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1. INTRODUCTION

Heavy metals such as chromium and arsenic are widespread in the environment due to their usage
in many industrial processes. These metals may pose significant health risks to humans,
especially children, due to their mutagenic and carcinogenic properties. Typically, the health
risks associated with the ingestion of soil-bound metals are estimated by assuming that the metals
are completely absorbed through the human intestinal tract (100% bioavailable). This assumption
potentially overestimates the risk since soils are known to strongly sequester metals thereby
potentially lowering their bioavailability.

Beginning in 2000, researchers at Oak Ridge National Laboratory, with funding from the
Strategic Environmental Research and Development Program (SERDP), studied the effect of soil
properties on the bioaccessibility of soil-bound arsenic and chromium. Representative A and
upper-B horizons from seven major U.S. soil orders were obtained from the U.S. Department of
Agriculture’s National Resources Conservation Service and the U.S. Department of Energy’s Oak
Ridge Reservation. The soils were spiked with known concentrations of arsenic (As(IIl) and
As(V)) and chromium (Cr(IIl) and Cr(VI)), and the bioaccessibility was measured using a
physiologically based extraction test that mimics the gastric activity of children. Linear
regression models were then developed to relate the bioaccessibility measurements to the soil
properties (Yang et al. 2002; Stewart et al. 2003a). Important results from these publications and
other studies include:

e Cr(VI) and As(III) are more toxic and bioavailable than Cr(Ill) and As(V) respectively.

» Several favorable processes can occur in soils that promote the oxidation of As(IIl) to
As(V) and the reduction of Cr(VI) to Cr(Ill), thereby lowering bioaccessibility. Iron and
manganese oxides are capable of oxidizing As(IIl) to As(V), whereas organic matter and
Fe(Il)-bearing minerals are capable of reducing Cr(VI) to Cr(III).

*  The ubiquitous metal-sequestering properties of soils significantly lower the
bioaccessibility of arsenic and chromium upon ingestion relative to the currently used
100% default values.

* Key soil physical and chemical properties (particle size, pH, mineral oxide, clay, and
organic matter contents) govern the extent of toxic metal bioaccessibility thus providing
the necessary conceptual understanding for building accurate predictive models.

* The As(V) regression model was able to predict the in vivo bioavailability in ten
contaminated soils within a root mean square error of <10%.

*  Metal bioaccessibility is controlled by molecular-level speciation, where metal
sequestration and solid phase stability are enhanced by increased soil-metal contact time.

Using the results obtained from the SERDP-funded research, we have created an Excel® 2000
application called SBAT (Soil BioAccessibility Tool) to estimate the bioaccessibility of soil
bound arsenic (As(IIl) and As(V)) and chromium (Cr(IIl) and Cr(VI)) from soil properties. The
tool combines the previously developed regression models with an extensive set of summarized
historical data on soil properties. When a soil series or great group name is entered, SBAT will
retrieve the associated historical data and calculate an estimate of bioaccessibility. Alternatively,
a user can enter site-specific soils data that will be used in calculating the estimate, or a
combination of historical and site-specific data can be used. Uncertainty estimates are also
calculated to provide the user with a confidence measure.

Instructions for using the tool are provided in Chapter 2. For estimation, a user can enter either
site-specific soils data or use the extensive set of summarized historical data provided with
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SBAT. Chapter 3 provides background information on the source and methods used to summarize
the historical data. Information on sampling and analysis protocols for obtaining site-specific
measurements are given in Chapter 4. An abbreviated set of instructions for using the tool is
provided in Appendix A, and reprints of relevant publications are included in Appendices B
through E (Stewart et al. 2003a; Yang et al. 2002; Stewart et al. 2003b; Yang et al. 2003).

SBAT is designed to help managers identify sites that pose the greatest threat to human health
and are thus most deserving of remediation or additional study. Since SBAT provides estimates
of bioaccessibility, it is only intended for screening work. Site-specific measurements of
bioaccessibility should be made when accurate results are needed for risk assessment.



2. USAGE INSTRUCTIONS

SBAT is a standalone Microsoft Excel® 2000 application (SBAT.xls). Prior to use, the
application should be copied to your computer. Before opening SBAT, set the macro security
level of Excel® to medium. To accomplish this, open Excel®, click on the “Tools” pull down
menu and then on “Options”. Once the Options box appears, click on the “Security” tab, and then
click on the “Macro Security” button. Set the security level to medium and click “OK”. Next,
open SBAT.xls and click on the “Enable Macro” button when asked by Excel® to enable or
disable macros.

The SBAT interface screen is shown in Figure 1. The yellow highlighted cells are used for input.
SBAT consists of the following six worksheets:

1. Form — Application interface. This worksheet is used to input the soil series or great
group name and display the bioaccessibility estimates. The other worksheets in the
workbook are linked to this worksheet.

Taxonomy — Series names and their great group assignment.

Chem — Aggregated historical soil characterization data.

Metals — Bioaccessibility regression models.

Prediction_Intervals — Data for prediction interval calculation.

Measurement — Assists the user in inputting site-specific data on the Form worksheet.

ATl el

Each worksheet is password protected to prevent users from accidentally editing the formulas or
data. Initially, the worksheet tabs are not displayed when the workbook is opened. To display
the tabs, click on the “Tools” pull down menu and then on “Options”. Once the Options box
appears, click on the “View” tab and make sure the “Sheet Tabs” option is selected. Click on
“OK” to save.

SBAT can use two different sources of data for estimating bioaccessibility. If available, a user
can enter site-specific soil properties (Section 2.2) in the Site-Specific Parameters section of the
interface screen. If site-specific data are unavailable, the user can specify the name of a soil
series or great group. The tool will use soil properties data stored in the Chem worksheet (Section
2.1) and display the results in the Estimated Parameters portion of the interface screen. In
either case, SBAT calculates the bioaccessibility estimate and uncertainty based on the models
stored in the Metals worksheet (Section 2.3) and outputs these estimates to the Bioaccessibility
Estimates section.

2.1 USING HISTORICAL DATA

At the top of the interface screen is an area in which the user can enter the name of the soil series
or great group for which bioacccessibility estimates will be calculated. If the name of soil series
is known (e.g., Fullerton), the user should type this name into the yellow-highlighted cell adjacent
to the words Enter Series and press the Enter key. The series name may be upper or lower case,
but it must be spelled correctly. If the user is unsure of the series spelling, she or he can click on
the Taxonomy worksheet tab to view an alphabetic list of soil series in column B. If only the
great group is known, the user should type this name into the yellow-filled cell adjacent to the
words Select Great Group and press the Enter key. Clicking on the button on the right side of the
cell will enable the user to select a great group name from a scroll list. If either the soil series or
great group is unknown, leave the appropriate yellow-highlighted cell blank.
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Once a soil series name is entered, SBAT retrieves the great group name from the Taxonomy
worksheet and displays this information in cell B9. The Estimated Parameters section displays
the aggregated historical data for this great group. The cells in the Estimated Parameters
section will contain #N/A (not available) if this great group is not in the aggregated data (Chem
worksheet) or if the series entered is not found in the Taxonomy worksheet.

A B & D E B G H
1 |SBAT: Soil BioAccessibility Tool
2 | Mate: lnput fields are yellow
3
4
5 |Forthe soll of interest, if the soil's Great Group s known, selact it from iist tn cell BF or if the
B | soil's Senes s known enter its name in cell ET; If either is unknown leave the coresponding cell(s] blank

Select Great DvEre L ot Enter 3
% Group: ¥ P Series:
g
9 | Great Group: Dystrudepts
10
11 |Estimated Parameters
12
13 Horizon: A B
14 Value Coverage Value Coverage
15 |Organic carbon (TOC), wth 3.38 E4.8 0.71 BE.4
16 |Carhonate content (TIC), wt' 0.572 2.0 0.986 23
17 |Clay content, wit% 15.0 645 156 661
18 |Iron content, wit 1.751 54.3 1.847 54.0
19 |Soil pH 3 5.0 B4.8 a0 BE.6
20
21
22 | Enter soil properties if site data are available. note: bignk fiekds will be estimated from the great growe properties above
23 |Site-Specific Parameters | Help with this Section
24
25 Horizon: A B
2B Mean StDev Mean StDev
27 |Organic carhon (TOC), wth
28 |Carbonate content (TIC), wit%
29 |Clay content, wt
30 |Iron content, wi
31 |Soil pH &
A
a4
34 | note: binaccessibility valnes calcuigted from parameters beyond the range of the made! fexirapoiated values) are highlighted in pink
35 |Bioaccessihility Estimates | P value: 0.05
36
37 Bioaccessibility (%) for Horizon
sl A B
Lower Pred. Mean Upper Pred.| Lower Pred. Mean Upper Pred. | Parameters

39 Metal Limit Limit Limit Limit Used
A0 | Cr () model 1 0.0 8.9 20.3 g.1 18.2 30.3 TOC Clay
A1 | Cr () model 2 6.5 17.0 271 30 13.2 23.58 TIC Clay
42 Cr (V1) 0.0 146 39.8 53 30.0 247 TOC pH
43 As (W) 0o 14.4 452 0.0 13.5 44 3 Iron pH
44 As (N 0.0 15.0 437 0.0 142 43.0 Iran pH
45
45
47
48 4772004
49

Fig. 1. SBAT interface.



When the great group name is retrieved, the average measurements for organic carbon, carbonate
carbon, clay content, iron, and pH are displayed under the Value columns and the coverage of
each of these soil properties is displayed under the Coverage columns. See Section 3 for a
definition of coverage and how it was calculated.

If a measurement for a soil property is unavailable due to lack of appropriate data, the word
missing is displayed. There are two ways in which this can result. First, there may not be any
measurements for the great group and soil property in the historical data set. Possible reasons for
missing measurements include: (i) the soil property was not measured in the laboratory, (ii) the
horizon thickness or bulk density was missing, or (iii) quality control resulted in deletion of
measurements. A second cause of missing data is that the area(s) of the aggregated series in a
great group are missing from the geographic database used to identify soil series in the U.S.

2.2 USING SITE-SPECIFIC DATA (OPTIONAL)

If site-specific soils data are available, they may be entered in the Site-Specific Parameters
section. Enter the site-specific measurements for the soil of interest in the appropriate yellow-
highlighted cells. If a measurement is unavailable, leave the corresponding cell(s) blank. Soil pH
should be the measured in distilled water at a 1:1 soil to solution ratio. Iron content should be
measured with a dithionite citrate extraction procedure. Total organic carbon (TOC) and
carbonate carbon (TIC) should be measured by combustion on a total carbon analyzer. Section 4
gives additional information about the proper analytical protocols for generating the site-specific
data.

If multiple measurements are available, the user should enter the average of the measurements.
For help in calculating the average, click Help with this section. Clicking this link will take the
user to the Measurement worksheet. Multiple measurements for soil properties can be entered
here, and the average and standard deviation of these measurements will be calculated and
displayed in the Results section. To copy these results to the Form worksheet press Ctrl and the
“s” key simultaneously.

A combination of site-specific and aggregated data can be used to calculate bioaccessibility. If
site-specific soils data are available but measurements are missing for some soil properties, then
the aggregated data measurement will automatically be substituted for these soil properties in the
bioaccessibility calculation.

2.3 REVIEWING THE BIOACCESSIBILITY ESTIMATES

Multiple regression equations were developed from data collected in previous studies (Yang et al.
2002; Stewart et al. 2003a). Reprints of these publications are provided in Appendices B and C.
These equations, which form the basis of the estimates generated by SBAT, are displayed in
Table 1.



Table 1. Regression models for estimating arsenic and chromium bioaccessibility (BA) in

soils.
Metal Model R’ P
As(V) BA =-22.37-36.22log Fe + 9.11 pH | 0.720 | <0.001
As(I1I) BA =-1.41-30.64 logFe +4.76 pH | 0.574 | <0.001

Cr(I1I) model 1 BA =15.53 - 3.78 TOC + 0.408 Clay 0.674 | <0.001

Cr(III) model 2 BA =16.02 - 9.56 TIC + 0.426 Clay 0.722 | <0.001

Cr(VD BA =57.34-22.551og TOC-6.15pH | 0.601 | <0.001
"Units: BA (%), Fe (wt %), pH (standard units), Clay (wt %), TOC (wt %), TIC (wt %).

There are two models for Cr(Ill) for reasons described in Stewart et al. (2003a). Briefly, clay,
organic carbon (TOC) and carbonate carbon (TIC) are thought to be important predictions of
Cr(IIT) bioaccessibility. However, when clay, TIC, and TOC were used in the same model, the
contribution of TOC was not significant at the 90% confidence level. This may be an artifact of
the limited data from which the models were derived. A more extensive data set is necessary to
test this hypothesis (Stewart et al. 2003a). For completeness, SBAT includes models with TOC
and TIC.

The Bioaccessibility Estimates section displays the estimates and upper and lower prediction
limits of Cr(III), Cr(VI), As(V), and As(III) bioaccessibility for the A and B horizons of the soil
of interest. This section also displays the soil properties used to estimate bioaccessibility for the
metal of interest under Parameters Used. Bioaccessibility values displayed in this section have
been restricted between 0 and 100 (their physical limits). #VALUE! and #N/A are errors that
may occasionally be displayed in this section. If #VALUE! is displayed, data were missing for an
aggregated soil property necessary for modeling. Look in the Estimated Parameters section to
see where the word missing is displayed. #N/A is displayed if aggregated data are not available
and site-specific data for the soil properties necessary for modeling are not available.

The user may enter a probability value for the prediction interval in the upper right corner of this
section adjacent to the word P value. For example, if a p value of 0.10 is entered, the 90%
prediction interval is displayed, and the user can say that she or he is 90% confident that the
bioaccessibility for the particular soil of interest lies between the upper and lower prediction
limits. It is important to note that prediction intervals are displayed, not confidence intervals.
Both types of intervals reflect the uncertainty of a bioaccessibility estimate. Confidence intervals
quantify the uncertainty in estimating the mean bioaccessibility of all soils whose physical and
chemical properties are equal to numeric values of interest. Prediction intervals are wider than
confidence intervals because prediction intervals include the additional uncertainty associated
with estimating the bioaccessibility of a particular soil.

Bioaccessibility estimates are highlighted in pink if they are calculated from soil measurements
that are outside the range of data used to build the original bioaccessibility regression models.
These estimates should be used with caution because they are extrapolations of the model. In this
case, the regression model may not properly describe the relationship between bioaccessibility
and soil properties.

There are several factors to consider in interpreting the output of SBAT. Foremost, the user
should evaluate the data used for predicting bioaccessibility. The parameters (soil properties)
necessary for modeling the bioaccessibility are listed under Parameters Used in the
Bioaccessibility Estimates section. If site-specific data were not entered for these soil
properties, then the corresponding aggregated soil property data in the Estimated Parameters
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section were automatically used to predict bioaccessibility. Site specific measurements for the
soil of interest are obviously better than using aggregated historical data to estimate
bioaccessibility. However, if data from the Estimated Parameters section were used, the user
should evaluate the Coverage values of the parameters used for modeling. If the coverage for a
parameter is low, then the aggregated value is based on only a few soil series and should not be
trusted to accurately predict bioaccessibility for the great group of interest. If no data were
available for the aggregated soil property, then the word missing is displayed and the coverage
value is zero.

2.4 TEST RESULTS

To test the accuracy of using aggregated soil properties, bioaccessibility estimates for nineteen
soil series were calculated using SBAT. These bioaccessibility estimates were compared to
laboratory measurements made on the same samples. Table 2 shows the proportion of the
variance in bioaccessibility explained (R?) by the regression equations using aggregated and
measured soil properties.

Table 2. Bioaccessibility predictions using aggregated and measured soil data.

