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EXECUTIVE SUMMARY
- __________________________________________________________ |

The Trail Lead Program retained PTI Environmental Services to identify an amendment
that would be suitable for in situ remediation of Trail-area soils that are contaminated
with lead, arsenic, and cadmium from smelter emissions. Because average blood lead
levels in the children of Trail have historically been elevated above regulatory guidelines,
the primary focus of this investigation was to determine whether the bioaccessibility of
soil lead could be ldwered through the addition of soil amendments. The treatment meth-
ods evaluated by PTI and its subcontractor, the University of Colorado at Boulder,
involve amending soils with phosphate (PO,), based on research indicating that the
phosphorus will react with lead to form less soluble compounds that are also less

bioavailable (i.e., less likely to be adsorbed into the body).

Arsenic and cadmium also occur at elevated concentrations within some Trail soils.
Therefore, the effects of the soil amendments on the bioaccessibility and leachability of
arsenic and cadmium were also monitored. Because the cadmium concentrations in the
soils tested were generally low (<12 mg/kg), the test results provided only limited infor-
mation about the likely effects of the amendments on soils containing cadmium concen-
trations that would be of concern if the soils were ingested (i.e., >50 mg/kg [BC

Environment 1997]).

To identify an effective amendment, bench-scale studies were performed in three stages.
The primary goal of these investigations was to identify a feasible engineering solution
that would protect human health and the environment. The three stages are described
below, along with subsequent studies that addressed questions raised by the bench-scale

study.
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STAGE I: BASELINE CHARACTERIZATION OF GEOCHEMICAL CONDITIONS

Before beginning the soil amendment studies, a geochemical characterization of the Trail
soils was performed, to provide a baseline against which changes in the soil chemistry
following addition of the amendments could be compared. The concentrations of leach-
able lead, arsenic, and cadmium were determined in three composite soils, and the bioac-

cessibility of the three metals was measured using an in vitro procedure.

STAGE lI: AMENDMENT TESTS

Three amendment types were applied to the three Trail composite soils at varying
amendment concentrations. The amendments included phosphoric acid (H;PO,) alone,
and in conjunction with iron (as hydrous ferric oxide, or HFO), as well as a sodium sili-
cate (NaSiO,) amendment. The success of the amendments was determined by compar-
ing the lead bioaccessibility and leachability of amended soils to those of unamended
soils. The phosphate with iron was the most successful at reducing lead bioaccessibility.
The soil amended with sodium silicate formed a cement-like block; therefore, this

amendment was deemed impractical.

STAGE Ill: LONG-TERM MONITORING OF AMENDED SOILS

The results of the Stage II tests were used to identify four promising amendments and
application rates, which were applied to three Trail soil composites. The treated soils
were placed in humidity cells and monitored for 9 months. Humidity cells were used to
accelerate natural wet/dry cycles, increasing soil chemical reactivity. The soils were
sampled periodically and tested for bioaccessibility and leachability, to monitor changes
in soil chemistry with time. Again, the most successful amendment contained phosphoric
acid and iron as HFO. The study demonstrated that lead bioaccessibility and leachability

could be reduced by amending the soil, but also that the amendments increased the leach-
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ability of arsenic. However, the phosphorus/HFO amendment mobilized less arsenic than
the other three, presumably because the HFO adsorbed some of the arsenic. Lastly, this

study demonstrated that the reductions in lead bioaccessibility continued over time.

ADDITIONAL STUDIES

Further research was conducted to answer questions that arose during the bench-scale

study, including:

m  Why is arsenic being released from the amended soils?

m  Will arsenic released from the amended soils affect groundwater

quality?
m  What are the mechanisms controlling arsenic leachability?
m Howis the so’il mineralogy changing with amendment application?

m  Are there identifiable mineralogical changes that account for the

reduced lead bioaccessibility?

m What is the feasibility of amending the soil without removing the

ground cover?

