the extraction of trace
contaminants, Phbillips and Chapple (1995) and also Tessicr ct al. (1979) favor use of a solution of
I mol/L magnesium chloride (MgCI2 ) (pH 7).

4.1. Extraction:

Reagent 1: For about 250 milliliters (mL) lixivamt (extraction reagent), add 50.9-g MgCl2.6H20
(fonnula weight IFW] = 203.3) to approximately 200-mL dc-ionized water, adjust p11 value to
approximately 7.0 with the use of dilute sodium hydmxidc (NaOI I) or hydrochloric acid (1CI)
solution, then adjust to final volume (approximately 250-mL).

Materials and Chemistry Laboratory, Inc. (MCLinc)
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Coda: MCL-77S6t;NCOI'TROLLED
, IOP 'RA X O R A IID S

INFORMATIONAL USE ONMY
Dry soil, 2.5.g, is contacted with 20-mL of I molVL MgCI (pH 7) in a sealed S0 cubic centimeter
(cc) centrifuge cone for I-h at ambient temperature. (Optimum contact is provided by tumbling
the sealed vial on a Toxicity Characteristic Leaching Procclure ITCLP] rotary extractor unit).
Slurry is subsequently centrifuged at 4000 revolutions per minute (RPM) ror 12 minutes (min)
and then the supcrnate is taken to a labeled 50-mL volumetric flask. Solid residue is rinsed in
another I0-mL aliquot of lixivant, and then clarified by centrifugation. The supctnte is added to
the labeled volumetric flask, and the contents diluted to final volume by addition of
demineralizcd (de-ioni-ed) water (1120).

5. FRACTION 2: CARBONATE-BOUND METALS (ACETATE REAGENT,
pH 8.2)

Following the cxtruction ofcxchangcable catioons, many researchers, including Phillips and
Chapple (1995), have included an extraction using 6-h contact with slightly acidic I mol/L
sodium acetate (CH-COONa) (p' 1 5). This step is said to liberate the trace metal ions co-
precipitated or otherwise occluded in calcite (CaCOj) sedunent deposits. Tessier et al (1979)
prefer a variant reagent, in which the pH of the acetate solution is adjusted to 8.2; attack on
silicate and sulfide minerals is said to be minimal with use of this reagent.

5.1. Extraction:

9xg.gdi2: For approximately 250-miL reagent, add about I 5-g reagent grade acetic acid
(CH3CO0l1) to approximately 200-mL de-mineralized water. Adjust pH value to 8.2 by the
gradual addition ofNnOH, then add dc-mineralized water to a final volume of 250-mL.

To the wct solid residue from Fraction I, add 20-mL of I inolL ClI1 COONa (pHt adjusted to a
value of 8.2). Contact for 6-h at ambient temperature. The supernatc is added to the labeled
volumetric flask. Sample may be washed by ihl addition of another 10-mL aliquot ofreagent,
briefly re-suspending the solids, followed by centrifugation. Supernate is again added to the
labeled volumetric flask and contents diluted to final volume by addition of demincralized water.

6. FRACTION 3: METALS ASSOCIATED wITH HYDROUS IRON AND
MANGANESE OXIDE S (HYDROXYLAMINE-ACETATE REAGENT)

(Hydrosylamnine-Acclate Reagent)

Methods for leaching iron and manganese oxides involve a combination of reagents to reduce
these metals to soluble Fe' 2 and Mn' forms, respectively, and to keep these forms in solution at
relatively high concentrations. The reagent preferred by Tessier ct al. (1979) consists of 0.04
mol/L NH 4OH.H-ICI in 25 percent (volume per volume [v/vD (CI1 3C00-1 [plI 2)). The extraction
of reducible iron and manganese oxides is said to be complete when soil is contacted with the
reagent at 96 + 3 *C for about 6-h with occasional agitation. The hydroxylaminc reagent is said
to be more effective than citrate-bicarboitatc-dithionite (CBD reagent) for the dissolution of metal
sulfide phases (Tessier et al., 1979).

6.1. Extraction: To the residue from Fraction 2, add 20-mL of 0.04 moh/L
NH 4 OH&HCI (FW - 71.5) in 25 percent (v/v) acetic acid (pH 2).

Reagist 3: For approximately 250-mL rcagcnt: to approxinmtcly 150-niL ofdc-ionied water
add 62.5-mL (65.5-g) metals-grade CCI3COOI. awtd then 0.715-g NFmOI .1 ICI. Mix well and
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check pH1 value; ajust to pH 2 (if necessary) with use of dilute NaOll or HCI solution. Dilute to
final volume (250-mL) with do-ionized water.

To the residue from Fraction 2, add 20-nL of 0.04 mol/L NH 4OHl*HCI (FW = 71.5) in 25 percent
(vlv) acetic acid (pH 2). Caution: for samples containing large amounts of carbonate mineal,
carbon dioxide (CD2) gas evolution may be excessive, causing bubbling and possible spewing
(with loss of sample). If vigorous bubbling is observed upon initial addition of reagent, allow
several minutes for degassing in an uncapped vessel before applying heaL The ocnlrifnge cone is
then capped loosely and the soil is contacted with the reagent by placing the cone and contents in
a water bath (or dry healing bock) maintained at 96 + 3 "C for about 6-h, with occasional
agitation of the bottle and contents. After equilibration, the sample is centrifuged and the
supernate is added to the labeled volumetric flask. Sample may be washed by the addition of
another 10-mL alkluot of reagent, briefly re-suspending the solids, followed by centrifugation.
Supcnmate is again added to the labeled volumetric flask and the contents diluted to final volume
by addition of dc-ionized water.

7. FRACTION 4: BOUND TO ORGANIC MATTER

Trace metals may be bound to various forms of organic matlter natural organic matter (notably
humic and fulvic acids), microbes, detritus, coatings oi mineral particles, etc. (Tessier et al.,
1979). Phillips and Chapple (1995) treat the residue from Fraction 3 (above) with dilute (0.02
mol/L) nitric acid (TINO3) with added hydrogen peroxide (HiOj) solution, heating the mixture to
approximately 85*C for a total of6-h.

7.1. Extraction:

RcniaentA; Approximately 250-nmL of lixivant is prepared by die addition of 100-mL of 0.02
mollL HNO3 to 150-mL of 30 percent H1O2. (Add dilute acid to the peroxide until the mixture
pHI value is adjusted to 2).

Reagenrt 411: Acidic amnmonium acetate solution is prepared as 3.2 mol/L (247 grams per liter
[Wl,]) ammonium acetate (N-1HC21 3 0,) in 20 percent (vtv) HLNO.

The solid resklue from Fraction 3 is extracted with 20-mL of acid peroxide solution (Reagent
4A). The solids are re-suspended hi this solution, and the slurry heated to 85 ± 2 "C far 2-h with
occasional shaking. Heating is continued for a total of 5-h, with additional increments of reagent
added periodically as required to maintain slurry volume. The container and contents are all(oed
to cool to room temperature. Next, add 20-mL of acidic ammonium acetate solution (Reagent
4B), and shake the bottle and contents continuously for 0.5-h at room temperature. Centrifuge
and collect the supernate into a labeled 50-mL volumetric flask. Samnple may be washed by the
addition of another 10-mL aliquot of ammonium acetate reagent (Reagent 41), briefly re-
suspending the solids, followed by centrifiugation. Supernate is again added to the labeled
volumetric flask and contents diluted to final volume by addilion of deminenalized water.

S. RESIDUAL FRACtrION

Because the residual fraction is not considered to be available for release to the environment
except on a geological time scale, it may not be necessary to quantitate this fraction unless the
data is needed for mass balance closure. Total digestion is relatively difficult and expensive, and
seldom used in environmentnl analysis. More commonly used strong, acid-based extractions such
as U.S. Environmental Protection Agency (EPA) Metolmd 305011,"Acid Digestion of Sediments,

INFORMATIONAL USF ONLY
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Sludges, and Soils," and Method 305 IA, "Microwave Assisted Acid Digestion of Sediments,
Sludges, Soils, and Oils," gencrally recover most of the availablo heavy metal content, but they
cannot recover metals locked within a refractory silicate matrix. The proportion ofresidual metal
may also bo roughly estimated by mass balance, ifan estimate oftotal constituent analysis is
available for the original material. Optionally (as a QC check), the residue from Fraction 5
(above) can be extracted by die same methodology used to estimate the original soil constituent
or contaminant inventory, this would thus represent a direct estimate ofthe residual fraction.

8.1. Extraction (As Total Environmentally Available Constituent)

A separate aliquot sample of test material is extracted with use of MCLinc standard operating
procedure MCL-7746, "Acid Digestion for Metals," (based on EPA preparative Method 3050B as
defined in SW-846). This estimate for each constituent of interest will represent the total
environmentally available constituent. The results for metals analysis for each of the previous
sequential extractions may be conipared to the available inventory, computing a percentage
extracted. Mass balance closure (original inventory less constituent extracted by Fractions I
througgh 4) represents an indirect estimate of the residual fraction.

9. ANALYTICAL PROCEDURES

Analysis by inductively coupled plasma spectroscopy (ICP) may require digestion to destroy
excess organic reagent (e.g., acetate [CH-COOH]) mid/or suhstantial dilution of the sample prior
to analysis. Analysis will be for select dissolved metals (e.g., uranium [U] and iron [Fe]. etc.) by
ICP (with detection by optical emission spectroscopy, ICP-OES, MCL.775 1, "Inductively
Coupled Plasma-Atomic Emission Spectrometry [EPA Method 6010B]," or mass spectroscopy,
ICP-MS, MCL-7768, "Inductively Coupled Plasmna - Mk Sp•m.nglinenry FIVetnnt/Metal! SrnPpl9
Preparation and Analysis"), with appropriate analytical quality assurance (e.g., MCL-775 I, based
upon National Institute for Occupational Safety and Hecalth [NIOSHI Method 7300, "Elements by
ICP [Nitric/Percliloric Acid Ashing]," and EPA SW-846 Method 6010B). Due to the very high
salt and organic acid concentrations in many lixiviates used, sample digestion (MC,-7752, "Acid
Digesion of Aqucous Samples [EPA Method 3010A]," based on EPA SW-846 Method 301 0A,
"Acid Digestion of Aqueous Samples and Extracts for Total Metals for Analysis by FLAA or lCP
Spectroscopy") and extensive dilution will be required prior to ICP analysis. This high salt
content ofthe digested spent lixivant limits the sensitivity for trace elements (e.g., for U in soil,
the reporting limit by ICP-OES will be 0.4 micrograms per granm [ig/g] for each ofthe extraction
steps).

10. CALCULATIONS

The total mass of selected constituent extracted by each sequential leaching procelure is
referenced to the original sample mass (Step I), and is reported in units of milligrams per
kilogram (mg/kg) or pg•/g.

Constituent (Pg/g) = (concentration, pg/L)*(Volume IV) in liters I LY)/(original dry sample
weight, g)

Concentration (jig/L) in the original extraction lixivant (corrected for ary dilution factors required
for analysis) is estimated by the lCt' instrumentation. By the procedure above, V = 50-mL-
0.05-L.
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CASE NARRATIVE

Sample Receipt

Twenty-four samples of uranium-containing material were received by Materials and Chemistry Laboratory,
Inc. (MCLinc) on October 31, 2008 (under COC No. JPGO04-MCL). One specimen, designated JP-PAC-005
(Figure 1), was selected for use in preparing polished cross-sections for examination. The polished cross-section
sample sub-sample identifications are given below in Table I.

Table 1. Sample Identification.