Metal Variance Explained (RY
Aggregated Soil Data Measured Soil Data
As(1I) 0.55 0.57
As(V) 0.77 0.72
Cr(1II) model 1 0.57 0.67
Cr(II1) model 2 0.05 0.72
Cr(VD) 0.65 0.60

These results indicate that, with the exception of the Cr (III) model 2, soil data aggregated to the
great group level provides almost as good a bioaccessibility estimate as is obtained from
measured soil data. Bioaccessibility estimates used in this comparison were not restricted by
coverage values. In other words, estimates based on soil properties with low coverage (<30%)
were not deleted. Coverage values indicate how well the historical data represents a given great
group (See Section 3). Many of the aggregated TIC values used in the Cr (III) model 2 were
based on low coverage. This is a possible explanation for the low R* of this model. Another
explanation is that there could be a large variance in TIC within great groups.



3. PREPARATION OF THE AGGREGATED HISTORICAL DATA

The aggregated historical data included with the bioaccessibility tool is derived from the Soil
Survey Laboratory Soil Characterization database compiled by the U.S. Department of
Agriculture’s Natural Resources Conservation Service (NRCS). This database contains physical,
chemical, engineering, mineralogical, and descriptive data for more than 21,000 pedons collected
from all fifty states (Soil Survey Staff 1997). Analytical procedures used to measure the soil
physical and chemical properties are described in the Soil Survey Laboratory Investigations
Report No. 42 (Soil Survey Staff 1996).

The NRCS data were reviewed and suspicious values were removed. In order to provide more
extensive spatial coverage, the NRCS data were aggregated to the great group taxonomic level.
The aggregation process consists of several steps which are summarized in Figure 2. First,
measurements for multiple subhorizons within a pedon were averaged to the master horizons for
the pedon. The sample measurements were weighted by the subhorizon mass which was
calculated by multiplying the subhorizon’s thickness by its bulk density. The measurements were
restricted to the top meter of soil since this represents the maximum volume of soil likely to be
ingested. Next, all of the pedons belonging to a series were averaged resulting in aggregated
measurements for the series. Finally, this series data was averaged to great group. This last step
was weighted by series area. Series areas were obtained from the State Soil Geographic
(STATSGO) Database (U.S. Department of Agriculture 1991).

Pedon with multiple
subhorizon
Series B, Great group A

Pedon 1 with multiple
subhorizon
Series A, Great group A

Pedon 2 with multiple
subhorizon
Series A, Great group A

Mass Weighted
Average

Mass Weighted
Average

\ 4 \ 4 \ 4
Pedon with single master
horizon
Series B, Great group A

Pedon 1 with single master
horizon
Series A, Great group A

Pedon 2 with single master
horizon
Series A, Great group A

Unweighted
Average

Series A with single
master horizon
Great group A

Area Weighted
Average

Great Group A with single
master horizon

Fig. 2. Data aggregation process.



The great group level aggregated data were incorporated into SBAT. However, before
aggregating to great group level, the series level aggregated data were evaluated. The series
aggregated data were unsuitable due to lack of sufficient data. Approximately 55% of aggregated
measurements for carbonate are missing and 45% of the aggregated data are missing iron
measurements. Approximately 51% of series level aggregated measurements for clay, pH, and
organic carbon content were based on only one pedon.

Since approximately 60% of the NRCS database is missing bulk density measurements, only 40%
of the database would be available for data aggregation. To remedy this problem, multiple
regression equations were developed to estimate bulk density from common soil properties
present in the database. Using these models to add predicted bulk density values to the database,
only 17% of the database was missing bulk density measurements (Heuscher et al. 2004).

Since both the NRCS and STASGO databases are consistently being updated and revised, the
aggregated data is essentially a snapshot in time. In other words, every existing soil series is not
mapped and analytical data have not been recorded for every sample. To indicate how well the
aggregated soil properties represent a given great group, percent aerial coverage was calculated as
follows for each type of measurement or soil property:

Coverage (%) =100 x total area of aggregated series in the great group

total area of all series in the great group

If the coverage value for a soil property is low, then the aggregated value is based on only a few
soil series in that great group. Thus, it is probable that the aggregated soil property is not
representative of the given great group.



4. ANALYSIS PROTOCOLS

Bioaccessibility is a measure of the mobilization of contaminants from soil during digestion. The
bioavailability of ingested contaminated soils is defined as the contaminant fraction that reaches
systemic circulation (Oomen et al. 2002). Thus, bioaccessibility is a precursor measurement to
bioavailability since bioaccessibility is measured in vitro and bioavailability is measured in vivo
with test animals. Bioavailability protocols are often not feasible for site-specific risk assessment
studies due to this fact.

Several in vitro digestion models based on human physiology have been developed as cheap and
reproducible tools to investigate bioaccessibility of soil contaminants (Oomen et al. 2002). A
modified version of a physiologically based extraction test (PBET) developed by Ruby et al.
(1996) was used to generate the data used for SBAT since it has been cross-correlated with in
vivo bioavailability studies involving arsenic, lead, and cadmium (Ruby et al. 1996; Rodriguez et
al. 1999; Schroder et al. 2003). Using this method, the reported bioaccessibility is a measure of
the amount of ingested contaminant that is soluble due to simulated human gastric functions and
has the potential to cross the intestinal wall. Protocols for obtaining bioaccessibility
measurements using the modified PBET method are described in the attached publications
(Appendices B and C) but are repeated here for convenience.

4.1 SOIL CHARACTERIZATION

Soil pH was determined using double deionized (DDI) water and SmM CaCl, in a 2:1 solution to
solid ratio. The pH of the clear supernatant was measured with a microprocessor ionalyzer/901
(Orion Research, Beverly, MA) using a combination glass and Calomel electrode (Beckman,
Fullerton, CA). Extractable iron and manganese oxides were determined with dithionite-citrate-
bicarbonate (DCB) using the methods of Mehra and Jackson (1960). Total organic carbon (TOC)
and total inorganic carbon (TIC) were measured by combustion on a Perkin-Elmer 2400 Series I
CHNS/O analyzer. Soil TOC was determined on pretreated samples to remove TIC which
involved a near-boiling, 3 M HCI extraction method on agitated samples. Soil TIC was computed
from the difference between total soil carbon (no pretreatment) and TOC.

4.2 SAMPLE PREPARATION

Soils were disaggregated with gentle grinding using a mortar and pestle and sieved to provide a
soil fraction <250 um. It is this smaller size material that is more commonly ingested by children
since it adheres more readily to the hand (Sheppard et al. 1995; Rodriguez et al. 1999). Soils
were spiked with various mass-loadings of Cr(Ill), Cr(VI), As(Ill), or As(V) as described in
Stewart et al. (2003a) and Yang et al. (2002).

4.3 DETERMINATION OF TOTAL CHROMIUM AND ARSENIC ON SOIL

Total chromium and arsenic on the soil was determined using a modification of EPA method
3052 (http://www.epa.gov/SW-846/pdfs/3052.pdf). The soil was digested in a CEM microwave,
model MDS-81D, with hydrofluoric and nitric acid. Boric acid was added before sample analysis
in order to facilitate the removal of hydrofluoric acid from solution through the formation of
fluoroboric acid. Samples were stored and analyzed for total chromium and arsenic using
Inductively Coupled Plasma. Soils from the National Institute of Standards, with known
concentrations of solid phase chromium or arsenic, were also analyzed with each block of
analysis.
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4.4 IN VITRO BIOACCESSIBILITY

Triplicate 0.39 g moist samples (0.3 g dry weight) were placed in 50 ml polyethylene tubes to
which 30 ml of PBET solution was added. The PBET solution is 0.4 M glycine at pH 1.5 and
37°C. It is important to note that the quantity of soil can vary as long as the soil dry weight to
PBET solution ratio of 1 to 100 is maintained. The slurries were then quickly placed in a rotating
water bath of 37°C and agitated at 302 rpm for 1 hour. Supernatant was separated from the
solid via centrifugation. The pH of the supernatant was measured to ensure that the final pH was
within £0.5 pH units of the initial pH. This scenario held for all cases. The PBET pH of 1.5
simulates the most aggressive stomach digestive scenario which is a condition indicative of
human fasting.

For arsenic, the supernatant was analyzed using graphite furnace atomic adsorption spectrometry.
For chromium, the supernatant was first analyzed for Cr(VI) using a modified s-diphenyl-
carbohydride colormetric method (Bartlett and James 1979) with a Hewlett-Packard model 8453
UV-VIS spectrophotometer at wavelength 540 um (Palo Alto, CA). Analysis of Cr(VI) was
performed immediately on rapidly cooled PBET supernatant solutions to avoid possible reduction
of Cr(VI) to Cr(Ill) by glycine (Jardine et al. 1999). Total Cr (Crr) in the supernatant was
measured on a Perkin Elmer AAnalyst 800 atomic absorption spectrometer (Wellseley, PA).
Chromium (IIT) was calculated as the difference between Crr and Cr(VI). Bioaccessibility was
then calculated as:

% Bioaccessibility = [Cr or As in PBET supernatant (zg/mL) x 30.0 mL (vol. of PBET solution) J <100

Cr or As on soil surface (ug/g) x 0.3 g (dry soil weight)
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SBAT QUICK GUIDE

Prior to opening SBAT, set the macro security level on Excel® to medium. To accomplish
this, open Excel®, click on the “Tools” pull down menu and then on “Options”. Once the
Options box appears, click on the “Security” tab, and then click on the “Macro Security”
button. Set the security level to medium and click “OK”. Open the Excel® file SBAT.xls,
and, when prompted, click the “Enable Macros” button. The worksheet tabs are not
displayed when the workbook is initially opened. If the user would like to display the tabs,
click Tools — Options, click the “View” tab, click the box adjacent to the words “Sheet
tabs”, and click OK. Each worksheet is password protected to prevent users from
accidentally editing formulas or reference data.

The interface worksheet (Form) will appear when the application is initially opened. This
worksheet contains three boxed sections (top to bottom): Estimated Parameters, Site-
Specific Parameters, and Bioaccessibility Estimates. The yellow cells are available for
user input.

Immediately above the Estimated Parameters section, the user can enter the soil series or
great group of interest in either of the two yellow cells. If the great group or series is not
known, ignore this section and proceed to step (4). If the soil’s great group is known, click
on the yellow colored cell adjacent to the words Select Great Group. Either type in the great
group name or click on the button that appears on the right side of the cell and use the scroll
bar to select the great group name from the list. If the soil great group is not known, but the
soil series is known, enter the series name by clicking on the yellow colored cell adjacent to
the words Enter Series, typing the soil series name and pressing enter. The Estimated
Parameters section displays the great group aggregated data. Upon entering a soil series
name or picking a great group from the list, the great group name is retrieved and the great
group’s averages for organic carbon, inorganic carbon, clay content, iron content, and pH are
displayed under the Value columns. If a measurement for one of these soil properties is
unavailable due to lack of appropriate data, the word missing is displayed. If the great group
of interest is not in the aggregated data or if the series entered is not listed in the most current
taxonomy, then the cells in the Estimated Parameters section will fill with #N/A.

If site-specific soils data are available, they may be entered in the Site-Specific Parameters
section. In the yellow colored cells, enter site specific measurements for the soil of interest.
If a measurement is unavailable, leave the corresponding cell(s) blank.

If the site has multiple measurements for soil properties, then enter the average of the
measurements. For help in calculating this average click Help with this section. Clicking this
link will take you to the Measurement worksheet. Multiple measurements for soil properties
can be entered here, and the average and standard deviation of these measurements are
calculated and displayed in the Results section. To copy these results to the interface
worksheet press Ctrl and the “s” key simultaneously.

In the Bioaccessibility Estimates section, look under Bioaccessibility (%) for Horizon to see
an estimate of As(V), As(Ill), Cr(Ill), and Cr(VI) bioaccessibility as well as the upper and
lower prediction limits for the A and B horizons of the soil of interest. #VALUE! and #N/A
are errors that may be displayed under Bioaccessibility (%) for Horizon in Bioaccessibility
Estimates section. If #VALUE! is displayed, data were missing for an aggregated soil
property necessary for modeling; look in the Estimated Parameters section to see where the
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word missing is displayed. #N/A is displayed if aggregated data are not available and site-
specific data for the soil properties necessary for modeling are not available.

Enter the p value of interest for the prediction interval in the upper right corner of this section
adjacent to the word P value. For example, if a p value of 0.10 is entered, the 90% prediction
interval is displayed under Bioaccessibility (%) for Horizon. Bioaccessibility estimates are
highlighted in pink if they are calculated from soil properties that are outside the range of
data used to build the bioaccessibility models. These estimates should not be trusted because
they are extrapolating the model outside the range of data. Therefore, the model may not
properly describe the relationship between bioaccessibility and soil properties. The
Bioaccessibility Estimates section also displays the soil properties used to estimate
bioaccessibility under Parameters Used.

If site specific data were not entered for soil properties listed under Parameters Used, then
the corresponding aggregated soil property data in the Estimated Parameters section were
automatically used to predict bioaccessibility. If data from the Estimated Parameters
section were used, evaluate the coverage column(s) of the parameters used for modeling. If
the coverage for a parameter is low, then the aggregated value is based on only a few soil
series and should not be trusted to accurately predict bioaccessibility for the great group of
interest.
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Influence of Soil Geochemical and Physical Properties on the Sorption
and Bioaccessibility of Chromium(III)

M. A. Stewart, P. M. Jardine,* M. O. Barnett, T. L. Mehlhorn, L. K. Hyder, and L. D. McKay

ABSTRACT

There are numerous Cr(III)-contaminated sites on Department of
Defense (DoD) and Department of Energy (DOE) lands that are
awaiting possible clean up and closure. Ingestion of contaminated soil
by children is the risk driver that generally motivates the likelihood
of site remediation. The purpose of this study was to develop a simple
statistical model based on common soil properties to estimate the
bioaccessibility of Cr(III)-contaminated soil upon ingestion. Thirty-
five uncontaminated soils from seven major soil orders, whose proper-
ties were similar to numerous U.S. DoD contaminated sites, were
treated with Cr(III) and aged. Statistical analysis revealed that Cr(III)
sorption (e.g., adsorption and surface precipitation) by the soils was
strongly correlated with the clay content, total inorganic C, pH, and
the cation exchange capacity of the soils. Soils with higher quantities
of clay, inorganic C (i.e., carbonates), higher pH, and higher cation
exchange capacity generally sequestered more Cr(III). The amount
of Cr(III) bioaccessible from the treated soils was determined with
a physiologically based extraction test (PBET) that was designed to
simulate the digestive process of the stomach. The bioaccessibility of
Cr(III) varied widely as a function of soil type with most soils limiting
bioaccessibility to <45 and <30% after 1 and 100 d soil-Cr aging,
respectively. Statistical analysis showed the bioaccessibility of Cr(III)
on soil was again related to the clay and total inorganic carbon (TIC)
content of the soil. Bioaccessibility decreased as the soil TIC content
increased and as the clay content decreased. The model yielded an
equation based on common soil properties that could be used to
predict the Cr(III) bioaccessibility in soils with a reasonable level
of confidence.

T HE PRESENCE of chromium (Cr) in the environment
is widespread due to its usage in many industrial
processes. The metallurgic, tanning, and plating indus-
tries are just a few examples of very common applica-
tions, large and small, which use Cr on a daily basis
(Nriagu and Nieboer, 1988). Chromium itself is thermo-
dynamically stable in two oxidative states: cationic Cr
with a valence of three, Cr(III), and anionic Cr with a
valence of six, Cr(VI). Chromium(VI) is often consid-
ered to be mobile in the environment while the more
environmentally stable Cr(III) is considered less mobile
(Chung et al., 1994; Patterson et al., 1997). There are
several factors that contribute to the decreased mobility
of Cr(III) in soil: (i) strong adsorption onto the nega-
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tively charged soil surfaces, (ii) the ability to form com-
plex molecules with organics found in the soil, and (iii)
the formation of oxides and hydroxides and other insol-
uble minerals in soil (Fendorf and Zasoski, 1992; Losi
et al., 1994; Dragun, 1998).

