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Consideration of monitored natural attenu-
ation (MNA) as a remedy component for
metals-contaminated sites can be achieved
using a site-specific screening approach,
followed by application of one or a series of
sequential extraction measurements. Haz-
ardous waste sites contaminated with met-
als can be screened for the implementa-
tion of monitored natural attenuation on the
basis of contaminant-specific soil chemical
characteristics (i.e., Kd’s, solubilities, and
nonexchangeable sorbed fraction). Field
cases are used to demonstrate the screen-
ing approach and to outline the primary
considerations involved in accurately ap-
plying sequential extraction procedures to
support the of MNA for site remediation.

The results of these case studies pro-
vide strong evidence that site-specific
screening and the use of sequential ex-
traction procedures are effective methods
for evaluating natural attenuation for met-
als impacted sites.
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INTRODUCTION

ATURAL attenuation includes “naturally occurring processes in soils and
groundwaters that act without human intervention to reduce the mass,

toxicity, mobility, volume, or concentration of contaminants in those media” (U.S.
Environmental Protection Agency, 1997). These processes include biodegradation,
dispersion, dilution, sorption, precipitation, volatilization, and/or chemical and
biochemical stabilization of contaminants. Metals are not lost through degradation
processes; consequently, ignoring dilution, natural attenuation involves sorption of
soluble metals to solid phases or the formation through precipitation of insoluble
contaminant-containing phases. Precipitation is a three-dimensional solid phase
arrangement of molecules from the solution, while adsorption is the net accumu-
lation of matter in a two-dimensional molecular arrangement at a solid/aqueous
interface.

The biogeochemical parameters that govern metal partitioning include the con-
centration and type of metal, oxidation/reduction potential (Eh), ionic strength, pH,
concentration of complexing ligands, and biological reactions. Metals are gener-
ally found in one of the following soil or sediment fractions (e.g., Shuman, 1991):
dissolved; occupying exchange sites of inorganic and organic soil constituents;
specifically adsorbed on inorganic soil constituents; complexed with insoluble soil
organics; precipitated or coprecipitated as solids; and occluded within the structure
of primary and/or secondary minerals. The dissolved fraction represents the por-
tion of the total metal concentration that all approaches assume is bioavailable. The
remaining fractions represent immobilized metals that are progressively more
difficult to leach.

The interaction of metal contaminants with soil solids typically prevents com-
plete clean up of anthropogenic and nonanthropogenic metals-contaminated sites.
At the same time, the decreased bioavailability resulting from solid-solution inter-
action provides a strong rationale for some reliance on natural attenuation (NA) as
a site remedy for applicable sites. Despite this, NA has only been applied sporadi-
cally. This may be due to the lack of a common protocol for screening candidate
metals-impacted sites for MNA, and the absence of a generally accepted analytical
technique for demonstrating attenuation mechanisms sorption, sequestration, and
metal valence changes.

For metals MNA site-screening, minimal site-specific data are generally avail-
able to identify specific attenuation mechanisms. Instead, the results tend to be
only semiquantitative and provide little more than an indication whether MNA
should be examined more closely. The implementation of MNA at a site requires
expanded site-specific analyses. A more complete knowledge of metal immobili-
zation processes at specific sites is needed for full MNA implementation because
an understanding of mechanism(s) is a prerequisite to: selecting the site remedy,
developing site closure pathways, and implementing any long-term monitoring
(USEPA, 1997). Below a series of case studies are used to demonstrate an ap-

N
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proach to evaluating natural attenuation at impacted sites. The initial screening
effort uses a web-based screening tool, MNAtoolbox (http://www.sandia.gov/
eesector/gs/gc/na/mnahome.html), developed by Sandia National Laboratories for
the US Dept. of Energy (Brady et al., 1998) and existing site data. The second step
involves using sequential extractions for collecting baseline data to identify site-
specific attenuation mechanisms for metals.

Metal Attenuation and Bioavailability

Solids-associated metals can be separated into two groups, both of which must be
addressed by soil and groundwater remediation efforts. The easily leached solids-
associated fraction is assumed to be ‘potentially bioavailable’, whereas a
nonleachable fraction is assumed to be ‘nonbioavailable’. In this context, the
definition of bioavailability is operative and depends on the nature of the leaching
procedure. Metal extraction techniques that mimic natural biologic processes
might in theory provide accurate estimates of bioavailability.