Column Studies

Two column studies were performed to better understand the mechanisms controlling the
release of arsenic with the addition of phosphate amendments. The first simulated the
migration of meteoric water through amended soils into underlying unamended soils,

concluding that arsenic is not retained in the unamended subsoil. Furthermore, leachate
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from the amended soil, while low in dissolved lead, released lead from the unamended

subsoil.

The second column test was designed to identify the role of organic acids in the move-
ment of both lead and arsenic through the amended soils. Results indicated that phos-
phate addition released organic acids, creating the potential for mobilization of
organically bound lead, but not arsenic. Instead, the arsenic released following amend-

ment probably was displaced from soil sorption sites by the phosphate in the amendment.

Soil Profile Characterization

Because the amendments tested showed a potential to mobilize lead and arsenic in near-
surface soils, subsurface soils were tested to assess their capacity for metals attenuation.
Four local soil profiles were analyzed, and their sorption capabilities interpreted. These
studies indicated that higher concentrations of HFO and aluminum oxide occur at greater

depths and may serve to attenuate arsenic and lead.

Mineralogical Evaluation

Mineralogical evaluation was performed at the end of the bench-scale study, to determine
the changes in lead and arsenic mineralogy with amendment application and time. The
results indicated that lead phosphate minerals do form in amended soils. The formation
of these minerals probably explains the reductions in lead bioaccessibility that were

observed using the in vitro tests.
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Phytotoxicity Study

This study was performed to assess the effectiveness of amending the soil without
removing ground cover. The study evaluated the effects of surface-applied amendments
on plant health, as well as on lead, arsenic, and cadmium bioaccessibility. Although the
amendments were applied within literature-recommended amounts, all the grass on the
test soils died. However, before concluding that surface application is not feasible, fur-
ther studies should assess the effects of applying the amendments more frequently but at

lower concentrations.

Conclusions

The results of the bench-scale study indicate that the addition of phosphate as H,;PO,, in
conjunction with iron as HFO, successfully reduces lead bioaccessibility. However, the
results also indicate that application of this amendment strategy at the field scale will
require resolution of several issues, including the release of arsenic from the treated soils,
the release of lead from the underlying untreated soils, phytotoxicity of the amendments,
inability of the amendments to lower lead bioaccessibility by more than 2 times, and the
resulting increase in arsenic bioaccessibility following soil amendment. Studies are
underway to address these issues in developing a successful amendment technology for
lead- and arsenic-contaminated soils. The effects of this technology on the environmental

fate of cadmium also will be evaluated during these investigations.
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INTRODUCTION
|

Elevated blood lead levels in children within the Trail community indicate that children
are currently exposed to lead, possibly via the lead-bearing soils. Consequently, PTI
Environmental Services (PTI) and its subcontractor, the University of Colorado at
Boulder (CU), conducted bench-scale studies on behalf of the Trail Lead Program, to
identify potential amendments for in situ treatment of Trail soil, which would reduce lead
exposure through reductions in bioavailability. Previous studies of the site have indicated
that soil contamination is primarily a result of airborne deposition and re-entrained par-
ticulate matter originating from smelter fallout (White and Hilts 1995), resulting in ele-
vated concentrations of soil lead, arsenic, and cadmium. Therefore, the effects of the

amendments on the solubility of arsenic and cadmium (as well as lead) were studied.

BACKGROUND

Active smelting of gold and copper ore has occurred in the town of Trail since 1896.
Currently, Cominco’s Trail operations process approximately 1,000,000 metric tons of
ore annually, emitting lead to the surrounding environment via stack emissions at a rate
of approximately 300 kg/day (Cominco Ltd. 1993). Simultaneous growth of the town

and smelter resulted in the current proximity of the smelter complex and residential

neighborhoods.