Sub-
SAIC MCLinc Sam

Number Number sample
Number

JP-PAC-005 08-2288 4

JP-PCR-005 08-2288 5

Experimental

Uranium is a very hard metal and is difficult to cut or machine. Cutting, grinding, filing, or machining under
uncontrolled conditions may produce pyrophoric small particles that ignite on contact with air producing
dangerous radioactive smoke. MCLinc subcontracted segmentation of the selected penetrator to a licensed
facility (Manufacturing Sciences Corporation I) having experience in such segmentation of depleted uranium
alloys.

Select segments of JP-PCR-005 sub-sample were embedded in epoxy and subsequently polished, to enable the
segments to the examined in cross-section.

An optical stereomicroscope and a Hitachi S-4500 scanning electron microscope (SEM) with associated EDAX
energy dispersive spectrometry (EDS) were used in this investigation.

SEM was used to collect images and the chemistry of areas on the polished samples. EDS analysis is based on
characteristic x-rays that are produced by the beam/specimen interaction. The elements that can be analyzed
using EDS are boron through uranium. Representative areas of the sample preparations were imaged with
secondary electrons (SEI) and backscattered (BEI) and are included in the Figures. All EDS spectra are placed
at the end of the text.

Manufacturing Sciences Corporation (MSC) is licensed by the State of Tennessee under authority as an Agreement State as granted
by the U.S. NRC (license number S-01046-LOO). MSC is licensed to manufacture, store, transport and dispose of DU.
(http://www.mfgsci.com/).
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Results

Figure 1 illustrates Specimen JP-PAC-005 as received at MCLinc, before segmentation. Optical
stereomicroscope images of prepared cross-sections are presented in Figures 2, 3, 7, 8, 12, 13, 23 and 24.

Data for Segment 08-2288-5 are presented in Figures 2 through 22; data for Segment 2288-5 are presented in
Figures 23 through 3 1.

Conclusions

The optical stereomicroscope images of cut cross sections of weathered penetrator darts show corrosion
products and alteration phases (uranium oxides) at the surface of the depleted uranium alloy. Under short
wavelength (266 nm) ultraviolet light, the yellow-colored phases are strongly fluorescent, consistent with
hydrated U6+ phase(s) such as schoepite (formally equivalent to U0 3°nH2O). The gray-colored phases nearest
the uranium alloy are not fluorescent, consistent with reduced or mixed-valent forms of uranium (e.g., U0 2 and
U30 8).

In general, the yellow phases are found between the gray uranium oxide layers and (when present) the overlying
soil minerals (brown).

SEM-EDS images at the interface between uranium allow and oxidation product(s) show that the adherent
oxidation products are very fine grained (< 2 microns; see (e.g.) Figures 11) and 26). Note that he surface of
uranium metal oxidizes rapidly in air, so that all EDS spectra show the presence of both U and 0.

These observations may be compared to those of Mellini and Riccobono (2005),2 who report that a depleted-
uranium penetrator, shot in 1999 at Djakovica, Western Kosovo, and there collected in June 2001, showed
evident alteration processes, perceivable as black and yellow coatings. X-ray diffraction (XRD) indicates that
the black coating mostly consists of uraninite, U0 2, with possible presence of other more oxidized uranium
forms, such as U30 8. The yellow material is reported to be mostly amorphous, with variable weak diffraction
lines, due to minor embedded uraninite grains, or possibly to schoepite.

2 Mellini, M. and Riccobono, R. (2005), "Chemical and mineralogical transformations caused by weathering in anti-tank

DU penetrators ("the silver bullets") discharged during the Kosovo war," Chemosphere, 60 (9), 1246-1252.
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Figure 1. As-Received Sample JP-PAC-05 (08-2288).' Segments from the more corroded end of the penetrator
were prepared for examination in cross-section. The diameter of the segments is nominally - 2.67-cm (greatest

dimension).

' From S. Travaglini, "Corrosion study of 24 penetrator samples: photographs of as-received samples," MCLinc Project EMP002105,
November 17, 2008.
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2288-4

Figure 2. Stereomicroscope photomicrograph of the edge of sample 2288-4, area 1. Note the uranium metal in
the lower half of the image and the oxidized uranium species adjacent to the metal.

Figure 3. Stereomicroscope photomicrograph of the edge of sample 2288-4, area I. This image area is from the
center left of Figure 1.
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Figure 4. SEI photomicrograph of the uranium metal-oxide area of area I on sample 2288-4. This image area
is from the lower center of Figure 3 (interface with gray area in optical microscopy Figures 2 and 3).

Figure 5. BEI photomicrograph of the uranium metal-oxide area of area I on sample 2288-4. This image area
is the same as shown in Figure 4.
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Figure 6. BEI photomicrograph of the uranium metal-oxide area of area 1 on sample 2288-4. This is an
enlarged image from the area shown by the arrow in Figure 5.
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Figure 7. Stereomicroscope photomicrograph of the edge of sample 2288-4, area 2. Note the uranium metal in
the lower half of the image and the oxidized uranium species adjacent to the metal.

Figure 8. Stereomicroscope photomicrograph of the edge of sample 2288-4, area 2. This image area is from the
center left of Figure 7.
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Figure 9. SEI photomicrograph of the uranium metal-oxide area of area 2 on sample 2288-4. This image area
is from the center left of Figure 8.

Figure 10. BEI photomicrograph of the uranium metal-oxide area of area 2 on sample 2288-4. This image area
is the same as shown in Figure 9.
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Figure 1I. BEI photomicrograph of the uranium metal-oxide area of area 2 on sample 2288-4. This is an
enlarged image from the area shown by the arrow in Figure 10. The EDS spectra of analysis areas I and 2 are

shown in Figures 17 and 18, respectively.
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Figure 12. Stereomicroscope photomicrograph of the edge of sample 2288-4, area 3. Note the uranium metal
in the lower half of the image and the oxidized uranium species adjacent to the metal.

Figure 13. Stereomicroscope photomicrograph of the edge of sample 2288-4, area 3. This image area is from
the center of Figure 11.
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Figure 14. SEI photomicrograph of the uranium metal-oxide area of area 3 on sample 2288-4.
This image area is from the lower center of Figure 13.

Figure 15. BEI photomicrograph of the uranium metal-oxide area of area 3 on sample 2288-4. This image area
is the same as shown in Figure 14. The EDS spectrum of analysis area 3 is shown in Figure 19.
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Figure 16. BEI photomicrograph of the uranium metal-oxide contact of area 3 on sample 2288-4. This is an
enlarged image from the area shown by the arrow in Figure 15. The spectra of analysis areas 4 through 6 are

shown in Figures 20 through 22, respectively.
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Figure 17. EDS spectrum of analysis area Ion Figure 10 of area 2 of sample 2288-4.
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Figure 18. EDS spectrum of analysis area 2 on Figure 10 of area 2 of sample 2288-4.
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Figure 19. EDS spectrum of analysis area 3 on Figure 14 of area 3 of sample 2288-4.
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2288-4-04
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Figure 20. EDS spectrum of analysis area 4 on Figure 15 of area 3 of sample 2288-4.
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Figure 21. EDS spectrum of analysis area 5 on Figure 10 of area 3 of sample 2288-4.
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2288-4-06

C

0 U U J
l1 O Z.05 3.0 0 4.00 5.00 6.00 7.00 8.0 9.60 keV

Figure 22. EDS spectrum of analysis area 6 on Figure 10 of area 3 of sample 2288-4.
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2288-5

Figure 23. Stereomicroscope photomicrograph of the edge of sample 2288-5, area 1. Note the uranium metal
in the lower half of the image and the oxidized uranium species coating adjacent to the metal.

Figure 24. Stereomicroscope photomicrograph of the edge of sample 2288-5. This image area is from the
center of Figure 23.
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Figure 25. SEI photomicrograph of the uranium metal-oxide area of area I on sample 2288-5.
This image area is from the lower center of Figure 24.

2288.5 Aa I x1O0 NOW1m •

Figure 26. BEI photomicrograph of the uranium metal-oxide area of area I on sample 2288-5. This image area
is the same as shown in Figure 25.
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Figure 27. BEI photomicrograph of the uranium metal-oxide area of area 1 on sample 2288-5. This is an
enlarged image from the area shown by the arrow in Figure 26. The spectra of analysis areas 7 and 8 are shown

in Figures 29 and 30, respectively.

I
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Figure 28. BEI photomicrograph of the uranium metal-oxide area of area I on sample 2288-5. This is an
enlarged image from the area shown by the arrow in Figure 27.
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Figure 29. BEI photomicrograph of the metal-coating area of area 2 on sample 2288-5. This image area is from
the upper right (arrow) of Figure 24.
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Figure 30. EDS spectrum of analysis area 7 on Figure 26 of area I of sample 2288-5.
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Figure 31. EDS spectrum of analysis area 7 on Figure 26 of area 1 of sample 2288-5.
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ACRONYMS

A difference or change
0C degrees Celcius

AC Avonsburg/Cobbsfork
Al aluminum
ASTM American Society of Testing and Materials
CaCI, calcium chloride
CaCO 3  calcite
cm 2  square centimeter(s)
CO carbon dioxide
COC Chain of Custody
CR Cincinnati/Rossmoyne
d day(s)
DIW de-ionized water
DoD U.S. Department of Defense
DU depleted uranium (approximately 0.2 weight percent isotope 235U)
DUP duplicate
EDS energy dispersive spectrometer
EPA U.S. Environmental Protection Agency
Fe iron
g gram(s)
g cm 2y-n gram(s) per square centimeter year
GR Grayford/Ryker
g-U gram(s) uranium
ICP-MS inductively coupled plasma with mass spectroscopic detection
ICP-OES inductively coupled plasma - optical emission spectroscopy
ID identification
JPG Jefferson Proving Ground, Indiana
Kd Partition Coefficient
kV kilovolts
MCLinc Materials and Chemistry Laboratory, Inc.
mg/Kg milligrams(s) per kilogram
mg/L milligram(s) per liter
mm millimeter(s)
ram 2  square millimeter(s)
Mn manganese
N normal
NIST National Institute of Standards and Technology
NRC U.S. Nuclear Regulatory Commission
PAC JPG soil type Avonsburg/Cobbsfork
pCi picoCurie (unit of radioactivity)
PCR JPG soil type Cincinnati/Rossmoyne
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JPG soil type Grayford/Ryker

point of zero charge
reduction-oxidation reactions
Science Applications International Corporation
sequential extraction (testing protocol)
scanning electron microscope
total carbon
titanium
total organic carbon

uranium
uranium - 235
uranyl ion
schoepite
(conventional) unexploded ordinance
weight percent (percentage composition by mass)

year(s)
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EXECUTIVE SUMMARY

Depleted uranium (DU) projectiles were tested at the Jefferson Proving Ground (J PG) in southeastern
Indiana between 1983 and 1994. These tests were intended to be nondestructive in nature (i.e., without
the formation of DU aerosol from striking hard targets), although some of the rounds may have partially
fragmented upon impact. It is estimated that approximately 154,000 pounds (70,000 kilograms) of DU
remain in the DU Impact Area (SAIC 2007). The DU Impact Area (approximately 2000 acres) is under
U.S. Nuclear Regulatory Commission (NRC) license and is contaminated with both conventional
unexploded ordinance (UXO) and DU.

Bostick et al. (2011) presented data from an accelerated weathering and leach test protocol (American
Society of Testing and Materials [ASTM], Method D 5744) that used penetrator dart segments implanted
in test cells containing the three prevalent site soil types. Twenty-three cycles (3 weeks each) of wet/dry
exposure (1.3 years [y] total elapsed time) were performed, with collection of eluent from the drained soil
after each cycle. The soil column eluent was analyzed for uranium (U) activity, which permitted
estimation of an eluted U release rate. However, there was no assessment authorized at that time for the
final drained soil.