Different exposure pathways (ingestion vs. drinking water uptake vs. dermal
exposure) and the likely receptors (plants, animals, humans) will be important at
different sites, and these exposure pathways and receptors may change over time
with land use changes. For example, the exposure pathway for metal-impacted
surface sediment may be ingestion by human receptors. Consequently, risk assess-
ment would address the bioavailability of metals through the ingestion pathway.
Over time as deposition isolates the sediments from surface receptors, sediment
ingestion may no longer prevail as an exposure pathway, and the concern may shift
to metals leaching to groundwater. All of these factors must be kept in mind when
assessing the fate of metals in soils.

All measures of bioavailability depend on the biogeochemical processes con-
trolling metal mobility in the soil and that ultimately define its resistance to
solubilization and transport to groundwater, solubility in digestive fluids, or poten-
tial to be dermally transported. Potentially bioavailable forms require considerably
more attention than nonbioavailable ones. Consequently, some differentiation
between the two should be made before active remediation is prescribed. This is
accomplished by toxicity or tissue tests on benthic organisms, plants, or microor-
ganisms, for acute and/or chronic effects, or by soluble metal analyses that define
the fraction of metals available for reactions with organisms.

METHODS

Sequential Extraction Procedures

Sequential extraction procedures (SEPs) are chemical extractions used to remove
metals from specific solid-associated phases. SEPs progressively use stronger
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reagents to solubilize metals from increasingly recalcitrant phases. Although these
procedures do not identify the specific metal phases in a soil, they do provide a
means to evaluate metal release in relation to redox and pH fluctuations (Tessier
et al., 1979; Sposito et al., 1984; Hickey and Kittrick, 1984; Gruebel et al., 1988;
Kuo et al., 1983). Typically, metals can be grouped into the following geochemical
fractions or “sinks” (Tessier et al., 1979).

1. Exchangeable Phase — This extraction includes metals that are reversibly
sorbed to soil minerals, amorphous solids, and/or organic material by elec-
trostatic forces. These forces may be overcome by exposing the soil to a
concentrated electrolyte solution, such as 1 M MgCl2 that displaces the
metal ions from solid surfaces.

2. Carbonate Phase — This extraction targets metals that are irreversibly
sorbed or otherwise bound in carbonate minerals. This phase is soluble in
a mild acid solution (1 M NaOAc solution in 25% HOAc at pH 5).

3. Metal Hydroxide Phase — Metals bound to hydroxides of iron, manganese,
and/or aluminum are extracted during this phase. Metals associated with
this phase may be extracted using a solution of 0.1 M hydroxylamine
hydrochloride in pH 2 nitric acid.

4. Organic Phase — This extraction targets metals strongly bound via chemi-
sorption to organic material. The oxidation of soil organic matter (using pH
8.5; at 5% NaOCl), will bring into solution metals irreversibly bound to
organic functional groups.

5. Acid/Sulfide Fraction — The extraction is used to identify metals precipi-
tated as sulfide minerals. Metals associated with sulfide minerals will be
removed by leaching with 4 M HNO3 at 95oC.

6. Residual Fraction — Metals remaining in the soil after the previous extrac-
tions are distributed between silicates, phosphates, and refractory oxides.
These residual metals can be removed from the soil through total dissolution
with Aqua Regia.

There are a number of SEP methods that have been developed with different
extracting solutions, different extraction orders, and metal-specific SEPs. The SEP
approach outlined above is a modification of the SEP currently being calibrated by
the NIST (Schultz et al., 1996). The SEP provides several important pieces of
evidence. First, analysis of the exchangeable leachate represents the fraction of
metal reversibly sorbed, that is, the fraction that can rapidly (seconds to hours)
equilibrate with soil solution. Additionally, this is the metal fraction available for
exchange with organic and inorganic soil phases. The remaining steps perform two
functions: (1) quantify the amount of metal that is either irreversibly sorbed under
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ambient conditions or exists as a separate mineral phase, and (2) quantifies the
concentration of metal and characterizes the type of immobilization complexes.