In 1989, a study initiated by Cominco and the British Columbia Ministry of Health indi-
cated that 39 percent of the children tested within Trail had blood lead levels above
15 pg/dL, which at the time, was the U.S. EPA “level of no concern” (U.S. EPA 1986).
The average child’s blood lead level was 13.8 ug/dL. The study also found that the prin-

cipal environmental source of lead was lead in soil (Hertzman et al. 1991).
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The 1989 study prompted formation of the Trail Community Lead Task Force. Com-
posed of representatives from Cominco, local and provincial government, and numerous
community groups, the Task Force focused on tracking lead in soil to its origins, investi-
gating factors affecting the bioavailability of the lead, and mapping the depth and consis-
tency of soil lead concentrations. They sought to reduce lead exposure levels through
community education and case management, and to perform a complete environmental
assessment to better understand lead exposure pathways. The philosophy adopted by the
Task Force was that environmental remediation should not be conducted without evi-
dence that it would be effective in reducing blood lead (White and Hilts 1995). In accor-
dance with this mission, the Task Force retained PTI to investigate means of amending
soils in place, to reduce soil-lead bioavailability, and ultimately community blood-lead

levels, without excavating and replacing affected soils.

BIOAVAILABILITY AND BIOACCESSIBILITY

One major exposure pathway by which children may be exposed to lead is incidental or
intentional ingestion of soil. Exposure to soil lead by this route is proportional to both
the bioavailability of the lead species, defined as the fraction of ingested lead that enters
the systemic circulation (Mushak 1992), and the quantity of soil ingested. Of all the lead
present in the soil, the fraction that is soluble in the gastrointestinal tract, and is therefore
available for adsorption, is defined as “bioaccessible.” Bioavailable lead will be some
portion (up to 100 percent) of bioaccessible lead, so the bioaccessible fraction represents

the upper limit on the bioavailable fraction.
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RATIONALE FOR /N S/TU SOIL AMENDMENT

Recent research suggests that in situ addition of agricultural soil amendments might
reduce soil-lead bioavailability. Studies by Nriagu (1984), Rabinowitz (1993), and Ruby
et al. (1993) indicate that the addition of phosphate to lead-bearing soil decreases lead
solubility. The added phosphate promotes the formation of thermodynamically stable
lead phosphate minerals such as chloropyromorphite (Pby(PO,);Cl). Pyromorphite has
negligible solubility in the acidic environment of the stomach, and will therefore limit
lead bioavailability after ingestion of soil (Ruby 1992). The affinity of arsenic for iron
oxides is well known (Goldberg 1986), and there is evidence that amending soils with

phosphate and iron may reduce the solubility of lead, arsenic, and cadmium (Artiola et al.

1990; EPRI 1984).

A sequence of bench-scale studies was designed to determine what phosphate and iron
amendments would effectively lower the lead and arsenic bioaccessibility from soil,
thereby reducing the risk that the amended soil would pose to human health. Although
the cadmium bioaccessibility was determined during this study, cadmium concentrations
in test soils were relatively low (<12 mg/kg), and the in vitro test, which is used to meas-
ure bioaccessibility, has not yet been validated for cadmium. Therefore, the cadmium

bioaccessibility data are presented for screening purposes only.

INVESTIGATION GOALS

The primary goal of this investigation was to identify the most effective amendment type
for reducing lead bioaccessibility in Trail soils, while monitoring the resulting changes in
arsenic and cadmium solubility and bioaccessibility. The study also evaluated the practi-
cality of soil amendment in terms of human health and ecological implications, as well as

engineering feasibility. An effective amendment would be one that lowers the soil lead
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bioaccessibility without increasing the leachability of lead, arsenic, or cadmium above

concentrations that would be of ecological concern.

To achieve these goals, a bench-scale study was designed in three stages. Stage I was a
baseline characterization of the geochemical parameters of three composite soils from the
Trail area. Stage II consisted of testing variable concentrations of several amendment
formulations, to narrow the range of feasible amendments. Stage III determined the long-
term effectiveness of the promising amendments, using humidity cells to simulate the
natural climate of the Trail area. The methods used in this study, and a description of the

results, are presented in the next section.