This report examines the stored soil, less penetrator segment; the provenance of the stored soil is given in
Appendix I. Post-exposure soil was examined to determine basic mineralogy and major elemental
composition, moisture content, pH, total carbon (TC) and total organic carbon (TOC) content. These soil
parameters can affect near-field retention of sparingly-soluble U alteration products.

The environmentally-available inventory of DU was determined in the soils after retrieval of the dart
segments. In terms of mass, total DU partitioned to drained liquid and retained soil was 0.26 ± 0.10
weight percent (wt.%) over 1.3-y of accelerated leaching, with soil-retention being dominant (with
approximately 98 percent of the U inventory "lost" from the penetrator). With the soil inventory known,
the overall DU corrosion rate under the test conditions is roughly estimated to be approximately (I.8 ±
0.6)E-2 grams per centimeter squared year (g-cm'2y'). This estimate is well within the range of reported
estimates for DU corrosion under field condition testing as tabulated by Handley-Sidhu et al. (2010).

Aliquots from the DU-exposed soil columns were subjected to modified Tessier sequential extraction
(SE) procedure. The premise of the Tessier-type SE protocol is that a progressively more aggressive
series of lixiviates are used to extract the soil matrix, in order to assess the risk of ground water
contamination and the subsequent migration of contaminant into the environment. These SE methods
recognize that total soil metal inventory is of limited use in understanding bioavailability or metal
mobility, and that it is useful to estimate the amount of metal present in different solid-phase forms.
Despite some drawbacks, the sequential extraction method can provide a valuable tool to distinguish
among trace element fractions of different solubility related to mineral phases.

Uranium was found to be associated predominantly with the relatively more refractory "carbonate" and
"hydrous metal oxide" (operationally-defined) geochemical fractions (vide infra). The soils contained
plentiful iron (Fe), manganese (Mn), and aluminum (Al), which have mineral forms that can sorb and
bind uranyl (UO 2

2 +) ion (Krupka and Serne, 2002).
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1. INTRODUCTION

The JPG in southeastern Indiana was established in 1941 as a proving ground for the test firing of a wide
variety of munitions. DU projectiles were tested here between 1983 and 1994. These tests were intended
to be nondestructive in nature (i.e., without the formation of DU aerosol from striking hard targets),
although some of the rounds may have partially fragmented upon impact. It is estimated that
approximately 154,000 pounds (70,000 kilograms) of DU remain in the DU Impact Area (SAIC 2007).
The DU impact area (approximately 2000 acres) is under NRC license and is contaminated with both
conventional UXO and DU.

Bostick et al. (2011) prepared an Interim Report' describing a long-term laboratory weathering procedure
(based on ASTM D 5744) that (1) enhanced reaction-product transport in the aqueous leach of a solid
sample, and (2) measured rates of weathering product release from a shallow soil column. That earlier
investigation determined a release rate of DU partitioning from the soil column into the collected column
aqueous eluate. The penetrator dart segments are shown to very slowly corrode, and the corrosion
products subsequently partially dissolve and then leach through a thin soil column under the accelerated
weathering test conditions. After 22 accelerated leach intervals, representing over one year of real-time
leaching, the maximum cumulative mass fraction of DU draining from the shallow soil column with
implanted penetrator segment is estimated to be less than or equal to 8E-05 (less than or equal to 0.008
percent, by mass). The maximum concentration of dissolved U in the soil column leachate toward the end
of the testing period approaches approximately 10 milligrams per liter (mg/L) (approximately 4E+03
picoCuries per liter [pCi/L]), consistent with formation of schoepite (nominally U03e2H 2 0) as the
solubility-limiting surface alteration product (Jang et al., 2006).

In order to compare the prior-obtained results to literature estimates for other published site-specific DU
penetrator dissolution rates, the hold-up inventory for U bound to soil is needed. The prior investigation
(Bostick et al. [201 I]) did not include determination of total U inventory remaining in the soil columns at
the termination of the accelerated weathering cycles and with the removal of the projectile segments that
were present in the original test rig. The inventory of residual DU in the soil is an important parameter
for DU mass balance estimates, allowing a better estimate for overall DU corrosion rate during the test
interval, and also proving an estimate for near-field hold-up of DU in soil.

It was further proposed that MCLinc perform a modified Tessier SE protocol (MCL-7756, Appendix XX)
on the same soils previously subjected to the accelerated leach tests, to obtain information on the tenacity
(leach-resistance) of U held in soil components within the near-field of a DU projectile. The premise of
the Tessier-type SE protocol is that a progressively more aggressive series of lixiviates are used to extract
the soil matrix, in order to assess the risk of ground water contamination and the subsequent migration of
contaminant into the environment.

In addition, in order to satisfy a regulator (NRC) request, we provide data for TOC, TC, and soil pH
analysis on each of the soil samples tested during the sequential extraction testing (7 total plus I

EMP002105; currently in revision to incorporate information from the present investigation.
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duplicate). TOC, TC, and soil pH analysis were completed in accordance with ASTM method D422-63),
SW9060, and ASTM method D4972-01.

For reference, the sample identification and analysis matrix for this Project (SA1002726) is presented in
Exhibit 1.

EXHIBIT 1. SAMPLE IDENTIFICATION AND ANALYSIS MATRIX

Project # SAI002726

-so
c~' '~>

-50 'cY
&1:1 $,

/

Samnle In MCILi In escrintiom

E-1 13-1663 Cell #1Soil X X X X X X X X

E-2 13-1664 Cell #2Soil X X X X X X X X

E-3 13-1665 Cell #3 Soil X X X X X X X X

E-4 13-1666 Cell #4Soil X X X X X X X X

E-5 13-1667 Cell #SSoil X X X X X X X X

E-6 13-1668 Cell #6Soil X X X X X X X X

E-7 13-1669 Cell #7Soil X X X X X X X X

E-7-MS 13-1670 Cell V7 Spiked Soil X X X

E-7-DUP 13-1674 Cell #7 Soil Duplicate X X

S-1 13-1671 Soil Type PAC X X X X X

S-2 13-1672 Soil Type PCR X X X X X

S-3 13-1673 Soil Type PGR X X X X X

E-1-1 13-1675 Cell #1 Extraction #1 X X

E-1-2 13-1676 Cell #1 Extraction #2 X X

E-1-3 13-1677 Cell #1 Extraction #3 X X

E-1-4 13-1678 Cell #1 Extraction #4 X X

E-2-1 13-1679 Cell #2 Extraction #1 X X

E-2-2 13-1680 Cell #2 Extraction #2 X X

E-2-3 13-1681 Cell #2 Extraction #3 X X

E-2-4 13-1682 Cell #2 Extraction #4 X X

E-3-1 13-1683 Cell #3 Extraction #1 X X

E-3-2 13-1684 Cell #3 Extraction #2 X X

E-3-3 13-1685 Cell #3 Extraction #3 X X

E-3-4 13-1686 Cell #3 Extraction *4 X X

E-4-1 13-1687 Cell #4 Extraction #1 X X

E-4-2 13-1688 Cell #4 Extraction #2 X X

E-4-3 13-1689 Cell #4 Extraction #3 X X

E-4-4 13-1690 Cell #4 Extraction #4 X X

E-5-1 13-1691 Cell #5 Extraction #1 X X

E-5-2 13-1692 Cell #5 Extraction 42 X X

E-5-3 13-1693 Cell #5 Extraction #3 X X

E-5-4 13-1694 Cell #5 Extraction #4 X X

E-6-1 13-1695 Cell #6 Extraction #1 X X

E-6-2 13-1696 Cell #6 Extraction #2 X X

E-6-3 13-1697 Cell #6 Extraction #3 X X

E-6-4 13-1698 Cell #6 Extraction #4 X X

E-7-1 13-1699 Cell #7 Extraction #1 X X

E-7-2 13-1700 Cell #7 Extraction #2 X X

E-7-3 13-1701 Cell #7 Extraction #3 X X

E-7-4 13-1702 Cell #7 Extraction #4 X X

E-7-MS-1 13-1703 Cell #7 MS Extraction #1 X X

E-7-MS-2 13-1704 Cell #7 MS Extraction #2 X X

E-7-MS-3 13-1705 Cell *7 MS Extraction #3 X X

E-7-MS-4 13-1706 Cell #7 MS Extraction #4 X X
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2. DU-EXPOSED SOIL

A geological description of the DU impact area soil types is given in SAIC (2007). The field data
indicate that the somewhat poorly drained Avonburg series may be grouped together with the poorly
drained Cobbsfork series for the purpose of interpretation and future site characterization sampling tasks.
Combined, these two soil series would comprise approximately 55 percent of the DU Impact Area. The
well-drained Cincinnati and Rossmoyne series also may be grouped together, since both have a fragipan
subsurface diagnostic horizon, which tends to perch water during parts of the year, and this combination
would account for another 32 percent of the DU Impact Area. The well-drained Grayford, Ryker, and
somewhat poorly drained Holton series all have somewhat unique soil conditions and are proposed to be
treated separately. Combined these series account for the remaining 13 percent of the DU Impact Area.

The original configuration of the soil test cells is presented in Table I (from Bostick et al. [2011], MCL
Report EMP002105).

Table 1. Test Cell Preparation

Cell Soil Type Penetrator Initial Mass of Initial Mass of

Number S Segment ID No. Soil Penetrator
(location/condition) g) (g)

JP-PAC-005
I PAC (AC/Scraped) 1,000.1 701.8

2 PAC JP-PAC-0051,001.4 623.5
(AC/Un-scraped)

3 PCR JP-PCR-008 577.1
(CR/Scraped) 1,000.2
J P-PCR-008

4 PCR (CR/Un-scraped) 1,000.3 620.2
JP-PGR-001

5 PGR (GR/Scraped) 1,000.5 583.1
JP-PGR-001

6 PGR (GR/Un-scraped) 1,000.1 526.4

7 PAC No penetrator segment 1,000.4

Notes:
* PAC = soil type Avonsburg/Cobbsfork; PCR = soil type Cincinnati/Rossmoyne, PGR = soil type Grayford/Ryker.

AC - Avonsburg/Cobbs fork
CR - Cincinnati/Rossmoyne
GR - Gray ford/Ryker
g - gram(s)
ID - identification
JP - Jefferson Proving Ground

As described in Bostick et al. (2011) (MCLinc Report EMP002105), soil specimens and associated DU

penetrator dart segments (described in Table 1) were subjected to 22 accelerated leach intervals, in
accordance with ASTM D 5744; this testing represented over one year of real-time leaching. At the end
of this test cycle, soil columns remained in standby condition while awaiting Project review of the Interim

Materials and Chemistry Laboratory. Inc. (MCLinc)
2010 Highway 58, Suite 1000

Oak Ridge, Tennessee 37830-1702
(865) 576-4138 www.MCL-inc.com

F-1 148



f'fCLM MCLinc Project: SA1002726, Revision I
SAIC Subcontract: P010147178

Page 10 of 41

Report (Bostick et al. [201 1], MCLinc Report EMP002105), and/or requests for additional testing. The
provenance of the soil specimens during this prolonged interval is given in Appendix I.

Figure 1 illustrates a view into a soil column with inserted penetrator segment. Figure A-I., in Appendix
1, illustrates a representative soil test cell.

Figure 1. Top view of an embedded penetrator segment in Cell #1.
Photographed after the drying cycle.