When assessing the risks posed by Cr(VI) and Cr(III),
the exposure pathway of most concern is ingestion by
children (Paustenbach, 1989; Davis et al., 1990; Sheehan
et al., 1991; Skowronski et al., 2001). Chromium(VI) is
considered the most harmful of the oxidative states since
it is both a mutagen and a carcinogen at low sub-ppm
levels (Levis and Bianchi, 1982). Although Cr(III) is
generally considered less harmful to human health than
its oxidized counterpart, it may be of concern due to its
potential to oxidize to Cr(VI) and its ability to accumu-
late to very high solid phase concentrations in some soils
(Fendorf et al., 1992). The bioaccessibility of organic
contaminants in soils has been relatively well studied
(Linz and Nakles, 1997); however, the bioaccessibility of
soil-bound metals such as Cr has received less attention
(Ruby et al., 1996; Rodriguez et al., 1999; Skowronski
etal.,2001; Stewart et al., 2003), where the bioaccessibil-
ity is defined as that amount of contaminant that is
soluble due to simulated in vitro gastric functions and
has the potential to cross the intestinal wall (Hamel et
al., 1998). Typically, calculated health risks are inappro-
priately based on a reference dose derived from studies
that use soluble aqueous metal species. The ubiquitous
metal-sequestering properties of soil may significantly
lower the bioaccessibility of Cr upon digestion, which,
in turn may influence the decision for remediation at
contaminated sites. Thus, action levels set by state regu-
lators concerning the bioaccessibility of Cr in soil may
need to consider specific soil properties instead of using
generic guidelines (Proctor et al., 1997).

The intent of this paper is to show that Cr(III) can
be strongly sequestered by soil, which in turn influences
its bioaccessibility. We developed a simple statistical
model based on measured soil properties to estimate
the bioaccessibility of Cr(III)-contaminated soils upon
ingestion. We show that common soil properties, which
are easily obtainable from the National Resource Con-
servation Service (NRCS) database, can be used to as-
sess Cr(IIT) bioaccessibility at contaminated sites.

Abbreviations: DoD, Department of Defense; DOE, Department of
Energy; PBET, physiologically based extraction test; NRCS, National
Resource Conservation Service; CEC, cation exchange capacity; DDI,
double deionized; TOC, total organic carbon; TIC, total inorganic
carbon; VIF, Variance Inflation Factor; XAS, x-ray adsorption spec-
troscopy.
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METHODS
Soil Type and Characterization

A database of metal-contaminated Department of Defense
(DoD) sites was obtained from the U.S. Army Environmental
Center, Aberdeen Proving Ground, Maryland. Twenty (20)
DoD Army facilities throughout the USA were chosen for
consideration based on the high concentration of Cr in their
soils and the possible need for remediation (Table 1). Because
of the difficulty in obtaining actual contaminated soils from
these sites, uncontaminated soils whose properties were simi-
lar to the contaminated soils were acquired and treated with
Cr(IIT). The soil series present at the DoD sites of interest
were identified using Soil Conservation Survey documents.
The USDA-NRCS database was then utilized to locate pedon
numbers associated with each soil series. The NRCS was con-
tacted and in most cases 200 g of the A-horizon and the upper
B-horizon soil were obtained for each soil series (Table 1).
Two additional soils were obtained from the Oak Ridge Reser-
vation in eastern Tennessee, which also had properties similar
to DoD sites in the southeast USA. Thirty-five soils were
acquired and these encompassed seven major soil orders
(Table 1).

Soils were disaggregated with gentle grinding using a mortar
and pestle and sieved to provide a soil fraction <250 pm. It
is this smaller size material that is more commonly ingested by
children since it adheres more readily to the hand (Sheppard et
al., 1995; Rodriguez et al., 1999). Soil properties were obtained
from (i) the NRCS database and (ii) repeated or additional
measurements in our laboratory. Soil properties included pH,
cation exchange capacity (CEC), Fe- and Mn-oxide content,
particle size distribution, and total organic and inorganic C
(Table 2). Repetitive or additional measurements of soil pH,
Fe- and Mn-oxide content, and total organic and inorganic C
on all soils were performed to verify the quality of, and provide

Table 1. U.S. Department of Defense Army bases with their asso-
ciated soil series designations.

Facility location

Army bases by soil order by state Soil series
Ultisol

Holston AAP Tennessee Allen

Fort Gillem Georgia Cecil

ORNLT Tennessee Minvale
Alfisol

Seneca AD New York Angola

Indiana AAP Indiana Crider

Bluegrass Facility Kentucky Lawrence

Ft. Knox Kentucky Lenberg

Lexington Facility—LBAD Kentucky Lenberg
Inceptisol

Letterkenny AD Pennsylvania Berks

ARDEC (Picatinny Arsenal) New Jersey Rockaway

Letterkenny Pennsylvania Weikert

ORNL7Y Tennessee Montevello
Spodosol

Stratford Army Engine Plant Connecticut Charlton
Mollisol

Kansas AAP Kansas Dennis

Lake City AAP Missouri Sibley
Aridisol

Ft. Wingate New Mexico Doakum

Tolle Army Depot Utah Kzin

Desert Chem. Depot Utah Kzin

Dugway Utah Kzin

Hawthorne Nevada Oricto

Pueblo Chem. Depot Colorado Stoneham
Entisol

Savanna Depot Activity Tllinois Wakeland

T Department of Energy sites at the Oak Ridge National Laboratory.

missing information to the NRCS database. In general, data
generated in our laboratory was in excellent agreement with
the NRCS database. Soil pH was determined using double
deionized (DDI) water and 5 mM CaCl, in a 2:1 solution/solid
ratio. The pH of the clear supernatant was measured with a
microprocessor ionalyzer/901 (Orion Research, Beverly, MA)
using a combination glass and Calomel electrode (Beckman,
Fullerton, CA). Extractable iron and manganese oxides were
determined with dithionite—citrate-bicarbonate (DCB) using
the methods of Mehra and Jackson (1960). Total organic car-
bon (TOC) and total inorganic carbon (TIC) were measured
by combustion on a Perkin-Elmer 2400 Series I CHNS/O
analyzer. Soil TOC was determined on pretreated samples to
remove TIC, which involved a near-boiling, 3 M HCI extrac-
tion method on agitated samples. Soil TIC was computed
from the difference between total soil C (no pretreatment)
and TOC.

Contaminant Addition to Soil

Ten grams of soil was placed in a 200-mL glass centrifuge
vessel along with 100 mL of 500 ppm Cr(IIT) as CrCl;, pH
4.0. The slurry was agitated on a reciprocal shaker for 2 d,
centrifuged, and the supernatant decanted for analysis. This
was repeated three more times. After the forth addition of
Cr, the soils were washed three times with DDI water and
allowed to air dry. Once the soils were dry, they were gently
crushed, homogenized, and then wetted with DDI water to
achieve a 30% moisture content. The soils were kept in a
container out of direct light and maintained at 30% water
content in a moisture saturated environment. Soils were incu-
bated in this manner for the duration of the study (i.e., at
least 100 d).

Determination of Chromium on Soil

Total Cr on the soil was determined using a modification of
EPA method 3052. The soil was digested in a CEM microwave,
model MDS-81D, with hydrofluoric and nitric acid. Boric acid
was added before sample analysis to facilitate the removal
of hydrofluoric acid from solution through the formation of
fluoroboric acid. Soils from the National Institute of Stan-
dards, with known concentrations of solid phase Cr, were also
analyzed with each block of analysis. Samples were stored
and analyzed for total Cr using inductively coupled plasma.

In Vitro Bioaccessibility

A physiologically based extraction test (PBET) was adapted
from Ruby et al. (1996, 1999; Ruby, personal communication,
2000) to assess the in vitro bioaccessibility of Cr(III) from
contaminated soils in humans. The method is designed to
simulate the stomach digestive system in humans. The PBET
method has been shown to agree with in vivo studies involving
Pb-contaminated soils (Ruby et al., 1996) as well as As-con-
taminated soils (Rodriguez et al., 1999); however, limited data
is currently available in the literature that evaluates Cr bio-
availability in contaminated soils using in vivo methods
(Witmer et al., 1989, 1991; Gargas et al., 1994), and this data
does not appear useful for cross-correlating with the results
of the current study. Nevertheless, the PBET method can
serve as a useful approximation of Cr bioavailability until in
vivo studies become available to validate the methods credibil-
ity with regard to Cr.

In the current study, triplicate 0.39 g moist samples (0.3 g
dry wt) were placed in 50 mL polyethylene tubes to which
30 mL 0.4 M glycine at pH 1.5 and 37°C was added. The
slurries were quickly placed in a rotating water bath of 37°C
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Table 2. Select soil chemical and physical properties.

TOC TIC Clay Silt Fe Mn CEC pH pH
% glkg cmol/kg 5 mM CaCl, DDI
Ultisol
Allen A 1.55 0.56 8.7 29.5 6.95 0.31 7.7 4.59 5.05
Allen Ba 0.19 0.09 14.9 28.4 18.96 0.10 13 4.30 4.74
Cecil Ap 1.64 0.39 10.2 23.0 6.01 0.06 5.8 4.04 447
Cecil Btl 0.29 0.21 44.8 15.5 32.56 0.11 1.6 4.44 4.48
Minvale Ap 1.89 0.99 6.1 59.0 7.71 1.51 6.0 6.01 6.61
Minvale Btl 0.10 0.07 23.6 44.2 19.55 0.16 4.0 4.30 517
Alfisol
Lawrence Apl 0.91 0.59 19.5 48.5 11.17 1.35 5.8 4.97 5.27
Lawrence Btl 0.11 0.10 25.8 38.3 17.53 0.29 3.7 4.28 491
Angola Ap 3.72 0.96 321 56.1 23.28 1.23 6.7 5.29 5.48
Crider Ap 0.55 0.39 22.5 75.8 13.34 0.72 5.6 6.57 6.84
Crider B2It 0.21 0.13 30.9 67.2 13.38 0.30 54 5.27 5.63
Lenberg A 341 1.01 49.1 44.5 12.94 1.37 7.9 5.92 6.06
Lenberg Btl 0.36 0.25 64.7 29.5 15.69 0.12 5.5 4.35 4.77
Inceptisol
Berks A 2.72 1.01 15.7 46.6 13.18 0.15 9.1 3.65 3.91
Rockaway Al 3.54 1.49 124 34.8 14.03 0.52 10.6 3.86 3.98
Rockaway B2t 0.21 0.18 12.6 32.1 17.34 0.16 3.7 4.10 441
Weikert Ap 3.97 2.37 244 56.2 21.41 6.47 13.3 4.44 4.70
Weikert Be 2.01 115 23.9 54.3 28.98 5.42 8.0 4.28 4.65
Montevello A 3.55 0.62 6.0 69.0 10.68 1.42 8.0 6.91 7.18
Montevello B 0.42 0.26 19.0 42.2 22.07 0.17 14.0 4.23 4.87
Spodosol
Charlton A2 2.30 0.40 2.9 28.7 1.33 0.00 11.7 3.15 3.57
Mollisol
Dennis Ap 1.32 0.89 15.9 66.1 15.11 0.60 8.7 5.82 6.08
Dennis Ba 0.38 0.41 29.7 57.5 24.29 0.59 44 4.77 5.28
Sibley A 1.06 0.49 23.5 69.7 8.23 0.67 7.1 6.36 6.66
Sibley B1 0.72 0.52 26.9 68.0 9.11 0.59 6.8 6.36 6.76
Aridisol
Doakum Ab 0.28 0.08 10.8 24.8 4.74 0.19 6.9 6.94 7.42
Doakum Bt 0.39 0.18 29.3 15.0 6.86 0.16 7.0 6.87 7.39
Kzin A2 3.27 1.35 222 44.2 4.07 0.29 13.3 7.74 7.87
Kzin Bk 3.40 1.88 27.0 38.5 3.26 0.18 10.0 7.80 7.88
Oricto A2 0.09 0.94 10.2 34.7 2.92 0.34 13.7 8.72 9.60
Oricto Bt 0.16 1.10 23.2 27.5 3.16 0.29 8.6 9.01 9.60
Stoneham A 1.45 0.71 16.2 414 3.40 0.26 10.1 6.43 6.83
Stoneham Bt1 0.66 0.32 214 23.2 2.20 0.20 7.8 6.80 715
Entisol
Wakeland Ap 0.92 0.00 23.8 64.7 8.82 0.71 6.1 5.86 6.09
Wakeland Cgl 0.56 0.25 21.1 66.4 9.18 0.80 5.7 5.77 6.07

T TOC, total organic carbon; TIC, total inorganic carbon; CEC, cation exchange capacity; DDI, double deionized.

and agitated at 30 = 2 rpm for 1 h. Supernatant was separated
from the solid via centrifugation. The pH of the supernatant
was measured to ensure that the final pH was within =0.5 pH
units of the initial pH. This scenario held for all cases. Thus,
bioaccessibility was calculated as:

% Bioaccessibility =
Cr in PBET supernatant (pg/mL) X
30.0 mL + 0.3 g dry soil

- X 100
Cr on soil surface (mg/kg)

The PBET pH of 1.5 simulates the most aggressive stomach
digestive scenario, which is a condition indicative of human
fasting. Conditions of higher pH, as a result of food intake,
would most likely decrease Cr bioaccessability even more
profoundly than the results presented in the current study,
thus offering a potential avenue for future research. Both
Ruby et al. (1996) and Yang et al. (2002) found that soil Pb
bioaccessibility was strongly pH dependent with soluble Pb
decreasing profoundly over a pH range of 1.5 to 4.0.

Chromium Analysis

The PBET supernatant, soil spiking solution, and equilib-
rium solution were measured for Cr(VI) and total Cr (Crr).

Chromium(VI) was measured using a modified s-diphenyl-
carbohydrazide colormetric method (Bartlett and James,
1979) using a UV-VIS spectrophotometer at wavelength 540
pm (HP model 8453, Palo Alto, CA). Analysis of Cr(VI) was
performed immediately on rapidly cooled PBET solutions to
avoid possible reduction of Cr(VT) to Cr(III) by glycine (Jar-
dine et al., 1999). Independent studies revealed that Cr(VI)
reduction by glycine at 37°C and 1 h was insignificant. Total
Cr was measured on a Perkin Elmer AAnalyst 800 atomic
absorption spectrophotometer (Wellseley, PA). Standards
were made using an atomic absorption Cr standard (EM In-
dustries, Hawthorne, NY). Chromium(IIT) was calculated as
the difference between Crr and Cr(VI).

Modeling

A multiple regression technique in the statistical software
package SigmaStat 2.0 (Jandel Scientific) was used to derive
an expression that related Cr(III) sorption and bioaccessibility
to common soil properties. The model was run using forward
stepwise regression to determine the most salient soil proper-
ties for calculating sorption or bioaccessibility. Multiple linear
regression was then employed to determine the linear equa-
tion to use when computing the Cr(III) sorption or bioaccessi-
bility based on the important soil properties previously ascer-
tained.
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RESULTS AND DISCUSSION

Influence of Soil Properties
on Chromium Sorption

Chromium sorption (i.e., adsorption and surface pre-
cipitation) by the 35 soils varied markedly with values
ranging from 736 mg/kg to 17 460 mg/kg (Table 3).
Sorption of Cr(III) was independent of horizon type
where no distinct trend between A- and B-horizons was
evident. The majority of the soils adsorbed between
approximately 3000 mg/kg to approximately 6000 mg/
kg with four soils as high as approximately 18 000 mg/
kg. These four soils were all Aridisols and are noted
for their high soil pH and for their high TIC content.
Observed Cr(III) loading levels on many of these differ-
ent soil types were similar to those measured on actual
contaminated soils from the DoD sites. For example,
actual contaminated Kzin soil (Xeric Torriorthents)
from the Desert Chemical Depot contained 27 000 mg
Cr/kg soil. Artificially contaminated Kzin soils in this
study contained approximately 18 000 mg Cr/kg soil.