Sequential extractions have been used for a number of applications. Song and
Breslin (1998) used SEP data combined with amphipod toxicity testing data to
characterize metal bioavailability in lake sediments. Perin et al. (1997) performed
a 5-year study of metals in sediments at a site in Rio De Janeiro, Brazil, using a
five extraction SEP to characterize metal bioavailability. The authors segregated
the SEP extractions into two groups: the (1) bioavailable phase (BAP) and (2) the
nonbioavailable phase (NBAP). The BAP consisted of the exchangeable, carbon-
ate, and metal hydroxide extractions. The NBAP was comprised of the organic
matter, sulfide, and residual extractions. These studies and others (Vangronsveld
et al., 2000; Grzebisz, 1997; Keller and Vedy, 1994; Peters et al., 1997; Ramos
et al., 1999) have used SEPs to quantitatively evaluate metal bioavailability. Total
metals analysis provides limited information with regard to bioavailability (Basta
and Gradwohl, 2000; Davis et al., 1994); therefore, sequential extractions com-
bined with toxicity testing provide a powerful tool for identifying contaminant
metal bioavailability based on the state of the metal in soil or sediment and the
observed response of less complex organisms (earthworms, water fleas, mussels,
etc.) at the base of the food chain.

The SEP may also be used to estimate the fraction of metal expected to
accumulate in the human body under an ingestion and/or inhalation risk scenario.
The solution used in metal hydroxide extractions (pH = 2) is near the reported pH
range used by several researchers performing in vitro testing to evaluate the degree
of metals dissolution in a simulated gastrointestinal tract environment (Williams
et al., 1998 and Ruby et al., 1996). The use of SEPs for this type of correlation
should be limited to screening applications as in vitro tests use organic acids
representative of the gastrointestinal tract and the SEP uses inorganic extracting
solutions.

The SEP analysis can also be used to effectively evaluate remedial alternatives
for metal-impacted sites. For example, SEPs can be used to determine the optimum
flushing solution (pH, oxidant, reductant, acid, base, chelating agent) to use for
metal recovery by soil flushing (Hammick et al., 1998; Grasso et al., 1997). The
SEP can also be used to verify reduced metal solubility and characterize metal
immobilization mechanisms following soil stabilization treatments (Chlopeka and
Adriano, 1997; Xenidis et al., 1999; Vangronsveld et al., 2000). The SEP has also
been used to evaluate the potential effectiveness of phytoremediation in extracting
soluble and labile metals from soil (Barbafieri, 2000).

As with most analytical methods, limitations and potential caveats are associ-
ated with the use of SEPs. Tessier et al. (1979) and Martin et al. (1987) list reagent
specificity, sample preparation and storage, kinetics, readsorption, and varying
element suitability as the major issues that must be addressed when using SEPs.
Despite these considerations, the SEP analysis provides an increased understand-
ing of metal solubility that is useful for all phases of site restoration (investigation,
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risk assessment, and remedial technology selection) and provides more critical data
than the total and/or soluble metals analysis currently performed at most sites.

Step 1. Site Screening

Site screening for MNA is focused on determining if MNA should be examined
further at a particular site. This screening can be answered rapidly if some com-
bination of preliminary site data, prior experiences from other sites, laboratory
measurements, and/or simple soil chemical process knowledge is used. In many
cases standard site characterization data, collected during routine site assessment,
may provide information that natural attenuation may be feasible. The behavior of
many metals in soils tends to be contaminant specific and somewhat predictable for
order of magnitude estimates. Order of magnitude estimates of metal partitioning
(Kd’s) can often be made for a specific contaminant given some knowledge of the
soil solution chemistry (in particular pH). Nonetheless, the types and kinetics of
these reactions will be site specific. The partitioning of metals to solid phases is
controlled by the biogeochemical processes (i.e., concentration, pH, redox, etc.)
discussed in the introduction. Special caution should be exercised to avoid extrapo-
lating Kd estimates in varying biogeochemical environments.

Estimates of the extent to which formation of contaminant-bearing solids can
limit the dissolved levels of the contaminant can also be estimated using geochemi-
cal modeling programs (ex. Geochemists Workbench, MINTEQ, and AQUESOLV).
At the same time, extensive compilations of SEP results from impacted sites
(especially those with similar mineralogy) can be used to provide an estimate of
the fraction of a contaminant that might be irreversibly sorbed.