The bench-scale study did identify soil amendment formulations that promise to reduce
soil lead bioaccessibility. But it also raised additional questions about releasing lead and
arsenic to the deeper subsurface—and possible effects on groundwater—as well as con-
cerns about the effects of the soil amendment on vegetation. These questions were

addressed as described in the section on Additional Studies.
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BENCH-SCALE STUDY
. _________________________________________________________________ |

STAGE I: BASELINE GEOCHEMICAL CHARACTERIZATION OF TRAIL SOILS

Six soil samples were collected from the neighborhoods in Trail, British Columbia, and
were subjected to geochemical analysis (see Methods). The analytical results were used
to pair the six soils, resulting in three composited soil samples, which were used in sub-
sequent stages of the bench-scale study. The soils were paired based on soil pH, metal

concentrations, and total organic carbon (TOC) content.

The three composites were then analyzed further, to provide a basis for evaluating the
effectiveness of the soil amendments. The composite analyses determined TOC, cation
exchange capacity (CEC), pH, total and extractable metals (aluminum, arsenic, cadmium,
iron, and lead), and soluble phosphorus. These parameters were selected because of their

effect on the formation of secondary minerals (Birkeland 1984):

m Extractable calcium and aluminum are important components in
forming the secondary minerals of lead phosphates: aluminum with

plumbogummite, and calcium with apatites and crandallites.

m Iron is important as a retaining matrix of iron oxides and hydroxides,
which bind both phosphate and lead (Nriagu 1984), forming lead
orthophosphates.

Measurements of leachability by TCLP (Toxicity Characteristics Leaching Procedure)
Method 1312 (US EPA 1990), bioaccessibility by the in vitro method (Medlin and
Drexler 1995), and lead mineralogy by electron microprobe provided benchmarks against
which to measure changes in lead, arsenic, and cadmium mineraldgy and bioaccessibility

as a result of the soil amendments. As described previously, bioaccessibility represents
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the maximum amount of metal that is available to be sorbed in the gastrointestinal tract.
The bioaccessibility fraction, therefore, is measured to estimate the health risk that the

amended soil might pose.

Materials and Methods

The six soil samples collected by the Trail Lead Program were analyzed for total metals,
water-soluble phosphate and chloride, TOC, and CEC, by Analytical Services Laboratory
(ASL) in Vancouver, British Columbia (Table 1). A field classification of the soil mor-
phology was performed using methods described by Birkeland (1984), and is presented in
Appendix A, along with maps showing the approximate locations where the samples
were collected. Each sample was prepared by drying, homogenizing, and sieving to
obtain the <4.75-mm size fraction. Bulk soil mineralogy was determined using x-ray dif-
fraction and light microscopy, and sample splits were sieved to <250 yum for
determination of lead mineralogy by electron microprobe analysis. using methods
described by CDM (1991). Results of the electron microprobe analysis are included in
Appendix B, and are described in detail in PTI (1995a). Lead and arsenic bioaccessibility
were also measured, using the in vitro method. Based on this initial characterization, the

six soils were combined into three composites.

To ensure that sufficient sample volume was available to complete the investigation, the
original six sample sites were resampled, and this additional sample mass was used, along
with the original samples, to prepare the three composite samples described above. To
maintain consistency between the first sampling (performed by the Trail Lead Program)
and the second sampling (performed by CU personnel), sampling maps and protocols
designed by the Trail Lead Program were used for the second sampling event. Each
composite was subjected to geochemical characterization following the standard proce-
dures referred to in Table 2. To ensure consistent results, quality assurance measure-

ments were taken throughout the analysis (Appendix C).
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Results

Based on the results of the initial characterization of the six Trail soil samples (Table 1
and Appendices A and B), three composites were prepared containing soils from the fol-
lowing sample-station pairs: RIV and TAD, WT and ET-A-P, and ET-B-P and ET-B-R.

The composites were designated as Composites 1, 2, and 3, respectively.