The large contrast in Cr(III) sorption by the various

Table 3. Chromium(III) solid phase concentrations on the vari-
ous soils and their corresponding bioaccessibility after 1 and
100 d aging.

1 day % 100 day %
Cr on soil Cr(IIT) bioaccessible Cr(IIT) bioaccessible
Ultisol mg/kg
Allen A 940.32 16.37 8.13
Allen Ba 736.15 3111 17.98
Cecil Ap 1342.49 18.84 9.90
Cecil Btl 2 333.76 41.77 28.34
Minvale Ap 2 261.67 15.88 8.55
Minvale Btl 1294.09 54.65 35.52
Alfisol
Lawrence Apl 2 586.96 26.03 11.62
Lawrence Btl 2 359.18 41.48 28.10
Angola Ap 9 408.00 32.40 16.58
Crider Ap 3719.38 33.90 22.88
Crider B21t 4247.30 50.30 32.35
Lenberg A 8 169.92 30.27 20.28
Lenberg Btl 7 254.84 50.89 41.63
Inceptisol
Berks A 2275.20 18.77 7.67
Rockaway A1 2 482.08 11.62 6.46
Rockaway B2t 1 525.58 32.96 22.36
Weikert Ap 5561.77 12.21 5.62
Weikert Be 3229.97 19.73 10.35
Montevello A 5 925.66 19.03 7.03
Montevello B 2751.57 47.71 26.23
Spodosol
Charlton A2 1721.95 27.65 21.26
Mollisol
Dennis Ap 3577.05 19.43 13.67
Dennis Ba 3521.90 33.61 26.68
Sibley A 4 436.16 29.78 20.50
Sibley B1 4 689.17 36.36 25.37
Aridisol
Doakum Ab 2 507.82 31.19 16.60
Doakum Bt 5964.29 39.40 32.77
Kzin A2 16 306.33 17.22 14.00
Kzin Bk 12 452.82 24.03 19.81
Oricto A2 17 460.00 13.66 10.26
Oricto Bt 15 964.28 18.45 16.44
Stoneham A 4377.44 29.27 18.97
Stoneham Btl 4 599.44 33.70 24.82
Entisol
Wakeland Ap 4 262.61 32.33 21.08
Wakeland Cgl 3 802.32 37.68 24.79

soils can be explained by the differences in soil proper-
ties. Multiple linear regression showed that four soil
properties were important in determining the amount
of Cr adsorbed by the soils: pH, total inorganic carbon
(TIC) content, clay content, and cation exchange capac-
ity (CEC). The relationship describing Cr adsorption was:

Cr(IIT) (mg/kg on soil) = —12 666.3 +
(113.8 X % clay) + (364.6 X CEC) +
(17432 X % TIC) + (1916.7 X soil pH)

Chromium(IIT) sorption by the soils was strongly cor-
related with these soil properties (r* = 0.794) suggesting
that nearly 80% of the variability in Cr(III) sorption
could be described by pH, TIC, clay, and CEC (Table 4).
Incorporating the other measured soil properties from
Table 2 (e.g., Fe-oxide content, TOC, etc.) did not im-
prove the model fit. In fact, TIC could have been re-
moved from the model if necessary, since the other three
independent soil variables could describe approximately
77% of the variability in Cr(III) sorption. The four-
parameter model above was statistically rigorous at the
95% confidence level since P values for the independent
variables were all <0.05 (Table 4). Thus, it can be con-
cluded that the independent variables, the soil proper-
ties, significantly contribute to predicting the dependent
variable, Cr sorption. The Variance inflation factor (VIF)
also suggested that collinearity between independent
variables was not significant (Table 4). Values for VIF
that are 1.0 or slightly larger suggest that the variables
do not show multicollinearity and that the parameter
estimates are reliable. Collinearity becomes an issue
when values of VIF exceed 4.0. This model also passed
the Normality Test (indicating that the data was nor-
mally distributed) and the Constant Variance Test (sug-
gesting that the variance of the dependent variables
was constant). One of the most important criteria of a
successful model, however, is the true physical signifi-
cance of the model parameters. Our model suggests that
Cr(III) sorption is enhanced by higher soil pH, more
TIC (i.e., carbonates), more clay, and higher CEC. For
a sparingly soluble cation, such as Cr(III), these soil
conditions should enhance sequestration as the model
suggests.

The pH of the soil affects the solubility and form
of Cr and therefore affects sorption. As the soil pH
increases, the amount of Cr on the soil increases. At low
pH, Cr(III) is adsorbed or complexed on soil negative
charges; at higher soil pH values, >5.5, Cr precipitates

Table 4. Parameter estimates, standard errors, and statistics ob-
tained from a multiple linear regression analysis that related
soil properties to Cr(III) sorption.}

Parameter Value SE P VIF
Intercept —12 666.3 17945 <0.001 -
% Clay 113.8 30.4 <0.001 1.119
pH in DDI 1916.7 250.7 <0.001 1.079
CEC, cmol/kg 364.6 155.7 0.026 1.902
% TIC 1743.2 850.1 0.049 1.670
r? 0.794 <0.001

¥ DDI, double deionized; CEC, cation exchange capacity; TIC, total inor-
ganic carbon; VIF, Variance Inflation Factor.
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as hydroxides covering the surface of the soil (Bartlett
and Kimble, 1976). It was presumed by Bartlett and
Kimble (1976) and James and Bartlett (1983) that the
Cr(IIT) precipitit consisted of macromolecules with Cr
ions in six coordination with water and hydroxy groups.
Studies by Fendorf et al. (1994) and Fendorf and Sparks
(1994), using x-ray adsorption spectroscopy (XAS),
showed that with a low Cr(III) surface coverage the
principle mechanism was adsorption with an inner-sphere
monodentate complex on the silica. With increased sur-
face coverage (>20%), precipitation likely occurred and
became the dominant sorption mechanism.

As with pH, TIC or carbonate content in soils en-
hanced Cr(III) sorption. The mechanism of increased
sequestration is most likely a localized pH effect at the
carbonate surface, which promotes the formation of
Cr(OH); species. The localized pH effect is the most
plausible scenario since there was no correlation be-
tween soil pH and soil TIC, thus explaining why collin-
earity was not a problem for these parameters when the
model was fit to the Cr(III) sorption data. Several acidic
Inceptisols derived from interbedded limey shales and
limestone have relatively large residual carbonate con-
tents (Table 2), due to the slow dissolution of local
scale dolomite, and this may serve to enhance Cr(III)
sequestration in these systems, even though the overall
bulk soil pH is acidic.

The model also shows a positive correlation between
the amount of Cr adsorbed and the soil clay content
and CEC. This was expected since clay minerals tend
to be dominated by negatively charged sites on the sur-
face due to isomorphic substitution (Klein and Hurlbut,
1993). These negatively charged sites attract the cation
Cr’** and a weak, electrostatic bond is formed. The more
negatively charged sites that are available (i.e., larger
CEC), the greater propensity for Cr(III) sorption. Fur-
ther, clay minerals typically have a large surface area
that is capable of accommodating large quantities of
Cr’* and Cr(OH); precipitated phases. The more sur-
face area a soil has, the more reactive sites the soil
has, and consequently the more Cr that will adsorb to
the soil.

Influences of Soil Properties
on Chromium Bioaccessibility

The bioaccessibility of Cr(III), as measured by the
PBET method, varied widely as a function of soil type
with most soils limiting bioaccessibility to <45% and
<30% after 1 and 100 d soil-Cr aging, respectively (Ta-
ble 3, Fig. la—e). Bioaccessibility values were consis-
tently higher for 1 d aging vs. 100 d aging. For all soils
the percent bioaccessibility ranged from 3.0 to 54.7%
at Day 1 and 1.5 to 35.5% at 100 d (Table 3, Fig. la—e).
The aging effect is related to the enhanced stability of
Cr on the soil surface with time. Structural reorientation
of Cr surface bonds or slow precipitation reactions can
account for the stronger sorption of Cr at longer times
(Karthein et al., 1991). Previous studies by Stewart et
al. (2003) have shown that aging effects are insignificant
after 100 d and that the 100 d data are most relevant

to actual DoD-contaminated soils. In general, the A-hor-
izon soils had the lowest percent bioaccessible values,
even when they adsorb more Cr(III) on the soil vs. the
B horizons (Table 3). Bioaccessibility did not appear to
be a function of soil order, suggesting that detailed soil
series data, as is used in the current study, was necessary
for predictive purposes (Table 3, Fig. la—e). Chromi-
um(VI) was also measured in the PBET extractant to
monitor for oxidation of Cr(III) to Cr(VI). The propor-
tion of bioaccessible Cr that was Cr(VI) was always
<1%, suggesting that oxidation reactions were minimal
or that any oxidation products of Cr(VI) were tightly
held by the soil. These results are consistent with the
data presented by Stewart et al. (2003), which showed
limited bioaccessibility of Cr(VI) in several soils.

As demonstrated by Stewart et al. (2003), bioaccessi-
bility values leveled off and reached near equilibrium
after the first 50 to 100 d. Thus, the 100 d bioaccessibility
data is most appropriate for use in the modeling en-
deavor. Stepwise multiple regression indicated two com-
binations of variables considered instrumental in pre-
dicting the bioaccessibility of Cr(III) in soils: (i) % clay
and % TIC and (ii) % clay and % TOC. Using the
independent variables from Table 2, the most significant
model revealed that the bioaccessibility of Cr(III) on
the soils was correlated with clay and TIC of the soil
(Table 5). The relationship describing Cr(I1I) bioacces-
sibility was:

% Cr(III) bioaccessible =
16.02 + (0.426 X % clay) — (9.56 X % TIC)

with an 7? value of 0.722, which indicated that as much
as 72% of the variability in Cr bioaccessibility was ex-
plained by the model (Fig. 2). The model was statistically
rigorous at the 99% confidence level since P values for
the independent variables were well below 0.01, indicat-
ing that they all contributed to predicting the % bioac-
cessible Cr(IIT) (Table 5). Values for VIF were all nearly
1.000, indicating that there was no redundant informa-
tion in the other independent variables, i.e., soil proper-
ties, and that collinearity between independent variables
was not of concern. This indicated that parameter esti-
mates in the model were reliable, which is in agreement
with the low standard errors on the estimated values
(Table 5). The model also passed the Normality Test
and the Constant Variance Test, suggesting that the
data was normally distributed around the regression line
and that the variance present in the dependent variable
is constant. Most important, however, is the true physi-
cal significance of the model parameters. The model
suggests that Cr(III) bioaccessibility decreases as the
TIC content increases and as the clay content decreases.
As shown with the Cr sorption data, Cr(III) sequestra-
tion is enhanced by soils with high levels of TIC. The
presence of TIC promotes the formation of solid phase
Cr(IIT)- hydroxides that are sparingly soluble, even un-
der acidic conditions. These hydroxides [i.e., Cr(OH);]
precipitate and cover the surface of the soil and are not
easily bioaccessible even in the presence of the low pH
in the simulated stomach fluid of the PBET. Conse-



134 J. ENVIRON. QUAL., VOL. 32, JANUARY-FEBRUARY 2003

Ultisols
70
A
60 01 day Bioaccessibility (%)
W 100 day Bioaccessibility (%)
2 50 -
S
& 40
@
o
3
o 30
1]
P
10 A
0 T - . - -
Allen A Allen Ba Cecil Ap Cecil Bt1 Minvale Ap Minvale Bt1
Alfisols
70
B
60 1 day Bioaccessibility (%)
| W100 day Bioaccessibility (%)
.‘? 50 -
S
7] J
a 40
Q
Q
g 30
L2
m
R 20 |
10
0 T T : T
Q S N N oo \s O
\'bv. ‘V' i ® < & S
S & & & & & &
¥ < & 4‘@“ & N2 &
3 3 v
VW A%
Inceptisols
70
C
60 11 day Bioaccessibility (%)
M 100 day Bioccessibility (%)
Ep 50
2
7] 1
* 40
@
Q
Q
© 30
L0
1]
X 20
10 1
0 T T
v 2 N > N 4
&9". © ° *V' 24 bv {f’
Pe @ & g ) & )
& & 5 S Ny N
& & ¥ g & &
<& « Q€ &
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quently as the TIC content increases the bioaccessibility
of Cr(III) in soil decreases. As shown with the Cr sorp-
tion data the clay content on the soil was also correlated
with the amount of Cr sequestration and thus should
be important in determining bioaccessibility. The bioac-
cessibility model suggested that, as the clay content of
the soils increased, the percent of Cr on the soil that is
bioaccessible also increased. Since the mechanism of Cr
retardation on clay minerals is primarily weak electro-
static bonds, these bonds are easily broken under the
conditions of the PBET, allowing Cr to desorb from the
soil and be released into solution during the simulated
digestion.

Stepwise multiple regression analysis also indicated
that Cr(I1I) bioaccessibility was significantly correlated
with clay and TOC content of the soil (Table 6). The
relationship describing Cr(III) bioaccessibility was:
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% Cr(III) bioaccessible =
15.54 + (0.408 X % clay) — (3.78 X % TOC)

with an r? value of 0.674. This relationship was similar
to the clay/TIC model where higher quantities of TIC
and TOC resulted in decreased Cr(I1I) bioaccessibility.
When clay, TIC, and TOC were used in the same model,
the contribution of TOC was not significant at the 90%

Table 5. Parameter estimates, standard errors, and statistics ob-
tained from a multiple linear regression analysis that related soil
properties (clay and TIC) to percent Cr(III) bioaccessibility.T

Parameter Value SE P VIF
Intercept 16.02 1.99 <0.001 -
% Clay 0.426 0.0671 <0.001 1.002
% TIC -9.56 1.54 <0.001 1.002
r? 0.722 <0.001

T TIC, total inorganic carbon; VIF, Variance Inflation Factor.
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Fig. 2. The observed (data points) and model fitted (grid surface)
relationship between the two most significant independent vari-
ables (% clay and TIC) and % Cr(III) bioaccessibility using the
model: % Cr(III) bioaccessible = 16.02 + (0.426 X % clay) —
(9.56 X % TIC) an r* value of 0.722.

confidence level (P = 0.115). This scenario may be an
artifact of our limited data set, where the most appro-
priate model, in fact, includes both TIC and TOC along
with clay content. A more extensive data set will be
necessary to test this hypothesis. Nevertheless, the model
using clay and TOC was statistically rigorous at the
99% confidence level since P values for the estimated
parameters were <(0.01 and the VIF values are approxi-
mately 1.000, indicating that the variables all contribute
significantly to the equation and that no multicollinear-
ity was present among the independent variables. This
model passed the Normality Test and the Constant Vari-
ance Test. The model suggested that as the clay content
decreased and the TOC content increased, the % Cr(III)
bioaccessible decreased (Fig. 3). The trend regarding
clay content is consistent with the previous model and
the limited bioaccessibility of Cr in the presence of
higher system organic C is conceptually correct. Organic
matter found in soil is a major contributor to the overall
negative charge in soils and thus is an important sorbent
for heavy metal cations (Sparks, 1995). Organic matter
has the ability to form strong bonds with the Cr(III)
with the metal not readily released during the PBET
process. As Cr(III) is considered a Lewis hard acid, it
forms stable complexes with the carboxyl group of the
organic matter (Sparks, 1995). These bonds are stable

Table 6. Parameter estimates, standard errors, and statistics ob-
tained from a multiple linear regression analysis that related soil
properties (clay and TOC) to percent Cr(III) bioaccessibility. 7

Parameter Value SE P VIF
Intercept 15.54 2.16 <0.001 -
% Clay 0.408 0.073 <0.001 1.010
% TOC —3.78 0.711 <0.001 1.010
r? 0.674 <0.001

T TOC, total organic carbon; VIF, Variance Inflation Factor.
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Fig. 3. The observed (data points) and model fitted (grid surface)
relationship between the two independent variables (% clay and
TOC) and % Cr(III) bioaccessibility using the model: % Cr(III)
bioaccessible = 15.54 + (0.408 X % clay) — (3.78 X % TOC) with
an 7 value of 0.674.

and not easily broken. The current model again explains
more than 67% of the variability in Cr(IIT) bioaccessibil-
ity and should be useful for soils low in carbonate (TIC).