One rapid means for assessing whether chemical and hydrologic conditions
favor MNA to meet remediation goals is the MNAtoolbox, a web-based MNA
screening tool maintained by DOE at www.sandia.gov/eesector/gs/gc/na/
mnahome.html (Brady et al., 1998). The MNAtoolbox provides tabulated Kd’s,
standard soil chemical data (e.g., solubilities, phase associations), and nonex-
changeable sorption fractions taken from field-measured compilations for most
metals. The MNAtoolbox uses these data as inputs for a modification of the EPA
soil screening guideline calculations (USEPA, 1996) to roughly estimate the
probability of NA being an important control on the fate of the particular metal at
a given site. Also, likely attenuation pathways (e.g., sorption to iron hydroxides,
ion exchange on clays, mineral precipitation, etc.) have been taken from the
literature and are provided for each metal. Table 1 provides a sample of MNA
pathways and contraindicators for natural attenuation of a number of metals.

The pH-dependent Kd’s for most of the metals in MNAtoolbox were taken from
EPA soil screening guidelines and are used as defaults in the estimate when site-
specific measurements are not available. Default nonexchangeable fractions have
been compiled from field studies found in the technical literature. Obviously, site-
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TABLE 1
Natural Attenuation Pathways and Contraindicators for

Various Inorganic Contaminants (Modified after Brady et al., 1998)

specific Kd’s and nonexchangeable fractions are clearly preferable — even at the
site-screening stage.

The phase diagrams in the MNAtoolbox were generated using the Geochemist’s
Workbench (Bethke, 1984), a standard speciation code that relies on the thermo-
dynamic database from EQ3/6 (Wolery, 1983). The phase diagrams are presented
as pH and either (1) total concentration (mol/L) or (2) redox potential (EH) for those
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metals or radionuclides that are greatly influenced by EH as a function of pH
(e.g., Cr, Tc). The likely solid and aqueous species are indicated on the phase
diagram as well as being listed separately. Much of the latter are taken from
standard reference sources (McBride, 1994; Rai and Zachara, 1984).

The MNAtoolbox identifies the likely attenuation pathways for a given metal
and estimates the potential for natural attenuation. The MNAtoolbox is not in-
tended to define clean up levels for metals but rather as an ‘expert system’ to
provide a first-pass assessment of whether MNA should be considered in depth
and, if so, as a means for focusing subsequent characterization efforts.

Before proceeding to the details of second step of the MNA evaluation, existing
site characterization data may be used as indirect evidence of natural attenuation.
Total metal analysis is generally performed during the delineation phase of site
characterization. Other metal analysis performed as part of this investigation may
include toxicity characteristic leaching procedure (TCLP) analysis, deionized (DI)
water leaches, and/or the Synthetic Precipitation and Leaching Procedure (SPLP).
The TCLP generally is used to determine whether an excavated metal-bearing soil
is defined as hazardous for disposal at a landfill and typically gives an overly
conservative estimate of the soluble fraction (Dragun et al., 1990). Unlike the
TCLP analysis, the DI water leach is prone to underestimate metal immobilization
by working purely on concentration gradients between the soil and DI water and
is also susceptible to improperly estimating metal mobility due to pH changes. The
SPLP analysis is used to estimate the fraction of metal that may be soluble under
acid rain conditions. A pH 4.2 extracting solution of sulfuric and nitric acid is used
to extract soluble metals from sites east of the Mississippi River, and a pH 5.0
solution is used to extract soluble metals from sites on the west side of the
Mississippi River. When TCLP (or other soluble metals analyses) and total metals
analyses are available, a high total to low-soluble ratio indicates metal immobili-
zation and implies the influences of some attenuation processes.

Table 2 provides a summary of the attenuation mechanism(s) and scorecards for
three example sites with different metal concentrations, followed by the manage-
ment decision resulting from the preliminary screening. As shown in Table 2, the
MNAtoolbox screening results were useful in identifying the likely attenuation
mechanism for the contaminant of concern and identifying when the conditions
would be conducive for natural attenuation or where immobilization processes
were not likely to be sufficient to meet site restoration goals. Table 3 provides a
comparison of total metal analysis to soluble metal analysis results from several
sites. These comparisons are provided to demonstrate how the combination of
soluble and total data can be used to ascertain if immobilization processes may be
sufficient to investigate natural attenuation further. For these sites identified in
Table 3, there are several orders of magnitude differences in soluble and total metal
concentrations indicating significant attenuation for some metals. A comparison of
total to soluble metal concentrations should only be performed to determine the
extent of rNA process affecting the solubility of metals at a site.
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Although such comparisons are useful in providing indirect evidence of natural
attenuation, these techniques do not define the specific immobilization mechanism(s)
and therefore provide only qualitative evidence for attenuation. For sites where the
preliminary analysis indicates the potential for natural attenuation, site-specific
characterization is required to more effectively estimate the behavior of trace
elements at specific locations.