3. SOIL pH ESTIMATES

Soil pH value was estimated using ASTM D4972-01, Standard Test Method for pH of Soils. By this
method, pH measurements were made in both water and a dilute (0.01 Normal [N]) calcium chloride
(CaCI,) solution (pH 5.15) because the calcium displaces some of the exchangeable aluminum. The low
ionic strength counters the dilution effect on the exchange equilibrium by setting the salt concentration of
the solution closer to that expected in the soil solution. The pH values obtained in the solution of CaCl2
are slightly lower than those measured in water due to the release of more aluminum ions which then
hydrolyzed. Therefore, both measurements are required to fully define the character of the soil pH. Data
are summarized in Table 2 (for all specimens) are slightly acidic (pH 4.0 to 4.8), suggesting the
occurrence of exchangeable Al and also minimal calcite (CaCO3 ). High microbial respiration (producing
weakly acidic dissolved carbon dioxide [C0 21) can also contribute to soil acidity. McLean (1982) states
that soil water in a pore containing 10 percent CO 2 in the gaseous state would be at a pH value of 4.45 if it
is not buffered at a higher pH by the soil or neutralized by basic substances.
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Table 2. Soil pH values

MCLID Soil Type Description pH pH
* ID (in 0.01 N CaCI2) ADIW)

13-1663 PAC Cell #1 Soil 4.48 4.24 -0.24

13-1664 PAC Cell #2 Soil 4.36 4.17 -0.19

13-1665 PAC Cell #3 Soil 3.92 3.68 -0.24

13-1666 PCR Cell #4 Soil 3.99 3.76 -0.23

13-1667 PCR Cell #5 Soil 4.43 4.23 -0.2

13-1668 PGR Cell #6 Soil 4.55 4.33 -0.22

13-1669 PGR Cell #7 Soil 4.40 4.22 -0.18

13-1671 PAC Soil Type PAC 4.79 4.49 -0.3

13-1672 PAC Soil Type PCR 4.47 3.95 -0.52

13-1672-DUP PCR Soil Type PCR 4.46 3.91 -0.55

13-1673 PGR Soil Type PGR 4.82 4.52 -0.3
Notes:
* PAC = soil type Avonsburg/Cobbsfork; PCR = soil type Cincinnati/Rossmoyne, PGR = soil type Grayford/Ryker.
A is the difference in pH vales estimated for soil contacted with DIW and with dilute CaCIk solution.
CaCI, - calcium chloride
DIW - deionized water equilibration
DUP - duplicate
ID - identification
N - Normal

Chen and Yiacoumi (2002) performed simulation calculations to show that DU mobilization from soil is a
relatively slow process. Whenever possible, simulation results were compared with published

experimental and field data. Precipitation, redox (reduction-oxidation reactions), and sorption reactions
resulted in the immobilization of DU. Among these reactions, sorption played a major role, and the pH of

soils was critical in the immobilization; higher pH in soils generally resulted in greater immobilization of
DU.

Sorption of ions to mineral surfaces is strongly dependent upon the solution phase pH value, which
affects the surface charge distribution on the sorptive substrate. As the pH value increases above the
point of zero charge (pzc) for the substrate, the surface becomes more negatively charged and the sorption
of cations generally increases. Conversely, sorption of anions is generally favored at pH values below the
pzc of the substrate. For iron-containing minerals, the pzc is typically in the range of approximately 6 to
8.5 (Silva & Nitche, 1995).

Sorption by iron oxides of uranyl carbonate anions is strongly affected by solution pH value, with an
optimum specific sorption occurring at pH values near 5.5 to 6.5 (Farrell et al.. 1999), although removal
of soluble U by all mechanisms (e.g., by sorption, ion-exchange and co-precipitation) may continue to be
effective at elevated pH values. Barnett et al. (2002) had fair success modeling the sorption of soluble U
to soil minerals, based upon a model independently developed for sorption of UO 2

2+ to ferrihydrate; both
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experimental data and theoretical prediction indicate maximum Variation in Partition Coefficient (Kd)
values for UO,22 sorbed to soil minerals at pH values near 5 to 8.

4. SOIL MOISTURE ESTIMATES

Moisture in select soil samples was analyzed using MCLinc Operator Aid MCL-7756, Appendix MM,

based on ASTM-D2216, Standard Test Method for Laboratoi, Determination of Water (Moisture
Content of Soil and Rock by Mass. Results are summarized in Table 3.

Table 3. Soil Moisture Estimates

Soil As-Prepared As Retrieved (Drained) Soil
MCL ID Type Description Water wet wt. Water Dry wt.

, wet wt. (g) wt.% (**) (g) wt.% (g)

13-1663 PAC Cell #1 Soil 1000 13.3 1058 18.1 867
13-1664 PAC Cell #2 Soil 1001 12.9 1047 16.7 872

13-1665 PCR Cell #3 Soil 1000 14.1 1021 15.9 859
13-1666 PCR Cell #4 Soil 1000 13.6 1020 15.3 864

13-1667 PGR Cell #5 Soil 1000 15.1 998 14.9 849

13-1668 PGR Cell #6 Soil 1000 14.8 1013 15.9 852

13-1669 PAC Cell #7 Soil 1000 12.0 1089 19.2 880

13-1671 PAC Background 2.6

13-1672 PCR Background 2.1

13-1673 PGR Background 9.0
Notes:
* PAC = soil type Avonsburg/Cobbsfork; PCR = soil type CincinnatilRossmoyne, PGR soil type Grayford/Ryker.

** Estimated value, based on the dry weight estimate from retrieved soil
% - percent
g - gram(s)
ID - identification
wt. - weight
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5. TOC ESTIMATES

Aliquots of wet soil were submitted to GEL Laboratories, LLC 2 for analysis of TC and TOC, using U.S.
Environmental Protection Agency (EPA), SW846 Method 9060. Results (summarized in Table 4) are
reported on as-received basis (see Table 3 for moisture estimates).

Table 4. Total Carbon and Total Organic Carbon in Soil Samples

MCL Sample ID Soil Type TOC TC TOC/TCD Description (mg/Kg) (mg/Kg) (%)

13-1663 PAC Cell #1 Soil 6,780 8,520 80%
13-1664 PAC Cell #2 Soil 6,900 9,130 76%
13-1665 PCR Cell #3 Soil 6,970 10,100 69%
13-1666 PCR Cell #4 Soil 4,860 9,340 52%
13-1667 PGR Cell #5 Soil 8,400 8,940 94%

13-1668 PGR Cell #6 Soil 8,380 9,630 87%

13-1669 PAC Cell #7 Soil 7,690 7,850 98%
13-1669 PAC Cell #7 Soil 6,110 7,990 76%
13-1671 PAC Background 12,500 12,800 98%

13-1672 PCR Background 9,030 10,700 84%
13-1673 PGR Background 8,210 12,200 67%

Notes:
* PAC = soil type Avonsburg/Cobbsfork: PCR = soil type Cincinnati/Rossmoyne, PGR = soil type Grayford/Ryker.
% - percent
ID - identification
MCL - Materials and Chemistry Laboratory, Inc.
mg/Kg- milligram(s) per kilogram
TC - total carbon
TOC- total organic carbon

Soil organic carbon is the main source of energy for soil microorganisms. TOC contains contributions
from soil microbial biomass, decomposing plant matter, stable "humus" from organic decomposition
residues, etc. For the soils described in Table 4, TOC is the predominant form of carbon. Minerals, such
as CaCO, and dolomite, are the principal inorganic carbonate species in most soils.

6. SOIL ANALYSIS

Soils were analyzed for major elements (greater than 1.0 weight percent) and minor elements (I.0 to 0. 1
weight percent) using a scanning electron microscope (SEM) and associated energy dispersive
spectrometer (EDS). Samples were prepared by grinding to a fine powder in a SPEX Mixer/Mill® for
three minutes using tungsten carbide lined grinding vials and a tungsten carbide ball. Preliminary
examination of the powdered original soils ( 13-1671, 13-1672, and 13-1673) with a polarized light

2 GEL Laboratories, LLC, Charleston, SC, Work Order 329188, reported July 15, 2013.
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microscope showed the samples to consist primarily of quartz (near 70 percent by volume) and clay with
minor amounts of plagioclase feldspar, and heavy mineral phases (e.g. pyroxene, titanite, rutile and other
oxides).

Small portions of the powdered samples were placed on carbon dots mounted on aluminum disks. The
powder was compacted by hand and carbon coated. A JEOL 840 SEM and an EDAX genesis EDS
system were used for analyses. Analyses were performed using a 20 kilovolt (kV) beam scanned over a
1.8 square millimeter (mm-) area, and counted for a period of 200 seconds. Representative EDS spectra
are shown in the figures below. Figure 2 is from Sample 13-1663, a post leach sample for soil type PAC.
Figure 3 is from Sample 13-1671, an original, air dried sample of soil type PAC.

Results for all samples are reported as oxide equivalents in Table 5 below. These data represent averages
of two analyses per sample and are normalized to 100 percent by weight. Carbon was not included since
no carbonate was noted under polarized light microscopy.

Table 5. Weight percent of oxides in soils as determined by semiquantitative EDS analysis.

Sample Numbers (in weight percent of oxides)
Oxides 13-1663 13-1664 13-1665 13-1666 13-1337 13-1668 13-1669 13-1671 13-1672 13-1673

SiO 2  80.23 78.80 83.09 84.17 70.01 69.18 80.18 82.66 84.15 74.59

TiO2  1.35 1.11 1.12 1.07 0.92 1.03 1.29 0.98 1.36 1.03

A120 3  10.97 12.23 7.88 7.93 15.92 16.03 10.71 9.95 7.62 12.39

Fe20 3  4.19 4.21 4.45 3.64 8.28 8.92 4.47 3.40 3.55 7.12

MgO 0.55 0.59 0.38 0.35 0.94 1.03 0.50 0.49 0.38 0.75

CaO 0.44 0.59 0.27 0.28 0.53 0.52 0.45 0.40 0.29 0.60
K20 1.66 1.41 1.54 1.52 2.28 2.44 1.68 1.37 1.49 2.13

Na2O 0.46 0.85 0.62 0.49 0.93 0.54 0.48 0.48 0.59 0.77

P201 0.08 0.1 1 0.05 0.07 0.09 0.09 0.04 0.08 0.06 0.12

SO, 0.10 0.13 0.13 0.13 0.06 0.12 0.12 0.12 0.11 0.15

CuO 0.00 0.00 0.50 0.38 0.07 0.13 0.09 0.10 0.44 0.39

Total 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
Notes:
EDS - energy dispersive spectrometer

As a quality check two internal standards from the National Institute of Standards and Technology (NIST)
were analyzed along with the samples; NIST 2704 (Buffalo River Sediment) and NIST 2711 (Montana
Soil). The published analyses for both standards, as well as the results of two analyses from this study are
shown in Table 6. Note that the results for analyses from this study and the published results do show
some differences. The published analyses, given as weight percent elements, were recast to weight
percent oxides and normalized to 100 percent. This was the same treatment used for the results reported
in the study. As reported, the original analyses were not normalized to 100 percent. However, given the
semiquantitative nature of the present study, the analyses compare favorably to the standards.
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Table 6. Comparison of Standard Analyses.