Analytical results for the three composites are presented in Table 2. The pH of the three
composites ranged from slightly acidic to near neutral (4.9, 5.7, and 6.2 for Composites 1,
2, and 3, respectively). The soil-lead concentrations in the <250-um soil fraction were
1100, 535, and 967 mg/kg for Composites 1, 2, and 3, respectively, and arsenic concen-

trations were 82, 40, and 38 mg/kg. Bulk cadmium concentrations were 7, 5, and

12 mg/kg, respectively.

To establish a baseline against which changes in soil chemistry could be compared, bio-
accessibility and leachability tests were performed. The lead bioaccessibility in the
<250-um soil fraction of Composites 1, 2, and 3 was 89, 93, and 81 percent, respectively
(Table 2), indicating that under original field conditions, the majority of soil lead is bio-
accessible. Arsenic and cadmium bioaccessibility were also measured in these three
samples (Table 2), to serve as a basis for determining whether amendments designed to

reduce lead bioaccessibility produce concurrent reductions for these other two metals.

STAGE Il: VARIABLE CONCENTRATION AMENDMENT TESTS

The purpose of the variable concentration amendment tests was to narrow the range of
feasible amendment possibilities, identifying the most promising amendments for the

long-term monitoring study (Stage III). Four amendment types were tested:
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m  Amendment No. 1: Triple Super Phosphate [TSP; Ca(H,PO,),] and

iron in the forms of ferric sulfate (FeSO,) and amorphous ferric

hydroxide (HFO)

m Amendment No. 2: phosphoric acid (H;PO,), followed by lime
[Ca(OH),]

®  Amendment No. 3: phosphoric acid (H,PO,), followed by lime and
HFO

m  Amendment No. 4: sodium silicate.

These four amendments were applied to the three composite soils at the various concen-
trations shown in Table 3. The success of each amendment was assessed on the basis of
an in vitro lead bioaccessibility test on each amended soil. A successful amendment was
indicated by decreases in lead bioaccessibility (relative to the baseline characterization of
the three composite soils), without adversely affecting the leachability of lead, arsenic,
and cadmium, or arsenic bioaccessibility. A decrease in leachability indicated that the
amendment decreased the ability of the metals to be mobilized from the soil, and a
decrease in bioaccessibility indicated that the amendment decreased the fraction of the
soil metal that would be soluble in the gastrointestinal tract. The cadmium bioaccessibil-
ity values are presented for screening purposes only, as the in vitro bioaccessibility pro-

cedure has not yet been validated for cadmium.

Materials and Methods

Using the amendment rates shown in Table 3, 60 g of each composite soil was amended
(a total of 45 soil-amendment combinations) and placed in a 250-mL wide-mouth bottle,
along with 60 mL of deionized water. The sealed bottles were then shaken in a horizontal

shaker for 1 hour, and allowed to settle for 24 hours, at which time the pH was measured.
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This process was repeated once more, and then the soil slurry was moved to a covered
bowl and allowed to dry (2 to 3 days). The amended soils were then split—10 g was
sieved to <250 um for in vitro testing, and 50 g was used for leachability testing. Lead,
arsenic, and cadmium concentrations were determined by inductively coupled plasma-

atomic emissions photospectrometer (ICP) (LEGS 1995).

Quality control (QC) checks (Appendix C) were run within both the in vitro tests and the
leachability tests, to assess method contamination. QC checks were also run within the
ICP analysis, to assess equipment contamination and ensure consistent concentration
measurements throughout the analysis. The QC checks did not identify any problems
that would compromise the quality of the analytical data.