Step 2. Site-Specific Assessment of MNA

The design of remedial engineering approaches is a complicated process requiring
the explicit consideration of a number of factors, including achievable extraction
efficiencies (for in situ treatments), long-term performance of semipassive treat-
ment approaches (such as landfill caps), environmentally acceptable end points for
in situ approaches, remedial action objectives, applicable or relevant and appropri-
ate requirements (ARARs), cost, regulatory acceptance, and long-term monitoring
requirements. For sites where MNA is applicable, the potential for metals to be
resolubilized and, for surficial soils, potential bioavailablity is of key importance.
Various extractions will provide different answers at a particular site and, often, at
various places within a site. Therefore, the intended application and likely results
of the SEP must be determined to answer the relevant site management questions
in regards to risk and fate and transport.

The following case studies provide examples of effective SEPs used for evalu-
ating natural attenuation in addition to estimating risk and screening other remedial
technologies. These case studies are provided to demonstrate the following uses of
SEPs:

• Enhanced site characterization and metal fate and transport determination in
support of natural attenuation

• Natural attenuation evaluation and bioavailability estimation

• Remedial technology screening (e.g., phytoremediation)

Site 1. Site Characterization and Natural Attenuation

A former Chlor Alkali facility impacted by Cu, Cr, and Zn was evaluated using
SEP. The site contained two surface impoundments previously used to store on-site
process water. Impoundment 1 was used for storage of ammoniacal copper solu-
tions, alum sediments, copper sulfate solutions, as well as copper and chromium
solutions. Sediment samples collected in the impoundments indicate elevated
levels of Cr, Cu, and Zn (Brady et al., 2000). This site was screened using the
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MNA toolbox (First site in Table 2). Based on this screening, additional data were
collected to further characterize metal immobilization mechanisms.

The SEP was used to characterize the immobilization of site metals, as described
in Figure 1. The SEP method used to characterize the immobilization pathways of
site metals was derived from Schultz et al., 1996 (Figure 2).

Chromium and zinc accumulated in the sulfide and residual soil extractions. The
presence of chromium in the sulfide extraction further demonstrates the complex-
ity of using SEP analysis. Chromium is not likely to precipitate as a sulfide.
Nonetheless, the harshness of the extraction indicates that chromium is very stable
and has a limited potential for remobilization. The chromium found in the sulfide
extraction is likely associated with chromium forming sparingly soluble com-
plexes. Copper was distributed between the carbonate, organic, sulfide, and re-
sidual fractions. Metals that are irreversibly sorbed, precipitated, or coprecipitated
in these phases are stable and very insoluble under current conditions. Metals were
not detectable in the exchangeable fraction at this site, indicating a low potential
for metals to solubilize. The low concentration of leachable metals and the relative
stability of the binding forms modeled by the SEP indicate that this site may be
suitable for natural attenuation. Further assessment identified similar areas where
MNA is currently being implemented. Areas where metals were present in more
soluble forms underwent active remediation.

Site 2. Bioavailability and Natural Attenuation

Sequential extractions were performed to assist in ecological assessment for wet-
land soils impacted by metals from a former manufacturing facility. Previous
testing in the area consisted of total metals analysis and toxicity testing using a
freshwater amphipod (Hyallella azteca) as an indicator organism. Percent survival
was reduced but not significantly different from the control treatment; however,
mean weight and mean length of the organism was significantly affected by
exposure. Total metal analysis of the sample used for toxicity testing suggested Cr,
Cu, Pb, and Ag could cause toxicity. Based on the total metal results, chromium
and copper were implicated as the two most important metals contributing to
toxicity.