NIST Sample 2704
(Buffalo River Sediment)

(in weigtht Dercent of oxides)

NIST Sample 2711
(Montana Soil)

(in weight Dercent of oxides)Oxides
• 1"7 1 ¢"

2704
published

2704-01 2704-02

SiO2  69.07 62.02 61.35

TiO 2  0.85 0.92 0.90

A -O3  12.82 16.32 16.22

Fe2O 3  6.52 9.26 9.85

MnO 0.00 0.13 0.11

MgO 2.21 2.29 2.20

CaO 4.04 3.46 3.84

KO 2.67 3.36 3.44

Na2O 0.82 0.61 0.67

SO2  0.88 0.97 1.05

CuO 0.12 0.25 0.29

2711ubih 2711-01 2711-02published

69.71 65.21 64.61

0.55 0.60 0.65

13.21 15.79 15.49

4.42 5.55 6.14

0.88 0.30 ND

1.86 2.07 2.21

4.31 4.94 6.16

3.16 3.30 3.54

1.65 1.96 1.20

0.09 0.21 ND

0.15 ND ND

Total 100 100 99.9 99.9 99.9 100

Notes:
NIST - National Institute of Standards and Technology
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Figure 2. EDS spectra for sample 13-1663; post leach soil type PAC.
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Figure 3. EDS spectra for sample 13-1671; original pre-leach soil type PAC.

Materials and Chemistry Laboratory. Inc. (MCLinc)
2010 Highway 58, Suite 1000

Oak Ridge, Tennessee 37830-1702
(865) 576-4138 www.MCL-inc~com

F-1155



PfCAIrI',,' MCLinc Project: SA1002726, Revision I
SAIC Subcontract: P010147178

Page 17 of 41

7. SE OF SOIL SPECIMENS

7.1. Background

Often, the technique of choice for evaluating low-level radionuclide partitioning in soils and sediments is
the SE approach. This methodology applies operationally-defined chemical treatments to selectively
dissolve specific classes of macro-scale soil or sediment components (e.g., Tessier et al., 1979; Phillips

and Chappelle, 1995). These methods recognize that total soil metal inventory is of limited use in
understanding bioavailability or metal mobility, and that it is useful to estimate the amount of metal
present in different solid-phase forms. Despite some drawbacks, the sequential extraction method can
provide a valuable tool to distinguish among trace element fractions of different solubility related to
mineral phases.

Many recent studies published in the technical literature have used a selected sequence of extractions
from the soil matrix, with each successive lixivant solution increasing in its aggressiveness. The results
of these sequential extractions (or "fractionation") often allow a comparison of how tenaciously different
metal contaminants partition to different soil and sediment compositions. The partitioning of
contaminants to different geochemical fractions is related to the contaminant speciation (or chemical

form), as well as other physiochemical factors. Metals deemed least mobile in soil have a relatively small
proportion of the total associated with the most readily accessible (or "exchangeable") fraction while

having the greatest proportion associated with the most refractory (or "residual") fraction. Metals in the
residual fraction are typically locked up within refractory crystalline mineral phases, and are not readily
accessible to leach into the environment except on a geological time scale.

SE by modified Tessier protocol has attracted attention as an operational means to aid in the assessment

for the potential risk of DU penetrator shards left in war zones, such as the Balkans and the Middle East
(see, e.g., Oliver et al., 2008, and Radenkovi6 et al.).

Details of the modified Tessier SE procedure performed at MCLinc are presented in Appendix 2. The
sequence of extractions, and the attributed geochemical components affected, is briefly described below:

Fraction I: Exchangeable Cations (Magnesium Chloride lixiviate, pH approximately 7)

Fraction 2: Carbonate-Bound Metals (Acetate Reagent, pH approximately 8.2)

Fraction 3: Metals Associated With Hydrous Iron- and Manganese Oxides (Hydroxylamine-

Acetate Reagent)

Fraction 4: Bound to Organic Matter (Acid and hydrogen peroxide reagent)

For the purpose of mass balance calculations, it is also necessary to determine the total environmentally-
available metal inventory.

7.2. Total Environmentally-Available Metal (Extractable Inventory)

Aliquots of the selected soil samples (less than 2 millimeters [mm] size fraction) were extracted as

described in MCL-7746, "Acid Digestion for Metals Based on EPA Method 3050B." This digestion
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method (using strong nitric acid and hydrogen peroxide) recovers most of the environmentally available
heavy metal content, but it does not recover metals locked within a refractory silicate matrix.

7.3. Residual Fraction

Because the residual fraction is not considered to be available for release to the environment except on a
geological time scale, it may not be necessary to quantitate this fraction unless the data is needed for mass
balance closure. Total digestion is relatively difficult and expensive, and seldom used in environmental
analysis. More commonly used strong acid-based extractions such as EPA Methods 3050 and 3051
generally recover most of the available heavy metal content, but they cannot recover metals locked within
a refractory silicate matrix. The proportion of residual metal may also be roughly estimated by mass
balance, if an estimate of total constituent analysis is available for the original material. In the tabulations
reported below, the residual fraction is defined as the computed difference between the total
environmentally-available metal inventory and the sum of inventories from extraction Fractions I through
4.

7.4. Results

Inductively-coupled plasma - optical emission spectrometry (ICP-OES) is used to quantitate U and select
metals in soil extract. MCLinc participates in the Mixed Analyte Performance Evaluation Program
(MAPEP) to maintain certification in ICP-OES metals analyses. MAPEP evaluates the performance of
the instrument, analysts, and laboratory providing proof the quality of the analyses are maintained.
MCLinc's "Quality Assurance Plan," MCL-7701, meets the requirements of ISO/IEC 17025;

ANSI/ASQC E4-1994; ASME NQA- 1-2000; DOE, Consolidated Audit Program Quality

Systems for Analytical Services Revision 2.9; 10 CFR 830.120; and National Environmental

Laboratory Accreditation Conference Standards.

Inductively-coupled plasma - mass spectroscopy (ICP-MS) is used to determine the U enrichment
(weight percent of uranium - 235 [235U] isotope) in soil extracts. MCLinc also participates in the MAPEP
for ICP-MS. For extracts derived from soil from Cells I through 6, previously contacted with DU, the
average U enrichment was determined to be (0.198 ± 0.004) percent 235U isotope, consistent with the
expected composition of United States DU munitions.'

Cell #7 was prepared using PAC-type soil collected outside of the DU impact area. This soil and its
extracts had no detectable U content. An aliquot of Cell #7 was used for purposes of preparing a matrix
spike, by the addition of a small aliquot of natural U (0.71 percent 235U isotope) as uranyl nitrate solution;

3 The NRC defines DU as U in which the percentage of the 235U isotope by weight is less than 0.711
percent (10 CFR 40.4). The military specifications designate that the DU used by U.S. Department of
Defense (DoD) contain less than 0.3 percent 235U (AEPI, 1995). In actuality, DoD uses only DU that
contains approximately 0.2 percent 235U (AEPI, 1995). [ See URL:
http://www.gulflink.osd.mil/librarv/randrep/du/mr1018.7.chapl .html]
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leached aliquots from Cell #7-MS were determined to have an average U enrichment value (0.703 ±

0.006) percent 235U isotope. The recovery of added U (at 248 mg/kg) was 110 percent.

Results for the extraction of select metals in the test soil cells are summarized in Tables 7 through 13, and

are presented in graphical form in Figures 4 through 10. By the end of the accelerated soil leaching
procedure, the drained soils leached in the presence of penetrator dart segments (Cells #1 through #6)
were in contact with aqueous phase containing soluble U at approximately 10 mg/L, consistent with

formation of schoepite (nominally UO3 .2H 20) as the solubility-limiting surface alteration product
(Bostick et al., 2011). Thus, it is expected that the drained test soils from these cells would have a
considerable inventory of exchangeable U, due to soluble U in the pore water. However, most of the test
cell soils had the greatest proportion of U in the more-refractory so-called carbonate and hydrous oxide
fractions, with the latter usually predominant. This is consistent with other investigations of U-

contaminated soils.

The surface complexation reaction of uranyl with iron-containing minerals has been used as one means to
model subsurface migration (Barnett et al., 2002; Payne and Waite, 1991; De Nero et al., 1999), used in
conjunction with information on the site water chemistry and hydrology. The assessment of U bound to
hydrous metal oxides is one component of the operationally-defined partitioning by the sequential

extraction methodology.

For modeling the retardation of the mobility of UO$2+ in soil matrix, the fraction operationally associated
with hydrous metal oxides has generally been the dominant concern. However, the so-called "organic"
geochemical compartment may also be important: for example, Oliver et al. (2006) used SE to identify
the dominance of organic matter in controlling migration and bioavailability of DU in the near-field.
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Table 7. SE of Cell #1 Soil (PAC)

U *t Mn* AI* Fe*
MCLinc ID Fraction

mg/Kg %Total mg/Kg %Total mg/Kg %Total mg/Kg %Total

13-1675 Exchangeable 126 9% 14 6% 69 1% 4 0%

13-1676 Carbonate-Bound 439 30% 0.4 0% 6.3 0% 4 0%

13-1677 Hydrous Oxide 739 51% 137 63% 198 3% 1,060 16%

13-1678 Organic matter 80 6% 32 15% 777 13% 279 4%

(Calculated) Residual 66 5% 34 16% 4800 82% 5333 80%

13-1663 Total 1,450 100% 217 100% 5,850 100% 6,680 100%
Notes: * Analysis of extracts by ICP-OES (inductively coupled plasma - optical emission spectroscopy)

t ICP-MS: Average wl.% 235U isotope = (0.194 ± 0.004) - DU
% - percent

Al - aluminum
DU - depleted uranium

Fe - Iron
ICP-MS - inductively coupled plasma - mass spectroscopy

ID - identification
mg/Kg - milligram(s) per kilogram
Mn - manganese
PAC -soil type Avonsburg/Cobbsfork
SE - sequential extraction

U - uranium
235[j - uranium - 235

wt.% - weight percent

Cell #1 Soil by SE
NU(%) *Mn(%) AI(%) NFe(%)

63%

30%I

9%6 0 Ijo % 00 3
%0f 6% 5jo

~0 =_ 1000 U1ý

82%80%

15%o

4% 5

Figure 4. Partitioning of Select Metals to Aqueous SE Extract for Cell #1 Soil
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Table 8. SE of Cell #2 Soil (PAC)

U *t Mn* AI* Fe*
MCLinc ID Fraction

mg/Kg %Total mg/Kg %Total mg/Kg %Total mg/Kg %Total

13-1679 Exchangeable 34 4% 14 6% 81 1% 3.9 0%
Carbonate- 175

13-1680 Bound 19% 0.4 0% 7 0% 3.9 0%

Hydrous 324
13-1681 Oxide 36% 143 58% 226 4% 1,380 19%

Organic 56 6
13-1682 matter 6% 35 14% 698 1% 283 14%

(Calculated) Residual 313 35% 56 23% 5098 83% 5669 77%

13-1664 Total 902 100% 248 100% 6,110 100% 7,340 100%
Notes: * Analysis of extracts by ICP-OES (inductively coupled plasma - optical emission spectroscopy)

t ICP-MS: Average wt.% 
235U isotope = (0. 193 ± 0.001) - DU

% - percent
Al - aluminum
DU - depleted uranium
Fe - Iron
ICP-MS - inductively coupled plasma - mass spectroscopy

ID - identification
mg/Kg - milligram(s) per kilogram
Mn - manganese

PAC -soil type Avonsburg/Cobbsfork
SE - sequential extraction
U - uranium
235

U - uranium - 235
wt.% - weight percent

Cell #2 Soil by SE
SU (%) N Mn (%)

58%

AI(%) NFe(%)

83%77%

1900 0 140110 35%

Iii4%6% 1%/0%

19%

Figure 5. Partitioning of Select Metals to Aqueous SE Extract for Cell #2 Soil
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Table 9. SE of Cell #3 Soil (PCR)