ENVIRONMENTAL SIGNIFICANCE

This study has shown that site assessments of soil
metal bioaccessibility based solely on total soil metal
concentrations may not accurately reflect the risk posed
by the soils. The sequestering properties of soil signifi-
cantly lower the percent of Cr bioaccessible upon inges-
tion of the otherwise labile Cr. Chromium(III) can be
immobilized as strongly bound species on clay and or-
ganic matter, and Cr— hydroxide precipitates on soil
mineral surfaces. It has been shown that common soil
properties are strongly correlated with Cr(IIT) bioac-
cessibility. The availability of these soil properties is
commonplace (e.g., NRCS database), which allows the
percent bioaccessibility of Cr(II) to be estimated for
a variety of contaminated sites whose remediation is
pending. The ability to rapidly assess metal bioaccessi-
bility in soils will facilitate decision making strategies
regarding the need for more detailed and expensive site-
specific bioavailability (e.g., animal feeding) studies,
which are designed to assess actual clean-up needs at
contaminated DoD sites and other sites to a level safe
for human use. Such in vivo studies are lacking with
regard to Cr, but research in this area is currently under-
way (M.V. Ruby, personal communication, 2002).
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Abstract:

The influence of various soil physical and chemical properties (Fe and Mn oxides, pH,
cation exchange capacity, total inorganic and organic carbon, and particle size) on As(V)
adsorption, sequestration, and relative bioaccessibility (as a surrogate for oral
bioavailability) was investigated in a wide range of well-characterized soils over a 6-
month period. Arsenic(V) bioaccessibility was measured using a streamlined version of a
physiologically based extraction test (PBET), designed to replicate the solubility-limiting
conditions in a child's digestive tract. The soil's dithionite-citrate-bicarbonate (DCB)
extractable Fe oxide content was the most important (and only statistically significant)
soil property controlling the initial degree of adsorption. Sequestration, as measured by
the reduction in bioaccessibility over time, occurred to a significant extent in 17 of 36
(47.2%) soils over the first 3 months. In contrast, only 4 of 36 (11.1%) soils exhibited a
significant reduction in bioaccessibility from 3 to 6 months. Soil pH was the most
important (and only statistically significant) soil property affecting the decrease in
bioaccessibility upon aging for 6 months. Soils with pH < 6 generally sequestered As(V)
more strongly over time, whereas those with pH > 6 generally did not. The Fe oxide
content and pH were the most important soil properties governing the steady-state
bioaccessibility of As(V) in soil. Two multivariable linear regression models of steady-
state As(V) bioaccessibility were developed using soil properties as independent
variables. Generally, soils having higher Fe oxide content and lower soil pH exhibited
lower bioaccessibility. These models were able to account for ~75-80% of the variability
in steady-state bioaccessibility and independently predict bioaccessibility in five soils
within a root-mean-square error (RMSE) of 8.2-10.9%. One of these models was also
able to predict within an RMSE of 9.5% the in vivo bioavailability of As in nine
contaminated soils previously used in swine dosing trials. These results indicate the



bioaccessibility, and thus, potentially the bioavailability of otherwise soluble As(V)
added to soils (i.e., the worst-case bioavailability scenario) is significantly reduced in
some soils over time, particularly those with lower pH and higher Fe oxide content.
These results also provide a means of estimating As(V) bioaccessibility and
bioavailability on the basis of soil properties.
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Contaminated soils at numerous U.S. De-
partment of Defense, Department of En-
ergy, and other industrial facilities often
contain huge inventories of toxic metals
such as chromium. Ingestion of soil by
children is often the primary risk factor that
drives the need for remediation. Site as-
sessments are typically based solely on
total soil-metal concentrations and do not
consider the potential for decreased
bioaccessibility due to metal sequestration
by soil. The objectives of this research are
to investigate the effect of soil properties
on the bioaccessibility of Cr(lll) and Cr(VI)
as a function of contaminant concentration
and aging. The A and upper B horizons of
two well-characterized soils, representa-
tive of Cr-contaminated soils in the south-
eastern United States, were treated with
varying concentration of Cr(lll) and Cr(VI)
and allowed to age. The bioaccessibility of
the contaminated soils was measured over
a 200-d time period using a physiologically
based extraction test (PBET) that was de-
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signed to simulate the digestive process of
the stomach. The sorption of Cr(lll) and
Cr(VI) varied significantly as a function of
soil type and horizon, and the oxidation
state of the contaminant. Solid phase con-
centrations with Cr(lll) were significantly
greater than Cr(VI) for any given initial Cr
concentration. This is consistent with the
mechanisms of Cr(lll) vs. Cr(VI) seques-
tration by the soils, where the formation of
Cr(lll)-hydroxides can result in the accu-
mulation of large mass fractions of con-
taminant on mineral surfaces. Overall, Cr
bioaccessibility decreased with duration of
exposure for all soils and at all solid phase
concentrations, with aging effects being
more pronounced for Cr(lll). The decrease
in Cr bioaccessibility was rapid for the first
50 d and then slowed dramatically between
50 and 200 d. In general, the effects of
Cr solid phase concentration on bioaccess-
ibility was small, with Cr(lll) showing the
most pronounced effect; higher solid phase
concentrations resulted in a decrease in
bioaccessibility. Chemical extraction meth-
ods and X-ray Adsorption Spectroscopy
analyses suggested that the bioaccessibility
of Cr(Vl) was significantly influenced by
reduction processes catalyzed by soil or-
ganic carbon. Soils with sufficient organic
carbon had lower Cr bioaccessibility val-
ues (~10 to 20%) due to an enhanced
reduction of Cr(VI) to Cr(lll). In soils where
organic carbon was limited and reduction
processes were minimal, the bioaccess-
ibility of Cr(VI) dramatically increased (~60
to 70%).
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Key Words:metal bioavailability, metal sequestration by soil, redox transformations, X-ray
absorption spectroscopy.

INTRODUCTION

Chromium is used in many industrial processes, including electroplating,
leather tanning, pulp production, and wood preservation, and, consequently,
can be found throughout the environment (Nriagu and Nieboer, 1988). There are
two main oxidation states of chromium found in the environment, anionic Cr(VI)
and cationic Cr(lll). The two forms of chromium have distinct behaviors in
subsurface environments. The anionic Cr(VI) is considered to be highly mobile in
soils, while the Cr(lll) cation is believed to be significantly less mobile (Cleting

al., 1994; Fendortt al.,1997; Jardinet al.,1999). In regards to human health,
the two forms of Cr also have major differences, with Cr(VI) considered carcino-
genic and mutagenic even at low concentrations, while Cr(lll) is considered
potentially harmful only at high concentrations (Levis and Bianchi, 1982).

Human health is the usual risk driver that motivates the likelihood of remediation
at Cr- contaminated sites. The exposure pathway of concern is usually the ingestion
of contaminated soil, especially by children who traditionally have greater hand-
to-mouth contact (Paustenbach, 1989; Da&tigl., 1990; Sheehast al., 1991;
Skowronskiet al.,2001). U.S. EPA soil action levels for Cr(lll) and Cr(VI) are
78,000 and 390 mg/kg, respectively, which are protective of soil-ingestion expo-
sures for children in residential sites. However, certain states within the U.S. have
designated action levels as low as 310 and 0.2 mg/kg for Cr(lll) and Cr(VI),
respectively (Proctoet al.,1997). When regulators establish clean-up criteria for
chromium-contaminated soils, the ubiquitous metal-sequestering properties of the
soils are typically not taken into account (Procttral., 1997). Instead, the
standards are generally universal for all soils and are usually based on that of a
soluble salt of the metal and the assumption that 100% of metal present will be
absorbed into the body (Rubkyal.,1999). In order to accurately access the health
risk posed by metal-contaminated sites, an improved understanding of the influ-
ence of soil sequestration on the bioaccessibility of Cr is needed, where
bioaccessibility is defined as that amount of contaminant, which is soluble due to
gastric function and has the potential to cross the intestinal wall (Hztnael,

1998).

Chromium adsorption in soil occurs under different conditions based on the
oxidative state of the Crion. The Cr anion, Cr(VI), generally adsorbs to positively
charged mineral surfaces via electrostatic attraction. Thus, conditions of decreas-
ing pH result in enhanced adsorption of Cr(VI) (Zachetral., 1989). Surfaces
with proton specific sites, particularly iron oxides, are mostly responsible for
Cr(VI) adsorption (Davis and Leckie, 1980; Zachataal., 1987, 1988). Factors
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interfering with Cr(VI) adsorption include the presence 0j?S@he presence of
dissolved inorganic carbon (DIC), and Al substitution for Fe in oxides. With a
limited number of positive surface sites in soil, there is often competition from
SO and DIC for those sites (Lecket al., 1980; James and Bartlett, 1983;
Zacharaet al., 1987, 1988, 1989). Ainswortat al (1989) concluded that Al
substitution in oxides reduces the amount of chromate adsorbed due to the differ-
ence in the charge characteristics of the surface sites.

Another important mechanism of Cr(VI) sequestration by soils is the reduction
of Cr(VI) to sparingly soluble Cr(lll). Electron donors such as organic matter and
Fe(ll) are capable of reducing Cr(VI). Organic matter and surface bound organics
are extremely effective at reducing Cr(VI) to Cr(lll) under acidic conditions
(Bartlett and Kimble, 1976b; Jardie¢ al.,1999) Likewise, Fe(ll) bearing miner-
als are known to rapidly reduce Cr in soils (Andersbal.,1994; Petersoat al.,

1997). Low soil pH facilitates the reduction reaction through the release of Fe(ll)
from soils (Eary and Rai, 1991). Iron sulfides also have the ability to rapidly reduce
Cr(VI) to Cr(lll), suggesting that complete dissolution of Fe(ll) does not have to
occur before the Cr can be reduced (Pattezsah,1997). These results imply that

the reduction is taking place at the solid-solution interface making, FeS an effective
reductant of Cr(VI).

Cationic Cr(lll) also sorbs to soil through a variety of mechanisms. The pH of
the soil has a strong influence on Cr(lIl) adsorption because changes in pH affect
the variable charge on minerals and organic matter. Conditions of higher pH
creates more negative surface sites on soil mineral surface and organic matter to
which Cr(lll) can sorb (Sparks, 1995). Further, at pH conditions above 5.5, Cr(lll)
rapidly precipitates from solution and forms hydroxides on the soil surface (Bartlett
and Kimble, 1976a). These hydroxides have low solubility and therefore are not
likely to dissolve and reenter the soil solution (Lesal., 1994).

With all the highly variable factors influencing chromium’s ability to sorb to the
soil surface, blanket clean-up regulations that ignore the importance of individual
soil properties may not be accurate with regard to human health risk. The objective
of this research was to investigate the effect of soil properties on the bioaccessibility
of Cr(lll) and Cr(VI) as a function of contaminant concentration and aging. We
show that soils can strongly sequester both anionic and cationic forms of Cr, which,
under certain circumstances, dramatically decreases toxic metal bioaccessibility.

METHODS
Soil Type and Characterization
The A and upper B horizons of two soils were obtained from the Melton Valley

and Walker Branch watersheds on the Oak Ridge Reservation (ORR) in eastern
Tennessee. The soils are representative of Cr-contaminated sites common to the

3 1/16/03, 10:28 AM



‘ 340358.pgs

southeastern U.S. Selected physical and geochemical properties of these soils are
listed in Table 1. The Melton Valley soil is an acidic Inceptisol derived from
interbedded shales and limestone (Koateal.,1995; Jardinet al.,1999; Driese

et al.,2001). The soils are extensively weathered and devoid of carbonates. lllites
dominate the < @m clay fraction, and the clays are heavily coated with amorphous
Fe — oxides and goethite. The pH and cation exchange capacity (CEC) of these
soils range from 4 to 7 and 10 to 20 cpkg?, respectively (Jardinet al.,1989).

Walker Branch soils are an acidic Ultisol that has been weathered from the Knox
Group (Arnseth and Turner, 1988), a dolostone sequence with occasional interbeds
of limestone and shale. The soils are also extensively weathered and devoid of
carbonates. Kaolinite dominates the g clay fraction, and the clays are heavily
coated with hematite and maghemite. The pH and cation exchange capacity (CEC)
of these soils range from 4 to 6 and 4 to 6 ¢rkot!, respectively (Jardinet al.,

1989). All soils were dried in an oven at®’@and gently crushed with a mortar

and pestle to pass a 2p@ sieve.

Contaminant Addition to Soil

Ten grams of the soil and 100 ml of chromium solution were placed in a 200-ml
glass centrifuge vessel, shaken, and allowed to equilibrate for 2 days. The spiking
concentrations (dose rates) for Cr(VI), a€kKO,, were 1000, 250, and 50 ppm at

a pH of 6.0 and for Cr(lll), as CrClwere 500, 200, and 50 ppm at a pH of 4.0.
After a 2-d equilibration period, the slurries were centrifuged and the supernatant
was discarded. The soils were then rinsed with double deionized (DDI) water three
times to remove chromium in the pore water and allowed to air dry. Once the soils
were dry, they were gently crushed, homogenized, and then rewetted with DDI
water to 30% moisture. The soils were kept in a container out of direct light and
maintained at 30% water content in a moisture-saturated environment.

In Vitro Bioaccessibility

A physiologically based extraction test (PBET) was adapted from Rulay

(1996, 1999; Ruby, 2000, personal communication) to assess thigro
bioaccessibility of Cr(lll) and Cr(VI) from contaminated soils in humans. Sam-
pling was conducted on the treated soils that had been allowed to age in the storage
container for 1, 21, 50, 100, and 200 d after the initial treatment and subsequent
wetting of the treated soils. Triplicate moist samples (~0.3 g dry weight) were
placed in 50-ml polyethylene tubes to which 30 ml ofNd.glycine at pH 1.5 and

37°C was added. The slurries were quickly placed in a rotating water battCat 37
and agitated at 38 2 rpm for 1 h. The method was designed to simulate the
stomach digestive system in humans and has also been used by Skoetrahski
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Table 1  Select soil physical and geochemical properties
7 Particle size analysis
Organic matter pH (5SmM Mineralogy of <2 um
Sand (%)  Silt (%) Clay (%) content (%) CaCl,) pH (DDI) Fe (g/kg) clay fraction *
Melton A 56.2 30.0 13.8 3.55 6.91 7.18 10.68
Melton B 30.8 50.4 18.8 0.42 4.23 4.87 22.07 I45ISV 1)Ko VCeM;sQ5F,
Walker A 34.9 58.9 6.2 1.89 6.01 6.61 7.71
Walker B 322 44.2 23.6 0.10 4.30 5.17 19.55 Ky V3 VC14Qusl10ISsGsFy

* K = kaolinite; V = vermiculite; VC = chloritized vermiculite; I = illite (soil mica); IS = interstratified 2:1; Q = quartz; G = gibbsite;
o M = montmorillonite; F = feldspar. Subscripts refer to the percent by weight of each mineral.
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(2001) to assess Cr bioaccessibility in a sandy and a clayey soil. Supernatant was
separated from the solid via centrifugation. The pH of the supernatant was mea-
sured to ensure that the final pH was withif.5 pH units of the initial pH. This
scenario held for all cases. Bioaccessibility was calculated as:

% Bioaccessibility= LCr in PBET supernatanp.( g/mkB0.0 mk 0.3gdry ﬂ)}glloo
E Cr on soil surfacei{ g/qg) H

Standard deviations on computed %Cr(lll) and Cr(VI) bioaccessibility values
following triplicate PBET analyses ranged from 0.03 to 2.01 with the average
standard deviation of all values being 0.52.