During the early assessments, SEPs were performed to more quantitatively
target the metal(s), resulting in the observed toxicity using the SEP method derived
from Schultz et al., 1996 (Figure 2). It is important to note that during the initial
risk evaluation, Cr was assumed to be in the +6 state to remain conservative in
estimating toxic effects. The SEP does not speciate between the +3 and +6
chromium forms. Nonetheless, the type(s) of Cr binding identified by the SEP can
be used to qualitatively identify the likely chromium form, which in this case is
likely +3 and would have a low toxicity.
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Figure 3 provides the fractionation results determined by the SEP analysis. The
fractions of the SEP were combined (Figure 4) based on their likely mobility and
potential bioavailability using a method similar to Perin et al. (1997). The
environmentaly mobile and potentially bioavailable fraction consists of the ex-
changeable, carbonate, and oxyhydroxide extractions. Metals are loosely bound in
these fractions and were modeled to have a higher potential for toxicity or
bioaccumulation. The oxyhydroxide extraction was included in this group because
metals associated with the oxyhydroxide fraction have less stability in reduced
environments. The second group was modeled as the immobile, but potentially
macrobiologically reactive fraction and includes the organic extraction of the SEP.
Although metals in the organic extraction were not viewed as environmentally
mobile, the bioavailability of metals likely vary depending on the type(s) of
organic matter complexation; this cannot be differentiated with the SEP. The
remaining fraction consists of metals present in the sulfide and residual extractions.
Metals in these fractions were modeled as immobile with a limited potential for
bioaccumulation or toxic response. Consistent with published applications of SEP
data, the immobile, unavailable, and potentially bioavailable fractions were mod-
eled to have no ecological toxicity (Perin et al., 1997).

Total analysis indicated that silver was present at a lower concentration than the
other metals. SEP results modeled most of the detected Ag was immobile and not
ecologically bioavailable. Most of the Cr was immobile and not ecologically
bioavailable although nearly 3 mg/kg were present in the oxyhydroxide fraction.
The majority (95%) of the Cu was immobile and not ecologically bioavailable.
However, nearly 50 mg/kg was considered environmentally mobile and bioavailable.
A large portion of lead (50 mg/kg) was environmentally mobile and bioavailable.
The remaining Pb, approximately 30 mg/kg, was immobile and not ecologically
bioavailable. Based on the total metal results, Cr and Cu would likely be implicated
as the two most important toxic metals. The SEP results indicate that Cr probably
had no effect on toxicity because Cr is partitioned into essentially inert fractions.
The SEP results also demonstrated that Pb, although reported at a lower total
concentration than Cu and Cr, may have a higher bioavailable concentration than
the other metals. This case study demonstrated a novel application of SEP that
greatly aided the risk evaluation process. This site screening was used to more
effectively identify metals driving risk at the site and focus active remediation to
areas and metals that were clearly causing toxic effects.

Site 3. Phytoremediation

In the third study, a modified SEP was performed on a serpentine soil, derived from
the weathering of ultramafic rocks containing high levels of trace metals such as
Nickel (Ni), Cr, and Co. This silt loam soil, collected from the foothills of the
Sierra Nevada Mountains in California, had a pH of 6.8 and contained 2.28%
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organic matter. Total metal concentrations of the soil were 150 mg/kg Co; 8120
mg/kg Cr; 6.2% Fe; 970 mg/kg Mn; 3000 mg/kg Ni; and 110 mg/kg Zn, while
DTPA extract (an index of bioavailable metal levels) concentration values were 9
mg/kg Fe; 4 mg/kg Mn; 37 mg/kg Ni; and 1.3 mg/kg Zn. No Cr or Co was detected
in the DTPA extracts. The relatively high level of bioavailable Ni was of concern
due to its toxicity to many plant species, which was apparent from the few tolerant
species that grew on the serpentine soil. One species that did thrive on this soil was
Streptanthus polygaloides.

The SEP was performed to determine the fractions regulating nickel (Ni)
bioavailability to the Ni hyperaccumulator Streptanthus polygaloides present on
this soil (Cramer, 1997). S. polygaloides was evaluated as a potential tool in the
phytoremediation (extraction or stabilization) and bio-mining of Ni contaminated
sites (Nicks and Chambers, 1995). Phytoextraction uses metal hyperaccumulating
plants that by definition can accumulate over 100 mg kg–1 Cd, and 1000 mg kg–1

Co, Cu, Cr, Pb, Ni, and 1% Mn and Zn per dry weight of plant shoot, thus
concentrating metals into a form that facilitates disposal (Baker and Brooks, 1989).
This technology maintains the biological and physical integrity of the soil and
allows recovery of metals that have economic value (bio-mining) (Baker et al.,
1994; Cunningham et al., 1995a, 1995b). A description of the SEP method used,
obtained from Amacher (1999), is provided in Figure 5. This SEP targets different
fractions than the SEP described previously from Schultz et al., 1998. As stated
previously, the SEP should be designed based on the metal of concern and
application during the remediation, investigation, or risk process. The SEP can be
easily modified to take into account specific sinks for specific metals, which was
the intent during this study.