U *t Mn * AI * Fe *
MCLinc ID Fraction U____AlF

mg/Kg %Total mg/Kg %Total mg/Kg %Total mg/Kg %Total

13-1679 Exchangeable 211 13% 12 7% 175 4% 3.9 0%
Carbonate-

13-1680 bond 438 26% 0.4 0% 11 0% 3.9 0%Bound

13-1681 Hydrous 115 7% 64 36% 160 4% 1,030 15%
Oxide

13-1682 Organic 629 37% 25 14% 436 10% 345 5%

matter
(Calculated) Residual 287 17% 79 44% 3498 82% 5587 80%

13-1664 Total 1,680 100% 180 100% 4,280 100% 6,970 100%

Notes: Analysis o0 extracts by IC --OL) inductively coupled plasma
t ICP-MS: Average w/.% 

235U isotope = (0.200 ± 0.002) - DU
% - percent
Al - aluminum

DU - depleted uranium
Fe - Iron
ICP-MS - inductively coupled plasma - mass spectroscopy
ID - identification
mg/Kg - milligram(s) per kilogram
Mn - manganese
PCR -soil type Cincinnati/Rossmoyne
SE - sequential extraction
U - uranium
235U - uranium - 235
wt.% - weight percent

-optical emission spectroscopy)

Cell #3 Soil by SE
NU(%) *Mn(%) Al (%) *Fe(%)

82"80%

36% 37% 44 I
13%o 7%4% 000 l 7614%15 5%N] = 7_1 0" " O~
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e -

Figure 6. Partitioning of select metals to aqueous SE extract for Cell #3 Soil
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Table 10. SE of Cell #4 Soil (PCR)

U.&*t Mn * AI * Fe *
MCLinc ID Fraction t___AlF

mg/Kg %Total mg/Kg %Total mg/Kg %Total mg/Kg %Total

13-1679 Exchangeable 212 11% 12 8% 170 4% 4 0%
Carbonate-

13-1680 427 22% 0.4 0% 9 0% 4 0%
Bound

13-1681 Hydrous Oxide 629 32% 91 59% 181 4% 1.260 19%

13-1682 Organic matter 123 6% 21 14% 540 13% 338 5%

(Calculated) Residual 569 29% 30 19% 3310 79% 5154 76%

13-1664 Total 1,960 100% 154 100% 4.210 100% 6.760 100%

Notes: * Analysis of extracts by ICP-OES (inductively coupled plasma - optical emission spectroscopy)
t ICP-MS: Average wt.% 23

5U isotope = (0.198 ± 0.002) - DU
% - percent
Al - aluminum
DU - depleted uranium

Fe - Iron
ICP-MS - inductively coupled plasma - mass spectroscopy
ID - identification
mg/Kg - milligram(s) per kilogram
Mn - manganese
PCR -soil type Cincinnati/Rossmoyne
SE - sequential extraction
U - uranium
235U - uranium - 235

wt.% - weight percent

Cell #4 Soil by SE
N U(%) *Mn(%) AI(%) NFe(%)

...79%76%

59%/

3 9l
22°32 1% [ 19% ,

8 429% 6% 14%13% 5%
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Figure 7. Partitioning of Select Metals to Aqueous SE Extract for Cell #4 Soil

Materials and Chemistry Laboratory, Inc, (MCLinc)
2010 Highway 58, Suite 1000

Oak Ridge, Tennessee 37830-1702
(865) 5764138 www.MCL-inc.com

F-1162



f'fCLZFIN MCLinc Project: SAI002726, Revision I
SAIC Subcontract: P0 10147178

Page 24 of 41

Table 11. SE of Cell #5 Soil (PCR)

U *t Mn* AI* Fe*
MCLinc ID Fraction

mg/Kg %Total mg/Kg %Total mg/Kg %Total mg/Kg %Total

13-1679 Exchangeable 140 10% 16 4% 159 2% 6.8 0%
Carbonate-

13-1680 bond 419 29% 0.4 0% 9 0% 3.9 0%Bound

13-1681 Hydrous Oxide 712 48% 252 64% 369 4% 959 5%

13-1682 Organic matter 88 6% 49 12% 938 10% 174 1%

(Calculated) Residual 111 8% 76 19% 7635 84% 18316 94%

13-1664 Total 1,470 100% 393 100% 9.110 100% 19460 100%

Notes: * Analysis ot extracts by IlCP'-OLE5 (inductively coupled plasma
t ICP-MS: Average wt.% 235U isotope = (0.201 ± 0.004) - DU
% - percent
Al - aluminum
DU - depleted uranium
Fe - Iron

ICP-MS - inductively coupled plasma - mass spectroscopy

ID - identification
mg/Kg - milligram(s) per kilogram

Mn - manganese
PCR -soil type Cincinnati!Rossmoyne

SE - sequential extraction

U - uranium
235U - uranium - 235
wt.% - weight percent

- optical emission spectroscopy)

Cell #5 Soil by SE
NU(%) *Mn(%) Al(%) *Fe(%)

94%
84%

64 I
29%,oI 0/iiiii48 II% W

v

<++,-- &

Figure 8. Partitioning of Select Metals to Aqueous SE Extract for Cell #5 Soil
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Table 12. SE of Cell #6 Soil (PCR)

U*t Mn* AI* Fe*MCLinc ID Fraction mg/Kg %Total mg/Kg %Total mg/Kg %Total mg/Kg %Total

13-1695 Exchangeable 133 5% 7 2% 111 1% 7.8 0%
Carbonate-

13-1696 bond 463 17% 0.4 0% 9 0% 4 0%Bound

13-1697 Hydrous Oxide 982 36% 394 89% 463 5% 1,120 5%

13-1698 Organic matter 96 4% 98 22% 916 10% 177 1%

(Calculated) Residual 1036 38% -56 -13% 7701 84% 19081 94%

13-1667 Total 2,710 100% 444 100% 9,200 100% 20,390 100%

Notes: * Analysis ot extracts by IC '-UES (inductively coupled plasma - optical emission spectroscopy)
t ICP-MS: Average wt.% 235U isotope = (0.198 ± 0.003) - DU
% - percent
Al - aluminum
DU - depleted uranium
Fe - Iron

ICP-MS - inductively coupled plasma - mass spectroscopy
ID - identification
mg/Kg - milligram(s) per kilogram

Mn - manganese
PCR -soil type Cincinnati/Rossmoyne

SE - sequential extraction
U - uranium
23 5U - uranium - 235

wt.% - weight percent

Cell #6 Soil by SE
N U (%) * Mn (%) AI (%) 8 Fe (%)

89%

17%
5%2%1%0% 0%0%0%

94%

38%4
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38%
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Figure 9. Partitioning of Select Metals to Aqueous SE Extract for Cell #6 Soil
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Table 13. SE of Cell #7 Soil (7-PAC-MS)

U *t Mn* AI* Fe*
MCLinc ID Fraction

mg/Kg %Total mg/Kg %Total mg/Kg %Total mg/Kg %Total

13-1695 Exchangeable 17 6% 20 9% 96 2% 3.9 0%
Carbonate-

13-1696 bond 86 32% 0.5 0% 10 0% 3.9 0%Bound

13-1697 Hydrous Oxide 121 44% 136 62% 224 4% 1,360 19%

13-1698 Organic matter 18 7% 29 13% 678 12% 268 4%

(Calculated) Residual 31 11% 33 15% 4502 82% 5634 77%

13-1667 Total 273 100% 218 100% 5,510 100% 7.270 100%

Notes: * Analysis of extracts by ICP-OES (inductively coupled plasma - optical emission spectroscopy)
t ICP-MS: Average wt.% 2 3 5

U isotope = (0.703 ± 0.0063) - U (natural)

% - percent
Al - aluminum
Fe - Iron
ICP-MS - inductively coupled plasma - mass spectroscopy
ID - identification
mg/Kg - milligram(s) per kilogram

Mn - manganese
MS - matrix spike
PCR -soil type Cincinnati/Rossmoyne

SE - sequential extraction
U - uranium
235U - uranium - 235
wt.% - weight percent

Cell #7-MS Soil by SE
* U(%) * Mn(%) AI(%) * Fe(%)

820-77%
62o%

44%/

32%0
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Figure 10. Partitioning of Select Metals to Aqueous SE Extract for Cell #7-MS Soil
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8. MASS BALANCE SUMMARY - PERCENTAGES OF DU RETAINED IN SOIL
AND ELUTED INTO COLLECTED WATER

Refer to Table I for the leach test logistics (i.e.., original mass for as-received site soil and inserted
penetrator dart segment). For the soil test columns with inserted penetrator dart segments (viz.. Cells #1
through #6), the average mass of DU partitioning to soil and water, referenced to the original mass of
penetrator dart, is only on the order of approximately 0.26 percent after about I.3-y of accelerated
leaching (Table 14). Of this mass of DU "lost "from the dart specimen, about 98 percent is retained in the
near-field soil, and about 2 percent is leached into the collected water (aqueous fraction).

Table 14. Partitioning of DU to Retained Soil and
Cycles of Accelerated Leaching

Eluted Aqueous Phases After 23

Original End of Test: Mass Balance for U Loss
Mass

MCL ID Soil Type Description Penetrator Penetrator Uranium Inventory (g) Total

(g) Aqueous Soil Total % Mass Loss

13-1663 PAC Cell #1 Soil Scraped 701.8 0.05 1.71 1.75 0.25%

13-1664 PAC Cell #2 Soil Unscraped 623.5 0.04 0.73 0.77 0.12%

13-1665 PCR Cell #3 Soil Scraped 577.1 0.04 1.43 1.47 0.26%

13-1666 PCR Cell #4 Soil Unscraped 620.2 0.04 1.49 1.54 0.25%

13-1667 PGR Cell #5 Soil Scraped 583.1 0.03 1.60 1.63 0.28%

13-1668 PGR Cell #6 Soil Unscraped 526.4 0.02 2.25 2.27 0.43%

13-1669 PAC Cell #7 Soil N/A N/A 0.000 0.001 0.00 N/A

Average for Cells #1 through #6 605.4 0.04 1.54 1.57 0.26%

Notes: % - percent
g - gram(s)
ID - identification
MCL - Materials and Chemistry Laboratory, Inc.

mg/Kg - milligram(s) per kilogram
Mn - manganese
N/A - not applicable

PAC - soil type Avonsburg/Cobbs fork
PCR -soil type Cincinnati/Rossmoyne

PGR - soil type Grayford/Ryker
U - uranium

9. REVISED CORROSION RATE ESTIMATES

In the interim report for this project (Bostick et al.., 2011), we estimated a release rate for DU partitioning

to the aqueous eluate. With the data from Table 14, these estimates can be revised to reflect the DU
partitioning to both residual soil and aqueous eluate.

Data for nominal metal corrosion rate is typically normalized to the substrate surface area, and expressed
in units such as g cm"2 y'- (Handley-Sidhu et al., 2010; Hilton, 2000) (Equation A3-2).
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o R) M 365 x Weight loss (g)CorrosionRate m Y - Metal Surface Area (cm 2 ) x Time (days) (1)

Nominal geometric surface areas for the penetrator dart segment used are presented in interim report
Bostick et al., Appendix A3. These estimated are used for the computations presented in Table 15.