Chromium Analysis

The PBET supernatant was measured for Cr(VI) and Cr totdl. (Cr(VI) was
measured using a modifieediphenylcarbohydrazide colorimetric method (Bartlett
and James, 1979) with a UV-VIS spectrophotometer at a wavelength fr549P

model 8453, Palo Alto, CA). Analysis of Cr(VIl) was performed immediately on
rapidly cooled PBET solutions to avoid possible reduction of Cr(VI) to Cr(lll) by
glycine (Jardinest al., 1999). Independent studies revealed that Cr(VI) reduction by
glycine at 37C and 1 h was insignificantotal chromium was measured on a Perkin
Elmer AAnalysist 800 atomic absorption spectrophotometer (Wellseley, PA). All
standards used were made from an atomic absorption chromium standard (EM Indus-
tries, Hawthorne, NY). Cr(lll) was calculated as the difference betwegrar@r

Cr(VI).

Determination of Chromium on Soil

Total chromium on the soil was determined using a modification of EPA method
3052. The soil was digested in a CEM microwave, model MDS-81D, with hydrof-
luoric and nitric acid. Boric acid was added before sample analysis in order to
facilitate the removal of hydrofluoric acid from solution through the formation of
fluoroboric acid. Soils from the National Institute of Standards, with known concen-
trations of solid phase Cr, were also analyzed with each block of analyses. Samples
were stored and analyzed for total chromium using Inductively Coupled Plasma.

Chromium Solid Phase Speciation

X-ray Adsorption Spectroscopy (XAS). Solid phase Cr was speciated using X-ray
adsorption near-edge structure (XANES) spectroscopy, which was conducted at
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the Stanford Synchrotron Radiation Laboratory (SSRL) under dedicated running
conditions. Scans were recorded from —200 to 300 eV around the K-edge of
chromium (5989 eV), with 0.2-eV steps across the white-line and main-edge
region. Energy selection was accomplished with @228) double-crystal
monochromator, with a 1-mm (h) x 20-mm (w) beam. Adsorption was measured
by a proportional fluorescent X-ray production using a 13-element Ge detector
(Crameret al, 1988). Mass fractions of Cr(lll) and Cr(VI) were determined for
each soil using XANES spectroscopy by placing the soil inxad4x 40-mm slot

cut in an acrylic plate that was sealed with Kapton. The proportion of Cr(VI)
relative to total chromium was then determined by the ratio of the white-line
amplitude to the total atomic cross section and comparison to standard curves as
described by Pattersaat al (1997).

Chemical Extraction. In an effort to indirectly quantify Cr(VI) reduction processes
on the soils, sorption isotherms were constructed and the solid phase extracted with
SO%~. Because S competes well for Cr(VI) sorption sites, but does not compete
well for Cr(lll) sorption sites, an indirect measure of the reduction of Cr(VI) to
Cr(lll) should be possible. Approximately 1 g soil was placed in preweighed
centrifuge tubes, and the soils treated with 15 ml of varying concentrations of
Cr(VI) in 5 mM CaCl, that were adjusted to the pH of the soil. Samples were
allowed to equilibrate on the shaker for 48 h. Soils were centrifuged and supernatant
was savedor analysis. The Cr(VI) was extracted from soils with three sequential
washings of 0.0% Na,SO,. The equilibrium solutions and extraction solutions
were analyzed for both Cr(VI) and Cr(lll). The chromium extract was corrected for
pore water Cr of the equilibration step.

RESULTSAND DISCUSSION
Influence of Soil Properties on Cr Sorption

As expected, soils treated with solutions containing Cr(lll) adsorbed 2 to 10
times more Cr than those treated with Cr(VI) (Table 2). This results from a larger
cation exchange capacity vs. anion exchange capacity and the propensity for
Cr(lll) to precipitate on mineral surfaces at pH values above 5.5. The adsorption
of both Cr species became more similar on the WB B-horizon soil because acidic
conditions and abundant Fe-oxides provided positive surface charges, thereby
enhancing Cr(VI) sorption. Thus, mineral phases, particularly iron oxides, with
proton-specific surface sites may effectively adsorb Cr(VI) at low to medium soil
pHs (Zacharat al., 1987, 1988, 1989; Leckiet al.,1980; Davis and Leckie,
1980; Mayer and Schick, 1981). The A-horizon soils had a higher pH and organic
matter content, creating an environment that was not conducive to Cr(VI) ad-
sorption.

7 1/16/03, 10:28 AM
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Table2  Mass loadings of Cr(III) and Cr(VI) on soil (mg/kg)
for various Cr treatment concentrations (ppm)

Cr(III) 500 ppm 200 ppm 50 ppm
Melton A 4479.42 1823.26 426.42
Melton B ' 2002.91 1430.68 452.02
Walker A : 2421.67 1779.01 451.00
Walker B 1276.05 1070.32 445.20
Cr(VD) 1000ppm 250ppm 50ppm
Melton A 386.47 199.21 91.28

Melton B 269.14 219.86 150.00
Walker A 391.83 244.24 100.22
Walker B 423.48 , 330.53 218.25

In the case of Cr(lll) the patterns of adsorption were reversed, where the
A-horizon soils typically adsorbed more Cr than the B-horizon soils. The A-
horizon soils characteristically had higher pH creating an environment that favored
Cr(lll) adsorption. Deprotonation of oxides and organic matter occurs in soils with
higher soil pH values, which results in more negatively charged sites that attract
cations such as Cr(lll). Also, when the soil pH is above 5.5, as with the two A-
horizon soils used here, the Cr(lll) most likely precipitates from solution as
hydroxides creating a surface coating on a variety of soil mineral surfaces (Bartlett
and Kimball, 1976a). This suggests that larger solid phase concentrations of Cr(lll)
can often be expected in soils with higher pH and abundant inorganic and organic
carbon as shown by Stewattal (2003).

Influence of Aging on Cr Bioaccessibility

Chromium bioaccessibility, as measured by the PBET method, decreased with
time for all soils tested and at all solid phase concentrations (with the exception of
the 50 ppm Cr(VI) treated MV-A soil), with aging effects being most pronounced
for Cr(lll) (Figures 1 and 2). Standard deviations on computed % Cr bioaccessibility
values were on average 0.52, which were too small to show error bars on the
triplicate-measured values of Figures 1 and 2. Analysis of variance (ANOVA)
t-test on day 1 vs. 200 for each of the four soils, two contaminants (Cr(l11/VI)), and
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FIGURE 1

Aging and solid phase concentration effects on the percent Cr bioaccessibility for soils treated with varying
concentrations of Cr(lll) (50, 200, and 500 mg/L). (a) Melton Valley A-horizon soil, (b) Melton Valley B-horizon
soil, (c) Walker Branch A-horizon soil, and (d) Walker Branch B-horizon soil.
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FIGURE 2

Aging and solid phase concentration effects on the percent Cr bioaccessibility for soils treated with varying
concentrations of Cr(VI) (50, 250, and 1000 mg/L). (a) Melton Valley A-horizon soil, (b) Melton Valley B-horizon
soil, (c) Walker Branch A-horizon soil, and (d) Walker Branch B-horizon soil.
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three treatment concentrations (dose) confirmed that the aging effect was signifi-
cant at the 95% level (i.e., most p values <0.0001) and was most pronounced on
Cr(Ill)- treated soils (results not shown). The decrease in bioaccessibility was rapid
for the first 50 d and slowed dramatically as the aging period approached 200 d.
As the soils age, they most likely approach a state of equilibrium between the
solution phase Cr and the surface of the soil. The aging effect is related to the
enhanced stability of Cr on the soil surface with time. Structural reorientation of
Cr surface bonds or, in the case of Cr(lll), slow precipitation reactions can account
for the stronger sorption of Cr at longer times. The greater aging effect observed
for Cr(Ill) vs. Cr(VI) is most likely related to the time-dependent formation of solid
phase Cr(OH) which is not easily dissolved under the acidic conditions of the
PBET.

Influence of Solid Phase Concentration on Cr Bioaccessibility

In general, the effect of Cr solid phase concentration (dose effect) on bioaccessibility
was small, with Cr(lll) showing the most pronounced effect. A comprehensive
ANOVA test, discussed later in the manuscript, confirmed that the dose level
exerts only a minor influence on Cr bioaccessibility (see Table 6). No obvious
trends were noted for Cr(VI), whose bioaccessibility remained relatively constant
at different solid phase concentrations on any given soil (Figure 2). For the Cr(lll)
system, particularly for A-horizon soils, higher bioaccessibility was noted for soils
that were treated with 50 ppm Cr(lll) relative to the higher concentration treat-
ments. This is most likely related to the fact that at low surface coverage (< 20%)
adsorption is the dominant process where Cr(lIl) forms inner-sphere complexes
with the soil, while at higher surface coverages (> 20%) surface precipitation
occurs and becomes the dominant process (Femdaaf., 1994; Fendorf and
Sparks, 1994). The soils that were treated with 50 ppm Cr(lll) have significantly
lower Cr on the soil than the other soils treated with higher concentrations. Thus,
the mechanism of Cr sequestration has a higher proportion of inner-sphere bonds
related to precipitated phases, which most likely causes a higher percent of Cr(lll)
that is bioaccessible at lower solid phase concentrations.

Influence of Soil Properties on Cr Bioaccessibility

The bioaccessibility of Cr(lll) and Cr(V1) varied significantly as a function of soill
type and horizon, and the oxidation state of the contaminant. Statistical analysis
using the ANOVA t-test confirmed that Cr bioaccessibility was significantly
influenced by these effects at the 95% level with p values typically <0.0001 (results
not shown). In general, A-horizon soils exhibited less Cr bioaccessibility relative
to B-horizon soils. In the Cr(lll) system, the higher organic matter content and

11
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higher pH of the A-horizon soils are probably the main factors responsible for this
difference. The Walker Branch B-horizon (WB-B) soil is a good example of how
soil properties effect the degree of bioaccessibility because it is the most acidic of
the soils and has the lowest organic carbon content, and consequently it shows the
highest percent of Cr(lll) bioaccessibility (Figure 1d). Both the Melton Valley
A-horizon (MV-A) and Walker Branch A-horizon (WB-A) soils have a high pH
and high organic carbon content and an equally low Cr(lIl) bioaccessibility. These
results are consistent with observations in Steefaal (2003) that showed that
Cr(lll) bioaccessibility was limited in systems with high levels of inorganic and
organic carbon. Skowronskt al (2001) also noted that Cr(lll) bioaccessibility
was lower on an organic-rich sandy soil vs. a clay soil that had significantly less
organic carbon.

In the Cr(VI) system, the two A-horizon soils and the Melton Valley B-horizon
(MV-B) showed statistically significant lower Cr bioaccessibility than WB-B for
all treatment concentrations and aging times. Although the WB-B soil adsorbed the
most Cr(VI), its tendency to release Cr under the acidic conditions of the PBET is
due to the soil’s inability to maintain the weak bond between the Cr and the surface.
The Cr(VI) ion is probably electrostatically bound to mineral oxides through outer
sphere complexes, which are unstable during the conditions of the PBET. This
leads to the question of why is it that both A-horizon soils and even the Melton
Valley Inceptisol B horizon soils (MV-B) have such low Cr(VI) bioaccessibility
when soil properties are such as to discourage strong sorption?

To address the above question, both direct and indirect solid phase Cr speciation
methods using X-ray Absorption Spectroscopy (XAS) and a chemical extraction
technique, respectively, were employed. Analysis with XAS of the 250 and 1000
ppm Cr(VI) treated soils after 200 d aging suggested that all soils, except the WB-
B soil, had Cr surface coverages that were > 95% Cr(lll) (Table 3). The 250 and
1000 ppm Cr(VI) treated WB B-horizon soils contained only 30 and 53% surface
bound Cr(lll), respectively. Thus, the bioaccessibility of Cr(VI) was significantly
influenced by the reduction of Cr(VI) to Cr(llizkowronskiet al. (2001) also
suggested that Cr(VI) bioaccessibility in their soils was influenced by oxidation-
reduction processes. In order for reduction to occur, there needs to be a source of
electrons. Both organic matter and the Fe(ll)-bearing minerals are able to supply
electrons to catalyze the reduction of Cr(VI) to Cr(lll). Because the soils used in
this study were highly oxidized and most likely devoid of Fe(ll)-bearing minerals,
the reduction of Cr(VI) to Cr(lll) was most likely catalyzed by soil organic matter
or surface-bound organic carbon (Adriano, 1986; Sparks, 1995; Deng and Stone,
1996; Jardinet al.,1999). Thus, extensive reduction processes for the A-horizon
soils and the MV B-horizon soils are most likely related to the ample supply of
organic carbon in these soils (Table 1). Even the WB B-horizon soil showed Cr(VI)
reduction to Cr(lll) with a solid phase carbon mass of 0.1%. Jaedialke(1999)
showed that in acidic soils the availability of even small amounts of surface-bound
natural organic carbon (0.05% w/w on the solid) can result in significant reduction
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Table3  Percentage of soil solid phase Cr(III) and Cr(VI)
quantified by X-ray Adsorption Spectroscopy (XAS) *

Soild phase Cr(VI) Solid phase Cr(I1I)

250 ppm %

MV-A <5 i >95

MV-B <5 : >95

WB-A <5 >95

WB-B 70 30
1000 ppm

MV-A <5 >95

MV-B <5 . >95

WB-A <S5 >95

WB-B 47 53
* 200 d aged samples

of Cr(VI) to Cr(lll). Therefore, Cr(VI) reduction decreases Cr bioaccessibility
because the Cr(lll) product is more tightly bound to the solid phase. The Cr(lll)
probably adsorbs to the surface through strong covalent bonds or precipitates as
hydroxide complexes on mineral surfaces. Thus, the percent of Cr that is
bioaccessible decreases during the PBET.

The XAS data are in agreement with aqueous Cr speciation measurements on
the PBET solutions (Table 4). A significant portion of the total bioaccessible Cr
was found to be Cr(lIl), with the WB B-horizon soil having the lowest total amount
of extractable Cr(lll) as indicated by the high Cr(VI) in Table 4. For all soils except
WB-B, the trends in the data suggest an increasing percentage of Cr(VI) in the
PBET extraction solution up to ~100 d followed by an abrupt decrease with
continued Cr-soil aging to 200 d. These trends are consistent with the enhanced
reduction of Cr(VI) to Cr(lll) by the A-horizon soils and the MV-B soil relative to
the WB-B soil. Using the 200-d aqueous speciation data coupled with the XAS
solid speciation results (analyzed on 200 d aged soils), one can calculate the mass
fraction of Cr(lll) and Cr(VI) that are bioaccessible in each soil (Table 5). In all
soils, the bioaccessibility of surface-bound Cr(VI) was significantly greater than
that for Cr(lIl). Between 42 and 108% of the total adsorbed Cr(VI) was bioaccessible
when compared with total adsorbed Cr(lll), which was only 3 and 14% bioaccessible.
Although Cr(lll) may dominate total Cr in the PBET, surface-bound Cr(VI) is
significantly more bioaccessible. Thus, the reduction of Cr(VI) to Cr(lll) by soil
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Table 4 Percentage of Cr(VI) in PBET extractant for soils
treated with 250 and 1000 ppm Cr(VI)

1 day 21 day 50 day 100 day 200 day

250 ppm %
MV-A 28.73 61.90 78.02 64.91 46.26
MV-B 21.64 59.09 71.92 67.75 32.88
WB-A 16.54 22.86 57.28 28.61 26.38
~WB-B 76.92 81.16 99.10 76.07 94.27
1000 ppm
MV-A 3.81 15.29 6.31 44.09 21.89
MV-B 14.59 13.26 22.09 90.46 24.07
WB-A 4.23 8.15 4.31 31.53 21.25
WB-B 60.28 84.72 63.57 73.00 78.91

organic matter significantly decreases total Cr bioaccessibility. These results are
important from a human health perspective because Cr(VI) is believed to be much
more toxic than Cr(lll), with even sub-ppm levels considered lethal. Thus, under
certain circumstances, soils that contain sufficient organic carbon or Fe(ll)-bearing
minerals may be capable of decreasing Cr bioaccessibility through reduction of
labile Cr(VI1) to the more sparingly soluble Cr(lll) species.