The harshness of the extractants increases with each step, with steps 1 to 5
addressing adsorbed Ni, whereas step 6 extracts Ni that is incorporated into either
mineral or organic matrices, which was modeled as unavailable. Of the total Ni
content of the serpentine soil, about two-thirds was unavailable and most likely
incorporated into insoluble solid phases (Figure 6). Nickel adsorbed onto Fe and
Mn oxides represents the greatest portion of the adsorbed Ni. About 5% of the Ni
was associated with the carbonate fraction. However, carbonate testing revealed
the absence of carbonates in this soil, suggesting that the Ni measured in step 2 was
probably weakly bound or exchangeable Ni. This demonstrates that caution must
be exercised when interpreting SEP data, and that supplemental chemical charac-
terization (i.e., carbonate equivalent, clay mineral analysis) may be required to aid
in interpretation. From the SEP, we surmized that when solid phases containing Ni
weathered, dissolved Ni was adsorded onto secondary metal oxide (predominately
Fe oxide) surfaces that is the labile pool of Ni available to S. polygaloides. The
labile pool provides enough bioavailable Ni to make hyperaccumulation possible
though the rate of Ni release and subsequent attenuation may adversely affect the
rate of hyperaccumulation. Thus, information gleaned from the SEP can assess if
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FIGURE 6

Sequential extraction results for nickel.

enough bioavailable metal is present in a soil to warrant phytoremediation of
metal-contaminated sites.

The site screening in this example effectively determined the fraction of Ni that
could be hyperaccumulated or is bioaccessible and also identified the limitations
of phytoremediation. This example also provides important information on metal
bioavailability to plants. The SEP results indicated that approximately 65% of the
soil Ni was modeled as inaccessible to the plant. At a starting Ni concentration of
3000 mg/kg, at best phytoremediation would only effectively address 1000 mg/kg,
leaving a substantial amount of Ni in the soil.

Residence Time Effects

The fate and transport of immobilized metals is greatly influenced by the residence
time of the metal as a sorbed or precipitated complex. If a substantial fraction of
total metal is to remain in the subsurface due to implementation of MNA, an
estimate must be made of the potential for remobilization or long-term transport.
The majority of transport codes model and predict the transport of metals in soils
and sediments by assuming reversible sorption through a Kd approach. This ap-
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proach obscured important issues associated with MNA, as it presumes that metal
initially sorbed from contaminant-rich solutions will instantaneously desorb when,
for example, fresh recharge causes metal levels in solution to drop.

Recent research has demonstrated that desorption of many trace element cations
becomes more recalcitrant with time (McLaren et al., 1986; Ainsworth et al.,
1994; Backes et al., 1995; McLaren et al., 1998; Eick et al., 1999). Several expla-
nations have been proposed for these observed residence time effects, including
solid-state diffusion within oxide particles (Bruemmer et al., 1988), diffusion into
micropores and intraparticle spaces (Backes et al., 1995), change in the type of
surface complex (McBride, 1994), incorporation into the mineral structure via
recrystallization (Ainsworth et al.,1994), surface-catalyzed oxidation and incorpo-
ration into the crystal matrix (McKenzie, 1970; Backes et al., 1995), and surface-
catalyzed hydrolysis and precipitation (Backes et al., 1995). Thus, irreversible
sorption results in a net decrease in bioavailable metals in the subsurface. Soil
solids have a substantial capacity to sorb trace metals, and these sorption processes
can become more important with time. This is important from a remediation
standpoint because most metal-contaminated sites have existed for long periods of
time, and residence time effects will be more pronounced. The strong sequestration
of metals resulting from these processes inhibits remedial technologies that attempt
to aggressively remove metals from the soil.

SUMMARY

The approach outlined above might be usefully applied in the earliest stages of site
investigation, even at those sites where monitored natural attenuation will only
follow more active efforts. Specifically, it provides a rapid means for focusing
efforts to develop a conceptual model describing the chemical state of the contami-
nant in the subsurface — a critical input for both active and passive remediation.
The approach also lends itself to use in a tiered approach to implementation of
monitored natural attenuation.
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