Table 15. Esimates for DU Corrosion Rate Under Accelerated Leaching (Real Time
Leach Duration is 1.3-y)

Original Penetrator Nominal Aqueous Eluent Total (Soil + Aqueous)
Cell Ortgial Dart Dart Rate RateNubr dart mass Dart •g-U ~ ~g-U 2-

Number Surface Area g cm y- g-cm2yt
(g) Preparation (cm 2 ) * lost .. lost

1 701.8 Scraped 80.18 0.05 4.64E-04 1.75 1.72E-02

2 623.5 Unscraped 72.35 0.04 4.33E-04 0.77 8.44E-03

3 557.1 Scraped 65.71 0.04 5.38E-04 1.47 1.77E-02

4 620.2 Unscraped 72.02 0.04 4.74E-04 1.54 1.68E-02

5 583.1 Scraped 68.31 0.03 3.03E-04 1.63 1.88E-02

6 526.4 Unscraped 62.64 0.02 2.73E-04 2.27 2.85E-02

Notes: F-rom Bostick et al (2011), Appendix,
** Computed using equation (I).

cm2 _ centimeter squared
g cm 2yt- gram(s) per centimeter squai

g - gram(s)
g-U - gram(s) uranium

Table A3-1. (Nominal geometric surtace area)

From Table 15, the nominal average corrosion rate for DU penetrator dart segment, accounting for loss to
residual soil and aqueous eluate, is approximately (1.8 ± 0.6)E-2 g-cm'2y1. This estimate was computed
using conservative estimates for the dart surface area and for the elapsed exposure time (i.e., accelerated
leaching vs. field conditions).

In a recent review, Handley-Sidhu et al. (2010) compiled estimates for the corrosion rates of DU-titanium
(Ti) alloy; their summary table is reproduced below as Table 16. In general, for DU weathered under

non-marine geological conditions, reported corrosion rates ranged from approximately 0.01 g-cm 2y1 (for
waterlogged soil) to 0.8 g-cn2y-' (for organic clay-rich soil). Our crude estimates for DU corrosion in
soils exposed to oxic wet/dry accelerated leach conditions (approximately 0.02 g cm,2yI) is toward the
lower end of this literature range.
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Table 16. Corrosion Rates of DU-Ti alloy, as Compiled by Handley-Sidhu et al. (2010).

Stud)' Environment Geochemical Rate Comments Referencesy E Conditions (g cmy'")

1 Air Oxic 0.0012 Laboraton' air (30 days) Trzaskoma (1982)
2 H.O Oxic 0.072 Distilled water Trzaskoma (1982)
3 3.5% NaCI Oxic 0.40 Trzaskoma (1982)
4 5% NaCI Oxic 1.5 Mclntre et al. (1988)
5 Seaate, Slwa Fith c2.63.1In situ biogeochernical conditions and the level of Toque and Baker (2007)

5 Seawater, Solway Firth Oxic 2.6-3.1 physical disturbance were uncharacterised.In situ biogeochemical conditions and the level of TqeadBkr(07

Marine sediment, Solway Not characterized 1.4-1.8 IhysiturbancToque and Baker (2007)Firth physical disturbance were uncharacterised.
Marine sediment Progressively Salinities of 31.5 and 16.5; pH 6.4-8.0: 3.2% OC;
7 Sola simulati e anoxic 0CEC 4.0 meq/100 g and inorganic carbon 370 rng kg-I

Waterlogged sand (salinities Nitrate-reducing 0.020 ± 0.003 (Salinity of3.5: pH 7.6-7.9:dlv-Sidhu (2008)
8 of 31.5) 1.3 meq/100 g and inorganic carbon 430 mg kg-I H (

Dune sand Eskmeals,
9 Cumbria Not characterized 0.080-0.17 pH 6.5-7.9 Toque and Baker (2006)
(0 Dune sand simulating Oxic 0.10 ± 0.01 pH 7.2-7.5; 0.8% OC: CEC 1.3 meq/100 g; inorganic Handlev-Sidhu et al (2009a)

Eskmeals, Cumbria carbon 430 mg kg- I and sand moisture content of 13%

I Organic, clay-rich soil from
Kirkcudbright Not characterized 0.80-1.1 pH 5.8-6.0 Toque and Backer (2006)

12 Field-moist soil Oxic 0.49 ± 0.06 pH 5.0-6.5: 12% OC: CEC 21 meq/100 g; inorganic
12 ___ield-moist __soil _ O___ 0.49 0.06 carbon 80 mg kg-I and soil moisture content of 22% Handley-Sidhu et a1 2009c)

13 Sandy-loamy and silty-loamy Not characterized 0.19 ± 0.03 Two soils investigated: pH 5.6 and 5.7: 2.1% OC. Schimnmack et al. (2007)
soil

pH 5.0- 6.5; 12% OC: CEC 21 meq/100 g and inorganic
14 Waterlogged soil Nitrate-reducing 0.010-0.02* carbon 80 mg kgl. *Corrosion ceased under anoxic Handley-Sidhu et al (2009c)

conditions.
Phosphate-fertilized Olsen phosphorus 27 -45 mg kg-'; pH 5.0 - 6.0: 12% OC U
waterlogged soil Nitrate-reducing 0.00016-0.0044 C g/kai acaUnpublished:

Notes:
* Corrosion ceased under anoxic conditions. DU - depleted uranium meq - milliequivalent of hydrogen OC - organic carbon

Ti - titanium% - percent
CEC - cation exchange capacity

g cm 2yl - gram(s) per centimeters squared y'ear mg kg-I - milligram(s) per kilogram
HO - water NaCI - sodium chloride
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APPENDIX 1. SOIL SAMPLE PROVENANCE

Soil specimens were held at the MCLinc facility for a long time duration, which encompassed delays in
notice to proceed with different phases of the investigation and also the duration of active testing that was
performed. Since soil storage conditions (including oxygen fugacity) may affect the activity of native
microbial populations, we summarize these conditions in Table A-I.

Table A- 1. Soil Sample Provenance

Date Action Comment
10/22/2008 Field sampling event Samples shipped with water ice (0 °C)

(SAIC COC JPGO01-MCL)

10/23/2008 Receipt of bulk soil samples at MCLinc Samples refrigerated (6 0C)

5/28/2009 Initial notice to proceed from client Samples refrigerated (6 °C)

6/26/2009 Begin leach interval #1 (21 -d cycle) * Ambient (23 'C) temperature
10/06/2010 Collect final leach interval #23 Total leach test duration 480-d

Remove soil from leach chambers and
6/08/2012 Prior static ambient (23 °C) storage 61 l-d.refrigerate soil cores

Remove refrigerated soil cores for additional Refrigerated (2 'C) storage 385-d
analysis

7/08/2013 Begin SE
Notes:

* Soil samples were stored refrigerated (approximately 6 'C) until shortly before the preparation of soil columns for use

in accelerated leach testing.
'C - degrees Celcius
COC - Chain of Custody
d - day(s)
MCL or MCLinc - Materials and Chemistry Laboratory, Inc.
SE - sequential extraction

Note that the soil cores were stored in the test chambers at ambient laboratory temperature for
approximately 611 -d between the completion of leach interval #23 (10/06/20 10) and the date (6/08/2012)
that the soils were removed from the test chamber, bagged and refrigerated (6 'C) for possible indefinite
storage. During the interval of static ambient storage, the soil was maintained moist and there was some
communication with ambient air (Figure A-I). The ambient-stored soil cores maintained biological
activity, as evinced by the flora illustrated in Figures A-I and A-2.
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Figure A- 1. Soil test cells photographed April 26, 2011 (during static ambient storage).

Flora (algae) appear to have been established in the control and other cells. Note that the
cells, containing drained soil, communicate with the ambient atmosphere via severed '/4.-

in tubing, and that there is water condensate present in the chamber. Storage conditions
thus likely approximate that of soil in the drained, near-surface vadose zone.
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Figure A- 2. Cell #7 soil core (Type PAC, control), photographed after static ambient
storage 611-d.

Flora has been established at the surface of the control cell and also in several of the test
specimens (notably in Soil type PAC, Cells #1 and 2).
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APPENDIX 2. MCLINC PROCEDURE FOR MODIFIED TESSIER SEQUENTIAL
EXTRACTION PROCEDURE

(Uncontrolled copy of MCLinc, Modified Tessier Sequential Extraction Procedure for 2.5-g Soil or Sediment Sample, MCL-
7756, Appendix XX)

Code: N.CL-7736
O WI'A'I OR AIDS

Appcndix XX
Efflective: 12/10/010

APPENDIX XX

MODIFIED TESSIER SEQUENTIAL EXTRACTION PROCEDURE
FOR 2.5 GRAMS OF SOIL Oil SEDIMENT SAMPLE

1. PURPOSE

The practical techniquc of choicc for evaluating low-level radionuclide partitioning in soils and
sediments is dhe sequential extraction approach. This methodology applies to operationally-
defined chemical treatments to selectively dissolve specific classes of macro-scala soil or
sediment components. There is no general agreement on the solutions preferred for the extraction
of various components in sediment or soils, due mostly to the matrix effects involved in
heterogeneous chemical processes. The protocol below is based on the original method of
Tessier ct al. (1979), with minor modifications reflecting more recent litemture evaluations.

2.. SAMPLE RECEIPT AND PREPARATION
It is recommended that soil core samples be shipped overnight to Materials and Chemistry
Laboratory, Inc. (MCLinc). packed with water ice to maintain the temperature at approximately 0
to 4 degrees Celcius ('C) to minimize potential constituent changes duo to microbial activity. If
analysis cannot be initiated on the day of receipt, core samples will be placed in a deep freeze and
maintained at approximately -20 'C until testing can be perfonned (see, e.&., IHlavay et al, 2004).
Unless specific contractual arrangements have been negotiated with the client, sample after
thawing will not be excluded from exposure to the ambient atmosphere during sample processing;
strict air-exclusion may minimize confounding sulfide-bound metals with their oxide-hound
counterparts and may help preserve in-situ redox conditions for anoxic sediments (Rapin et al.,
1986; Peltier, 2005). Ifair-exclusion is specified and commissioned by the client, then sample
preparation and extraction must be performed in an oxygen-free environment (c.g., within a
specially maintained anoxic glove box).

Sample size is dictated by the apparent sample homogeneity. If relatively large pebbles are first
removed (e.g., with use of a #10 mesh standard screen, to remove particles greater that] two
millimeters in diameter), a sample size of approximately 2.5 grams (g) (dry weight equivalent) of
blended soil may be used. (Record actual mass taken). If wet soil is used, the moisture content
must be estimated with use of a separate sample, to pemmit interpretation of results expressed on a
dry-weight basis.

The lack of saitable certified reference materials for use with this procedure has precluded intra-
laboratory comparability of results and hence good quality control (QC). QC is thus the usual
controls on analytical accuracy.

3. ACRONYMS UNCONTROLLED
OCdegrees Celcius P~~A ~ I~.

cc cubic centimeter(s) IN MAIONAL USE ONLY
CaCO. calcite
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Code; MCL.-7756
OI'LRAEOR AIDS

Appendix XX
Uffrmimv 12JI0on10

COD reagent
C1lICOOlI
CH3COONa
Col
EPA
Fe
FW
g
h
H20
FI202
Hcl
HNO 3
lCP
L
MCI.,inc
rnin

"gtg
mg/Kg
ml,
mol/L
MgCI,
NaOH
NI 4C1tly02
NIOSII
OES
QC
RPM
TCLP
U
V
v/v

citrate-bicarbonate-dithionite
acetic acid or acetate
sodium acetate
carbon dioxide
U.S. Environmental Protection Agency
iron
formula weight
grm(s)
hour(s)
water (de-ionized)
hydrogen peroxide
hydrochloric acid
nitric acid
inductively coupled plasma spectroscopy
liter(s) UNCO O .
Materials and Chemistry Laboralory, Inc.
minute(s)
microgram(s) per gram iNFORMATIONAL USE ONLY
milligram(s) per kilogram
milliliter(s)
mole(s) per liter
magnesium chloride
sodium hydroxide
ammonium acetate
National Institute for Occupational Safety and 1Fcalth
optical emission spectrometry
quality control
revolutions per minute
Toxicity Characteriic Leaching Procedure
uraniunm
volune
volume per volume

4. FRACTION I: EXCIIANGEABLE CATIONS (MAGNESIUM CHLORIDE,
pH 7)

Short-term (o.g.. I hour Ihi) equilibration of soil with a near-neutral solution containing a
relatively high concentration (e.g.. I mole per liter [nioI/L) orelectrolyte dissolves water-soluble
salts and liberates readily exchangeable cations (by ion displacement). For the extraction of trace
contaminants, Phillips nnd Chapplc (1995) and also Tessier et al. (1979) favor use of a solution of
I moVl, magnesium chloride (MgCI2) (pH 7).