An indirect chemical extraction method was also used to show that Cr(VI) was
being reduced to Cr(lll). Chromium (VI) was adsorbed onto the soils using
different treatment solution concentrations, allowed to equilibrate for 2 d, and then
the solid phase was treated with OM3Na,SO, to remove the Cr(VI1) (Figure 3 a-d).

The SQ? anion should be a sufficient competitor for surface sites occupied by
HCrO,~ because the latter is typically sorbed to the solid phase through weak outer-
sphere electrostatic bonds. Thus, if Cr reduction processes are minimal,the SO
should be able to recover nearly all of the initial adsorbed Cr(VI). The extractant
Na,HPO, was also utilized on select soils since the EfP&nhion can aggressively
compete for Cr(VI) that is bound to the soil by either inner- or outer-sphere surface
complexes. The results compared favorably with thg-S9stem; however, the
HPQO,? results were somewhat more erratic for reasons unknown to the authors,
and thus the S@ system was preferred. In this study, the chemical extraction
method can only be qualitatively compared with the XAS results because the latter
technique was employed on 200 d aged samples, whereas the extraction method

14
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Table 5 Percentage of total surface bound Cr(III) and Cr(VI) that was bioaccessible after 200 d aging
MV-A MV-B WB-A WB-B
Cr(VI) treatment conc. (ppm)
250 1000 250 1000 250 1000 250 1000
% Cr(IIT) bioaccessible 6.0 9.9 7.1 8.0 7.8 83 32 14.2
% Cr(V1) bioaccessible 101.0 515 65.5 48.1 52.5 423 71.1 107.5
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was employed on samples aged for only 2 d. Jarelingl (1999) previously
measured a half-life of 85 h for Cr(VI) reduction by organic carbon, so samples
analyzed after 200 d of aging should have more Cr(lll) product than samples
analyzed after 2 d of aging. Nevertheless, the chemical extraction method agreed
well with the XAS results and the quantity of organic C in the soils. With the
exception of the WB B-horizon soil, the quantity of Cr(VI) extracted from the solid
phase was significantly lower than the initial Cr(VI) sorbed, implying that Cr(lll)

is being formed and remains sorbed to the soil (Figure 3 a-d). A-horizon soils had
significantly more Cr(lIl) production when compared with B-horizon soils, which

is consistent with the larger organic carbon content of the former. The WB
B-horizon, which had as little as 0.1% organic carbon, showed no Cr(VI) reduction
after 2 d (Figure 3b)'he low organic content of this soil does not lend itself to the
rapid reduction of Cr(VI) or is the source of iron, hematitg@)e and maghemite
(yFe,0,) conducive to Cr(VI) reduction. The presence of Fe(lll) suggests that the
iron is already oxidized and therefore not in the correct state to facilitate the
reduction of Cr(VI). This further explains why the percent of Cr that is bioaccessible
in the WB-B soil remains so high compared with the other three soils examined.
These results are consistent with the XAS findings that showed Cr(VI) reduction
was nearly complete on all soils after 200 d, with the exception of the WB-B-
horizon soil.

Factors Influencing Cr Bioaccessibility

The entire data set was analyzed using an ANOVA model that incorporated
three qualitative factors (oxidation state, soil type, and dose level) and one
guantitative factor (age). The original dose amounts were converted to low (50
ppm Cr(lll) and Cr(VI)), medium (200 ppm Cr(lll) and 250 ppm Cr(VI)), or
high (500 ppm Cr(lll) and 1000 ppm Cr(VI)) categories to simplify the statis-
tical analysis. The complete four-factor ANOVA model explained more than
95% of the variance in bioaccessibility & 0.952, F = 127.74, p < 0.0001)
with a summary of the ANOVA results shown in Table 6. The oxidation state,
soil type, and dose main effects were all significant as were the two-way and
three-way interactions among these effects. Age and its interactions with
oxidation state and soil type were also significant. However, age and its
interactions with dose were only marginally significant. Thus, it is thought that
these marginally significant results indicate that the dose level exerts only a
minor influence on the relationship between age and bioavailability. It is also
important to realize that some of the significance noted in Table 6 is driven by
the high analytical precision of the bioaccessibility results. Thus, in certain
cases it may be difficult to tease out statistical significance from geochemical
and physical significance.
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Table 6. Summary of analysis of variance results showing the significance of various
factors on the bioaccessibility of Cr in soils.

Factor SS df MS F Prob.
Oxidation 16307 | 1 | 16307 | 73.76 | <0.0001
Soil 879265 | 3 | 29308.8 | 1325.70 | <0.0001
Oxidation-Soil | 213243 | 3 | 7108.1 | 321.51 | <0.0001
Dose 264.4 2 1322 598 | 0.0028
Oxidation-Dose 3459.0 2 1729.5 78.23 | <0.0001
Soil-Dose 10915 | 6 181.9 823 | <0.0001
Oxidation-Soil- | 13,54 | ¢ 219.6 994 | <0.0001
Dose
Age 93789 | 1 | 93789 | 42423 | <0.0001
Age-Oxidation 1753.8 | 1 | 1753.8 | 79.33 | <0.0001
Age-Soil 29567 | 3 985.6 | 44.58 | <0.0001
Age-Oxidation-Soil | 621.8 3 207.3 938 | <0.0001
Age-Dose 126.4 2 63.2 2.86 | 0.0589
Age-Oxidation- |5y, ;| 5 | 129 507 | 0.0068
Dose
Age-Soil-Dose | 355.5 6 592 268 | 0.0151
Age-Oxidation- 1 p97 5 | ¢ | 496 | 224 | 0.0391
Soil-Dose
Error 6632.4 300 22.1

SS = sum of squares, df = degrees of freedom, MS = mean squares, F = F-value statistic, Prob. =
probability that one obtains the F-value other than by chance.

ENVIRONMENTAL SIGNIFICANCE

This study has shown that the metal-sequestering properties of soil significantly
lower the percent of Cr(lll) and Cr(VI) bioaccessible after ingestion. The percent
of bioaccessible Cr is largely independent of the initial solid phase concentration
of Cr prior to the PBET simulated digestion. Sorption and bioaccessibility of
Cr(Ill) and Cr(VI) vary significantly as a function of soil type and horizon, and the
oxidation state of the contaminant. Soils with higher pH and abundant inorganic
and organic carbon can often be expected to have higher solid phase concentrations
of Cr(Ill), while for Cr(VI) the patterns are reversed, with Cr(VI) adsorption
favored by lower soil pH and soil minerals with amphoteric charge. Aging effects
show Cr bioaccessibility decreases after the first 50 d, and this is related to the
enhanced stability of Cr on the soil surface followed by stable bioaccessibility to
200 d. Bioaccessibility of Cr(lII) can be significantly reduced by its ability to bind
strongly to organic matter and also to Cr — hydroxide precipitates on the soil
surface, even under the conditions present in the PBET. Soil sequestration of
Cr(VI) significantly lowers its bioaccessibilit@rganic-rich soils and/or soils with
Fe(ll)-bearing minerals present enhance Cr(VI) reduction to Cr(lll), with the latter
being strongly adsorbed and less bioaccessible. This is important from a human
health perspective because Cr(VI) is believed to be much more toxic than Cr(llI).
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Factors Controlling the Bioaccessibility
of Arsenic(V) and Lead(ll) in Soil
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The relative oral bioaccessibility of labile Pb(ll)
and As(V) added to soils was investigated in
a well-characterized soil using a physiologi-
cally based extraction test (PBET) to simu-
late metal solubility in a child’s digestive sys-

tem. The effect of soil and PBET (i.e., simu-
lated stomach and small intestine) pH, soil
metal concentration, soil to solution ratio, and
soil-metal aging time were investigated. Ar-
senic bioaccessibility was relatively unaffected
by a variation in simulated stomach and small
intestine pH over the range 2 to 7 and soil pH
over the range 4.5 to 9.4. In contrast, Pb(ll)
bioaccessibility was strongly dependent on
both the simulated stomach, small intestine,
and soil pH, showing enhanced sequestra-
tion and decreased bioaccessibility at higher
pH values in all cases. Although the
bioaccessibility of Pb(ll) was constant over
the concentration range of approximately 10
to 10,000 mg/kg, the As(V) bioaccessibility
significantly increased over this concentra-
tion range. The bioaccessibility of both ar-
senic and lead increased as the soil-to-solu-
tion ratio decreased from 1:40 to 1:100.
Additional lead sequestration was not ob-
served during 6 months of soil aging, but As
(V) bioaccessibility decreased significantly
during this period.
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INTRODUCTION

Soil ingestion is typically the primary humdrealth exposure pathway at
metal-contaminated sites. For residential or recreational land use scenarios,
for example, the ingestion of soil by children is almost always the critical exposure
pathway. The calculated health risk due to the incidental ingestion of a metal-
contaminated soil is a function of several variables: the soil-metal concentration,
soil ingestion rate, body weight, exposure frequency and duration, and the oral
toxicity (cancer slope factor for carcinogens or the reference dose for non-carcino-
gens). However, the oral toxicity of metals is often based on toxicological studies
where the metal is potentially more bioavailable than metals in soils (e.g., from
animal feeding studies with soluble metal salts). Thus, with the exception of Pb,
risk assessments implicitly assume a default value of 100% relative bioavailability.
In other words, the bioavailability of the metal in the soil is implicitly assumed to
be the same as in the dosing medium (e.g., water or food) in the critical toxicity
study. The risk assessment methodology for Pb in soils is unique; Pb is the only
metal that has an explicit soil bioavailability adjustment.

Metals in soils, however, are often relatively insoluble, requiring aggressive
digestion procedures for complete analytical metal recovery. As a result, an oral
toxicity value developed from studies using soluble metal species may overstate
the risk posed by less-soluble metals in soils. The generally low bioavailability of
Pb and As in soils in mining areas has been well documented, and risk assessments
based on data from studies using soluble metal salts overestimate the risk posed by
these soils (Davist al, 1992). Numerous studies, for example, have shown that
Pb in soil (Freemasat al., 1994; Casteddt al, 1997), mining waste (Dietet al.,

1993; Polaletal., 1996) and aggregate (Chestgal, 1991; Preslaet al, 1996),

is much less bioavailable than more soluble Pb species, such as Pb oxide, nitrate,
or acetate used in toxicological studies. Relatively low Pb bioavailability is a
consequence of Pb speciation and the corresponding solubility constraints (Davis
et al, 1993) and kinetic limitations to dissolution in the limited residence time of
the Gl tract (Rubyet al, 1992). Similarly, the oral toxicity for As is based on a
human epidemiological study of As in drinking water. However, soluble As in
drinking water is much more bioavailable than insoluble As in soils, the latter of
which is primarily excreted through the feces without being absorbed through the
Gl tract (Freemart al, 1995). Estimates of risk due to As ingestion in soils in
mining areas would overstate the risk unless the lower bioavailability of As in these
soils is considered (Davig al, 1996; Daviset al., 2001).

In mining-impacted areas, low soil-metal bioavailability might be due to the
presence of residual low solubility metal sulfides from the ore body. However,
even in hon-mining areas, soil metal bioavailability may be lower than for soluble
metal species because soils typically bind metals due to sorption to the solid phase
and the formation of other secondary solid phases with lower solubility, including
authigenic metal sulfides (Barnett al, 1997). For example, the presence of the
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soil matrix significantly reduced the absorption of soluble C#HGm the Gl tract

in rat studies (Schildermaat al, 1997). In fact, animals are believed to instinc-
tively consume soils when exposed to contaminants in their diets as a way of
decreasing the bioavailability and the effect of these contaminants (Shepalrd
1995).

The purpose of this article is to describe the results of an investigation into the
bioaccessibility of Pb(Il) and As(V) added to soils using a physiologically based
extraction test (PBET) to simulate soil ingestion. As(V) and Pb(ll)-spiked soils
were used because (1) the initial metal concentration and speciation could be
controlled, (2) changes in bioaccessibility from the initial labile metal could be
followed with time, and (3) beginning with labile metals provided insight into the
ability of soils themselves to limit metal bioaccessibility, without regard to any
unique site-specific speciation. The effects of soil and PBET pH, soil-to-solution
ratio, soil-metal concentration, and soil-metal aging time were investigated.

Il. EXPERIMENTAL METHODS
A. Materials

All chemicals employed in this research were analytical grade or above, and
solutions were prepared with deionized water (X8-bn) from a reverse osmosis/

ion exchange apparatus (Milli’® Water System). Soil samples were collected
from the B- and C-horizon of a weakly developed Inceptisol on the Department of
Energy Oak Ridge (Tenn.) Reservation. The soils were air dried and passed
through a 25Qtm (B-horizon) or 2-mm (C-horizon) sieve. The <3&f-fraction
represents the soil fraction most likely ingested as a result of children’s hand-to-
mouth activities and was adopted after the initial experiments with the C-horizon
material were begun. These soils are acidic (pH ~4.2 in a 1:2 g/mL suspension) and
heavily coated with Fe-oxides. Some physical and chemical properties of the two
soil samples are shown in Table 1.

B. Soil Spiking

Arsenic(V) and Pb(Il) were added to the soil from a small volume of concentrated
metal stock solution to a 1:10 g/mL suspension i WDCaCl, solution. In most
experiments, the soil slurry was maintained at the natural soil pH (~4.5 in a 1:10
g/mL suspension) by immediately neutralizing the acidity from the metal stock
solution with dilute NaOH. The pH of some slurries was changed by adding
additional dilute NaOH tstudy the effect of soil pH on the bioaccessibility of
As(V) and Pb(Il). After mixing for 48 h, the soil suspension was centrifaged

the supernatant was decanted. The remaining soil was washed twice with distilled
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TABLE 1
Some Physical and Chemical Properties of Inceptisol Soils Used in Study
Property B-horizon C-horizon
Sand (%) 31 31
Silt (%) 50 50
Clay (%) 19 19
pH* 42 4.1
Mn (g/kg)** 0.17 0.36
Fe (g/kg)** 2211 25.8
Organic Matter (%) 042 0.55
Inorganic Carbon (%) 0.26 not measured
CEC (cmoly/kg) 14 not measured
Mineralogy (%)*** 1(45)IS(20)V(10)K(9) | I(30)IS(25)K(20) S(10)
VCOEM(5)QB)E(1) | V(10)Q(5)

* The pH of the soil solution was measured in 5 mM CaCl, in a 1:2 g/mL suspension.

** Dithionite/citrate/bicarbonate extractable.

*** K=kaolinite, V=vermiculite, VC=chloritized vermiculite, I=illite, IS=interstratified
2:1, Q=quartz, G=gibbsite, M=montmorillinite, F=feldspar, S = smectite.

water to remove any traces of the original soluble As(V) or Pb(ll) spike. The
decanted supernatant and rinse water were filtered throughu@ndembrane

filter, and the concentration of As(V) and Pb(ll) in the filtrate was analyzed using
an atomic absorption spectrophotometer equipped with an electrodeless discharge
lamp (EDL) for As and a hollow cathode lamp for Pb. The difference between the
amount of As(V) or Pb(ll) added and that remaining in the supernatant was used
to calculate the initial soil concentration. The soil residues from the PBET extrac-
tion (below) were also analyzed for Pb and As using EPA Method 3050B to verify

a mass balance afl0%.

The soils were then air-dried and homogenized by mixing. Initial subsamples
were taken representing the conditions at the beginning of the aging experiment
(i.e., t=0). The remaining soil was placed in a weighing dish, and deionized water
was added to bring the soil to field capacity (30% maoisture). The open containers
were then aged in a larger container through which a steady flow of 100% relative
humidity air was passed. The moisture content of the soils was monitored periodi-
cally by weight, with deionized water added as necessary to maintain a constant
moisture content of 30%. Periodically, subsamples were removed and analyzed as

described below.