4.1. Extraction:

Reapent 1: For about 250 milliliters (ml) lixivant (extraction reagent), add 50.8.g MgCIz.6H2O
(formula weight I FWI = 203.3) to approximately 200-m[L dc-ionized water, adjust pH value to
approximately 7.0 with thc usc of dilute sodium hydroxide (NnOHl) or hydrochloric acid (1ICI)
solution, then adjust to final volume (approximately 250-mL).
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Cad : MCL.7756UNCO RROLLED OPORA

INFORMATIONAL USE ONLY
Dry soil, 2.5-g, is contacted with 20-mL of I mol/L MgCI (pH 7) in a scaled 50 cubic centimeter
(cc) centrifuge cone for I-h at ambient temperature. (Optimwn contact is provided by tumbling
the sealed vial on a Toxicity Characteristic Leaching Procedure ITCLP] rotary extractor unit).
Slurry is subsequently centrifuged at 4000 revolutions per minute (RPM) for 12 minutes (min)
and then the supcmate is taken to a labeled 50-mL volumetric flask. Solid residue is rinsed in
another I0-mL aliquot of lixivant, and then clarified by centrifugation. The supcrnitc is added to
the labeled volumetric flask, and the contents diluted to final volume by addition of
demincralized (de-ionized) water (H120).

5. FRACTION 2: CARBONATE-BOUND METALS (ACETATE REAGENT,
pH 8.2)

Following the extraction ofexchangcoble cations, many remcarchers, including Phillips and
Chapplc (1995), have included an extraction using 6-h contact with slightly acidic I mol/L
sodium acetate (CHCOONa) (pH 5). This step is said to liberate the trace metal ions co-
precipitated or otherwise occluded in calcite (CaCQj) sediment deposits. Tessier et al (1979)
prefer a variant reagent, in whici the pH of the acetate solution is adjusted to 8.2; attack on
silicate mid sulfide minerals is said to be minimal with use of this reagent.

5.1. Extractlon:

Raggnt 2: For approximately 250-nL reagent, add about I S-g reagent grade acetic acid
(CH3COOH) to approximately 200-nil, de-minemlized water. Adjust pH valuo to 8.2 by the
gradual addition of NaOH, then add dc-mincrnlized water to a final volume of 250-11L.

To the wet solid residue from Fraction I, add 20-mL of I tmolL CII 3COONa (pH adjusted to a
value of 8.2). Contact for 6-h at ambient temperature. The supernate is added to the labeled
volumetric flask. Sample may be washed by the addition ofanother 10-mL aliquot of reagent,
briefly re-suspending the solids, followed by centrifugation. Supernate is agahi added to the
labeled volumetric flask and contents diluted to final volume by addition ofdemineralized water.

6. FRACTION 3: METALS ASSOCIATED WITH HYDROUS IRON AND
MANGANESE OXIDES (HYDROXYLAMINE-ACETATE REAGENT)

(Hydroxylmmine-Acetate Reagent)

Methods for leaching iron and manganese oxides involve a combination of reagents to reduce
these metals to soluble Fe'2 anid Mn' 2 forms, respectively, and to keep these forms in solution at
relatively high concentrations. The reagent preferred by Tossier ci al. (1979) consists of 0.04
mol/L NH4 OH.HCI in 25 percent (volume per volume [v/vD (CH 3C00H [pH 21). The extraction
of reducible iron and manganese oxides is said to be complete when soil is contacted with the
reagent at 96 + 3 PC for about 6-h with occasional agitation. T'hc hydroxylamine reagent is said
to be more effective than citrate-bicarbonate-dithionile (CBD reagent) for the dissolution of metal
sulfide phases (Tessier et al., 1979).

6.1. Extraction: To the residue from Fraction 2, add 20-mL of 0.04 mol/L

NH 4OH-HCI (FW = 71.5) In 25 percent (v/v) acetic acid (pH 2).

Reagent 3: For approximately 250-niL reagent: to approximately 150-mL ofdc-ionized water
add 62.5-mL (65.5-a) metals-grade CIICOOHI. aiid then 0.715-g NIls0 .1(ICI. Mix well and
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check pHl valuse; adjust to p1.1 2 (if necessary) with use ofdilute NaOQI or HC1 solution. Dilute to
final volume (250-mL) with do-ionized water.

To the residue from Fraction 2, add 20-mnL ofO.04 mol/L NH4OH-HCI (FW = 71.5) in 25 percent
(v/v) acetic acid (pH 2). Caution: for samples containing large amounts of carbonate minerals,
carbon dioxide (COn) gas evolution may be excessive, causing bubbling and possible spewing
(with loss of sample). If vigorous bubbling is observed upon initial addition ofreagent. allow
several minutes for degassing in an uncapped vessel before applying heat. The centriftge cone is
theni capped loosely and the soil is contacted with the reagent by placing the cone and contents in
a water bath (or dry heating bock) maintained at 96 + 3 TO for about 6-h, with occasional
agitation of the bottle amd contents. After equilibration, the sample is centrifuged and the
supernsate is added to the labeled volumetric flask. Sample may be washed by the addition or
another 10-mL aliquot of reagent, briefly re-suspending the solids, followed by centrifugation.
Sopcrnate is again added to the labeled volumetric flask and the contents diluted to final volume
by addition ofde-ionized water.

7. FRACTION 4: BOUNDI TO ORGANIC MATTER

Trace metals may be bound to various forms of organic matter natural organic matter (notably
humic and fulvic acids), microbes, detritus, coatings on mineral particles, etc. (Tessier el al.,
1979). Phillips and Chapple (1995) treat the residue from Fraction 3 (above) with dilute (0.02
rnol/L) nitric acid (11NO) with added hydrogen peroxide (H2O1) solution, heating the mixture to
approximately 85*t for a total of 6-h.

7.1. Extraction:

Reage Approximately 250-ntL of lixivant is prepared by die addition of 100-mL of 0.02
mol/L HNO)1 to 150-mL of 30 percent HM0•. (Add dilute acid to the peroxide until the mixture
pH value is adjusted to 2).

Renacnt 41: Acidic ammonium acetate solution is prepared as 3.2 mol/L (247 grams per liter
[tiLl) ammonium acetate (NH4C 211,O1) in 20 percent (vlv) lINOt.

The solid rsidue from Fraction 3 is extracted with 20-mL of acid peroxide solution (Reagent
4A). The solids are re-suspended in this solution, and the slurry heated to 85 t 2 TC for 2-h with
occasional shaking. Heating is continucd for a total of 5-h, with additional iucremenl of reagent
added periodically as required to maintain slurry volume. The container and contents am allowvcd
to cool to room temperature. Next, add 20-mL of acidic amnmonium acetate solution (Reagent
4B), and shake die bottle and contents continuously for 0.5-h at rorn temperature. Centrifuge
and collect the supemate into a labeled 50-mL volumetric flask. Sanmple may be washed by the
addition ofanolher 10-mL aliquot ofamzmonium acetate reagent (Reagent 4B, briefly rc-
suspending the solids, followed by centrifugation. Supernate is again added to the labeled
volumetric flask and contents diluted to final volume by addition of demineralized waler.

8. RESIDUAL FRACrION

Because the residual fraction is not considered to be available for release to the environment
except on a geological time scale, it may not be necessary to quantitate this fraction unless the
data is needed for mass balance closure. Total digestion is relatively difficult and expensive, and
seldom used in environmcnail analysis. More commonly used strong, acid-based extractions such
as U.S. Environmental Protection Agency (EPA) Method 3050B,"Acid Digestion of Sediments,
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Sludges, and Soils." and Method 305 IA, "Microwave Assisted Acid Digestion of Sediments,
Sludges% Soils, and Oils," gencrally recover most of thc available heavy metal content, but they
cannot recover metals locked within a refractory silicate matrix. The proportion of residual metal
may also be roughly estimated by mass balance, if an estimate of total constituent analysis is
available for the original material. Optionally (as a QC check), the residue from Fraction 5
(above) can be extracted by the same methodology used to estimate the (oiginal soil constituent
or contaminant inventory this would thus represent a direct estimate of the residual fraction.

8.1. Extraction (As Total Environmentally Available Constituent)

A separate aliquot sample of test material is cxtrar¢cd with use of MCLinc standard operating
procedure MCL-7746, "Acid Digestion for Metals," (based on EPA preparative Method 30501 as
defined in SW.846). This estimate for each constituent of interest will represent the total
environmentally available constituent. The results for metals analysis for each of the previous
sequential extractions may be compared to dte available inventory. computing a percentage
extracted. Mass balance closure (original inventory less constituent extracted by Fractions I
through 4) represents an indirect estimate of tile residual fraction.

9. ANALYTICAL PROCEDURES

Analysis by inductively coupled plasma spectroscopy ([CP) may require digestion to destroy
excess organic reagent (e.g., acetate (CHI3COOHJ) and/or substantial dilution of the sample prior
to analysis. Analysis will be for select dissolved metals (e.g., uranium [U] and iron [Fe]. etc.) by
ICP (with detection by optical emission spectroscopy, ICP-OES, MCL-775 1, "Inductively
Coupled Plasma-Atomic Emission Spectrometry [EPA Method 60 10B]," or mass spectroscopy.
ICP-M$, MCL-7765, "Inductively Coupled Plas.ma - Mas Spvc;rwnstrt FlcmvnVMvtnls &tmpl•
Preparation and Analysis"), with appropriate analytical quality assuiunce (e.g., MCL-775 I, based
upon National Institute for Occupational Salety and Hecalth [NIOSHI- Method 7300, "Elements by
ICP [Nitric/Perchloric Acid Ashing]," and EPA SW-846 Method 60101B). Due to the very high
salt and organic acid concentrations in many lixiviates used. sample digestion (MCL-7752, "Acid
Digesion of Aqueous Samples [EPA Method 3010A]," based on EPA SW-846 Method 3010A,
"Acid Digestion of Aqueous Samples and Extracts for Total Metals for Analysis by FLAA or ICP
Spectroscopy") and extensive dilution will be required prior to tCP analysis. This high salt
content of the digested spent lixivunt limits the sensitivity for trace elements (c.g., for U in soil,
the reporting limit by ICP-OES will be 0.4 micrograms per gram [pg/gJ for each of the extraction
steps).

10. CALCULATIONS

The total mass of selected constituent extracted by each sequential leaching procedure is
referenced to the original sample mass (Step I), and is reported in units of milligrains per
kilogram (mg/kg) or jtg/g.

Constituent (pg/g) = (concentration, pgIL)'(Volume IV) in liters ILJy(original dry sample
wveight, g)

Concentration (jmg/L) in the original extraction lixivant (corrected for any dilution factors required
for analysis) is estimated by the ICP instrumentation. By the procedure above, V = 50-mL =
0.05-L.
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