C. Adsorption
The degree of adsorption As(V) and Pb(ll) to the soil was measured by adding 5
g/L B-horizon soil and 1 mg/L Pb(Il) or As(V) concentrations in?2 NaNO,
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solution. After adjusting the pH of the initial suspension to between 2 and 12 using
dilute HNO, or NaOH solutions, the samples were shaken for 48 h at normal room
temperature (22 to 26). After 48 h, the suspension pH of each sample was
measured, and the suspensions were filtered usinguén4fiters (Gelman). The
concentration of As(V) or Pb(ll) in the filtrate was measured using an atomic
absorption spectrophotometer as described above.

D. Extractions

The physiologically based extraction test (PBET) used here was adopted from a
modification to the original PBET described by Ryl (1996). This extraction

test has been shown to be predictive of Pb bioavailability in two animal models and
is currently being validated for As (Rulet al, 1999). The extraction device
consisted of a sample holder that held 16 wide-mouth, high-density polyethylene
bottles (125 mL) and a motor that rotated the sample holder at variable speed. The
sample holder was located in a temperature-controlled water bath. During the
extraction, the water temperature in the bath was maintained at body temperature
(37 2°C). The extraction solution consisted of 30 g/L glycine iD)4vith the pH
adjusted to 1.5, 2, 3, or 4 with HCI. These conditions simulated the stomach,
because recent research has suggested that Pb and As dissolution in the simulated
stomach environment is predictive of Pb and As bioavailability in animals (Ruby
et al, 1999).

One gram of each air-dried soil was placed in a 125-mL HDPE bottle. Then 40
or 100 mL of 37C simulated gastric solution was poured in each bottle. After
capping, each bottle was placed in the sample holder and rotated end over end at
30+ 2 rpm for 1 h. After 1 h, the bottles were immediately removed and stood up
right for approximately 5 min before taking a portion of the supernatant, which was
then filtered with 0.4%m filter. For all experiments, duplicate or triplicate samples
were run and the results were reportel ase standard deviation unless otherwise
noted. The dissolved metal concentration in the filtrate was measured with an
atomic absorption spectrophotometer, with the fraction of metal dissolved repre-
senting the bioaccessibility (see below). Although the stomach may be important
in solubilizing soil-bound metals, systemic absorption occurs in the small intestine,
where chemical conditions (especially pH) are significantly different. To examine
these effects, the pH of the remaining PBET solution was adjusted to 7 by adding
4 mL of 0.5M NaHCQ, maintaining a constant soil-solution ratio. The bottles were
returned to the extractor and rotated end over enda23@m for 3 h, when they
were sampled and analyzed as described previously. The remaining soil sample
was analyzed for As or Pb using acid digestion (see below) to verify mass balance
within £10%.

To measure the pH and the readily soluble and exchangeable concentrations of
As and Pb, 1 g of each soil was mixed with 2 mL &fB)3 M CaCl, solution for
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2 h. After centrifugation (10 min at 2000 rpm), the supernatant was filtered with
0.454um filter. Then the pH and metal content of the supernatant were measured.
For all soils, blanks (no metal added) were used to correct all data obtained from
CaCl, and PBET extractions.

The absolute oral bioavailability is the fraction of an administered metal dose
that reaches systemic circulation from the gastrointestinal tract @aby1999).
The relative bioavailability is the bioavailability of a metal in one form or media
compared with another (e.g., the bioavailability of a metal in soil relative to the
bioavailability of the metal in water). lim vitro extraction tests, the fraction of
metal solubilized and available for absorption is termed the bioaccessibility and is
an indicator of the bioavailability of soil-bound metals relative to the soluble metal
species on which the oral toxicity is based (Rebal, 1996). The bioaccessibility
of soluble AsO, and Pb(NQ),*6H,0 at the same concentration as in the soils was
96.1+ 0.1% and 99.& 1.1%, respectivelyin vitro extraction procedures are a
more useful tool than expensive and time-consuming animal feeding studies for
investigating the effect a number of variables on bioaccessibility/bioavailability.

E. Soil Analysis

In order to verify the mass balance, the residual soil Pb or As was determined using
a strong acid extraction method (EPA 3050B; 10 mL of 50% KMNONML of
concentrated HNQ 2 mL of water + 3 mL of 30% JO, at 95+ 5°C) after each
PBET extraction. After digestion, the samples were filtered using a Whatman filter
paper, and the filtrate was measured with AAS to obtain the total metal amounts
remaining on the soil. An analysis of the soil residues from the procedure yielded
a mass recovery of 1G010%.

I1l. RESULTSAND DiscussION
A. Effect of Aging Time

Figure 1 shows the water-soluble/exchangeable and bioaccessible concentrations
of Pb(Il) and As(V) in contact with soils from the C-horizon as a function of aging
time. The soil rapidly and strongly sequestered both Pb(Il) and As(V). Thg-CaCl
extractable Pb(ll) and As(V) was less than 3% of the total soil concentration over
all time periods. The bioaccessibility of arsenic was rapidly and dramatically
reduced, decreasing from 1130.7% initially to 5.8+ 0.2% after 6 months, a
significant decrease (p<0.001). The Pb(Il) bioaccessibility was greater than that of
arsenic, 62.6= 3.2% initially with no further significant sequestration over 6
months. The reductions in bioaccessibility are due to metal-soil interactions rather
than preexisting solid phase speciation, as soluble metals were added to the soil
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FIGURE 1

Simulated stomach bioaccessibility of As(V) and Pb(ll) with aging times (C-horizon soil,
pH 2, 1:40 soil/solution ratio). Error bars are + one standard deviation (n = 2—4).

initially. This is important because it implies a long-term reduction in bioaccessibility
as long as the solil properties governing metal sequestration do not change. This is
in contrast to long-term changes in metal speciation (e.g., metal sulfide oxidation)
that may be a concern in situations where metal speciation, as opposed to soil-
metal interactions, is controlling bioaccessibility.

B. Effect of Simulated Gastrointestinal pH

The pH of the stomach is variable, ranging from approximately 2 (fasting) to 4 to
5 after eating (Rubgt al. 1996). To examine the potential effects of different pH
conditions in a simulated stomach, the bioaccessibility of As(V) and Pb(ll) were
measured at four different pH values. Figure 2a shows a comparison of the
bioaccessibility of As(V) and Pb(ll) in freshly spiked B-horizon soil at four
different simulated stomach pH values. The bioaccessibility of arsenic was con-
stant at 25.% 6.8% with pH over the range 1.5 to 4. The differences between the
bioaccessibility in the B-horizon (Figure 2a) and C-horizon (Figure 1) may be due
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FIGURE 2A

Simulated stomach bioaccessibility of As(V) and Pb(ll) from fresh soil with variation of
pH of PBET solution (B-horizon soil, 1:40 soil/solution ratio). Error bars are + one
standard deviation (n = 2-3).

to differences in particle size used (<38 vs. <2000um) or small changes in
the amount and reactivity of Fe or other metal-sequestering solid phases. The
Pb(Il) bioaccessibility, in contrast to As(V), exhibited a greater pH dependence. At
pH 1.5, 81.1+ 1.3% of lead was bioaccessible, while only 11.0.7% was
bioaccessible at pH 4. This result suggests that the bioaccessibility of lead is
strongly affected by the stomach pH. Thus, an eightfold variation in bioaccessibility
is possible due to a daily variation in stomach pH. This phenomenon illustrates
another source of uncertainty that must be considered in conducting a risk assess-
ment. From studies of the bioavailability of soil-borne lead in adults, Maddaloni
et al (1998) reported a great difference in lead absorption between fasting (26.1%)
and after eating (2.5%).

After approximately 2 h of residence time in the stomach, food enters the small
intestine where the pH increases to approximately 7 (Rubl, 1996). Although
the overall dissolution of Pb(ll) and As(V) may be controlled by the stomach, it is
not clear that all the metals dissolved in the stomach may be absorbed, because the
proximal area of the small intestine is known as the primary region of heavy metal

172

172 3/18/03, 10:31 AM



‘ 340367.pgs

100
N Stomach
80 - —1 Small Intestine
Fary
E
‘D 60 1
7))
(1))
O
O
g 40 =
m
=®
20
0 . .
Pb As
FIGURE 2B

Simulated stomach (pH 2) and small intestine (pH 7) bioaccessibility of As(V) and Pb(ll)
from fresh B-horizon soil (1:40 soil/solution ratio). Error bars are + one standard
deviation (n = 2-3).

absorption (Ashmeaet al, 1985). To simulate the small intestine, the pH of the
extraction solution was increased to 7 by the addition of NalHGAtal
bioaccessibility in the simulated small intestine following digestion is shown in
Figure 2b. The bioaccessible As was not significantly affected as the pH of the
extraction solution was changed from 2 to 7, suggesting that the pH is not a major
controlling parameter for the dissolution of As(V) from this soil at this pH range.
However, lead bioaccessibility decreased significantly (p<0.01) fromt78.17%

to 37.4+ 2.3%. As the small intestine is the major region of heavy metal absorp-
tion, the bioaccessibility of Pb in the stomach may be greater than the actual
bioavailability.

The pH-dependent bioaccessibility of As(V) and Pb(ll) can be understood in
terms of standard geochemical phenomena. For example, cationic metals (e.g.,
Pb(Il)) typically partition to solids to a greater degree at higher pH, while anionic
metals (e.g., As(V)) exhibit the opposite behavior, as shown in Figure 2c. There-
fore, the lower bioaccessibility of Pb(ll) at higher pH may be due to the same
factors (e.g., pH-dependent sorption) that favor Pb(ll) adsorption at higher pH. In
contrast, As(V) bioaccessibility was relatively independent of simulated stomach
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FIGURE 2C

Pb(ll) and As(V) adsorption onto B-horizon soil as a function of pH (5 g/L soil; 1 mg/L
Pb(ll) and As(V); | = 0.01 M NaNO,).

and small intestine pH, which is consistent with a relatively little variation in
adsorption from pH 2 to 7 (Figure 2c).

C. Effect of Soil pH

B-horizon soil was used w&tudy initial soil pH effects on metal bioaccessibility.
As shown in Figure 3, the effect of soil pH on As(V) &1ull) bioaccessibility

was different. Although As(V) sorption increased sharply from pH 7 to 9 (Figure
2c¢), the variation of As(V) bioaccessibility was relatively small over the pH range
4.5 to 9. These results indicate that the As(V) bioaccessibility in this soil is
controlled by the simulated stomach and small intestine pH rather than the initial
soil pH, possibly reflecting relatively rapid pH-dependent partitioning in the
solution phase (i.e., As(V) partitioning responds relatively rapidly to solution pH
independent of initial soil pH). In contrast, Pb(Il) bioaccessibility significantly
(p<0.02) decreased from 76:73.1% to 47.2 3.2% at higher soil pH, reflecting
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FIGURE 3

Simulated stomach bioaccessibility of As(V) and Pb(ll) with variation of soil pH (fresh B-horizon
soil, pH 2, 1:40 soil/solution ratio). Error bars are = one standard deviation (n = 2-3).

the same pattern as typical cationic-type adsorption (Figure 2c). These results
indicate that the binding of Pb(ll) in the soil is influenced by the initial soil pH, and
that the Pb(ll) bioaccessibility depended on both the simulated stomach (Figure 2a)
and soil (Figure 3) pH. In contrast, the As(V) bioaccessibility was relatively
independent of both the simulated stomach (Figure 2a) and soil (Figure 3) pH.

D. Effect of Concentration

Figure 4 shows the bioaccessibility of Pb(ll) and As(V) as a function of soil metal
concentration. The current risk assessment methodology implicitly assumes that
the bioavailability is independent of the concentration by using a constant relative
bioavailability adjustment factor. However, metals often partition to the solid
phase in a nonlinear manner (i.e., the fraction of metal sorbed decreases with
increasing concentration). In order to investigate the accuracy of using a constant
bioaccessibility, Pb(Il) and As(V) bioaccessibility were measured over almost
three orders of magnitude of concentration (10 to 10,000 mg/kg). Pb(ll)
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FIGURE 4

Simulated stomach bioaccessibility of As(V) and Pb(ll) with variation of initial
concentration (fresh B-horizon soil, pH 2, 1:40 soil/solution ratio). Error bars are + one
Standard deviation (n = 2-3).

bioaccessibility was relatively insensitive to the concentration of lead, yielding
78.7 £ 6.8% bioaccessibility over all concentration ranges. However, As(V)
bioaccessibility significantly (p<0.05) increased from 23.@.2% to approxi-
mately 42.8 2.7% as the concentration of As(V) increased from approximately
10 to 1000 mg/kg, illustrating another potential source of uncertainty introduced
in risk assessments by using a constant bioavailability adjustment.

E. Effect of Soil to Solution Ratio

The soil to solution ratio in the stomach will not be constant over time due to the
ingestion of different amounts of soil on varying occasions and because the volume
of fluid in the stomach depends on the fasting condition of the child. As a result,
the bioaccessibility of As(V) and Pb(ll) was investigated as a function of soil to
solution ratio (Figure 5). The bioaccessibility increased from 8(8.8 to 53.2

+ 0.9 for As(V) and from 81.& 1.8 to 91.Gt 2.1 for Pb(Il) with decreasing soil
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FIGURE 5

Simulated stomach bioaccessibility of As(V) and Pb(ll) from fresh B-horizon soil (pH 1.5,
1:40 and 1:100 soil/solution ratio). Error bars are + one standard deviation (n = 2).

to solution ratio. The same trend was observed in soluble and exchangeable Pb(ll)
in the CaCJ solution, especially for aged soil samples. Haghal.(1998) reported

that the effect of the soil to solution ratio on lead and arsenic bioaccessibility
depended on the soil sample. Although a higher bioaccessibility of Pb and As from
Jersey City soil was observed as the soil to solution ratio decreased from 1:100 to
1:5000, a relatively constant bioaccessibility of Pb(ll) and As(V) was observed
with Montana soils over all soil to solution ratios tested.

IV. SUMMARY AND CONCLUSIONS

These results have illustrated several salient aspects of Pb(ll) and As(V)
bioaccessibility. First, the soils decreased both Pb(ll) and especially As(V)
bioaccessibility solely as a result of soil-metal interactions and not as a result of any
specific preexisting metal speciation. Reduced Pb(ll) and As(V) bioaccessibility
then can be a result of the fundamental nature of soil-metal interactions rather than
site-specific speciation (e.g., metal sulfides from ore bodies). These results also
promote greater confidence in the long-term ability of soil to lower Pb(ll) and
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As(V) bioaccessibility as long as the soil properties governing metal sequestration
remain constant. This might not be the case if the reduced Pb(ll) or As(V)
bioaccessibility was due to unique metal speciation that was subject to change over
time (e.g., oxidation of metal sulfides in surface soils). In fact, the As(V)
bioaccessibility significantly decreased over a 6-month aging period. Second,
Pb(Il) bioaccessibility significantly depended on the pH of both the simulated Gl
fluid and the soil, showing enhanced sequestration and reduced bioaccessibility at
higher pH values. In contrast, neither soil nor Gl pH significantly affected As(V)
bioaccessibility over the range of Gl pH from 2 to 7 and soil pH from 4.5 to 9.4.
Third, although Pb(Il) bioaccessibility was not significantly influenced by soil-
metal concentration over the range 10 to 10,000 mg/kg, the As(V) bioaccessibility
significantly increased over this same concentration range. Thus, the use of a
concentration-independent bioaccessibility/bioavailability factor in a risk assess-
ment for As(V) may not be warranted. Finally, both Pb(ll) and As(V) bioaccessibility
increased with decreasing soil to solution ratio, illustrating another degree of
uncertainty in estimating the risk of soil ingestion at metal-contaminated sites.
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