Results

To evaluate the effectiveness of each amendment, the lead, arsenic, and cadmium bioac-

cessibility of the amended soils was compared to that of the unamended soil in the ratio:
Bioaccessibility amended/Bioaccessibility unamended

The same comparison was made between the leachability of amended soils and that of

unamended soils in the ratio:
Leachability an]ended/LeaChability unamended

The results (Table 4) indicated that the amendments containing both phosphate and iron
(in conjunction with CaOH/CaCQO;) were the most effective in reducing lead bioaccessi-
bility. These amendments reduced the bioaccessibility of lead, and the leachability of
lead and cadmium. All phosphate-bearing amendments increased the leachability and

bioaccessibility of arsenic from soils (Table 4). Similar arsenic behavior was seen by
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Peryea (1991), who found that phosphate increased arsenic leachability. This increase
probably results from competition between phosphate and arsenic (as arsenate) for soil
adsorption sites (Davenport and Peryea 1991). However, the addition of iron as HFO to
the soils provides additional adsorption sites, onto which the otherwise displaced arsenic
can adsorb (Goldberg 1986), thus minimizing the enhanced arsenic mobility that occurs

when phosphate is added to soils (Table 4).

The addition of sodium silicate was successful at reducing the bioaccessibility of lead,
arsenic, and cadmium, although it increased the leachability of both arsenic and lead.
However, the soils amended with sodium silicate formed a hard agglomeration similar to
cement. This characteristic would be highly undesirable, particularly in residential soil
applications. Therefore, this amendment type was not considered further in subsequent

investigations.

STAGE Illl: LONG-TERM MONITORING OF AMENDMENTS USING HUMIDITY
CELLS

The variable concentration experiments (Stage II) indicated that phosphorus used in con-
junction with iron was the most effective amendment in lowering the bioaccessibility of
lead in site soils. Therefore, the third stage of the bench-scale study included two
amendments containing both iron and phosphate. Soils amended with phosphate only

also were tested, to evaluate the effects of the iron additions. The four amendments

evaluated under Stage III included:

m Amendment 1: 0.66 wt% phosphorus as TSP (Ca(H,PO,),)
m  Amendment 2: 1.31 wt% phosphorus as TSP

m Amendment 3: 1.31 wt% phosphorus as TSP, and 0.5 wt% iron as
FeCl,.6H,0

1 5 g:\prodctn\c4950202\mod-fin1.doc
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m  Amendment 4: 1.63 wt% phosphorus as phosphoric acid (H,PO,), and
0.5 wt% iron as hydrous ferric oxide (HFO).

The three composite soils were amended with each of the four amendments at the appli-
cation rates shown above (a total of 12 soil-amendment combinations). The amended
soils were placed in humidity cells, to evaluate the long-term effectiveness of the various
amendments under a controlled environment. The humidity cells replicate natural climate

conditions by regulating the wetting-evaporation rates.

The humidity cells were opened and the soils sampled 8 times over 232 days. The sam-
ples were tested for bioaccessibility and leachability, for comparison to the unamended

soils (Tables 5 and 6).

Materials and Methods

The soils were amended on October 1, 1995, then homogenized in the humidity cells
using a mixing spoon. Soils amended with Amendment 3 were saturated with deionized
water before adding the amendment, to facilitate mixing. The 0.5 wt% iron as ferric chlo-

ride was then added as a saturated solution.

Soils receiving Amendment 4 were first amended with 1.63 wt% phosphorus as H,PO, in
a 1.0 M solution. Two hours following application of the H,PO, solution, 5.2 wt%
CaOH/CaCO, was applied, and the samples were homogenized. After an additional two
hours, 0.5 wt% iron as HFO was added to the soils and homogenized. The HFO was pre-
pared by precipitating from a solution of FeCl,6H,0, adding NaOH, and rinsing the pre-
cipitate with deionized water (Dzombak and Morel 1990).

To accelerate soil reaction processes in the humidity cells, the soils were subjected to a

two-week wet/dry cycle. The water added to the humidity cells every two weeks was a
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simulated combination of Trail tap and rain water; it was prepared by adding 60:40

H,SO,/HNO, to Boulder tap water to lower the pH to 4.5+ 0.1.

Sufficient water was added every two weeks to achieve the field capacity (FC) of the soil,
and the samples were allowed to dry to their permanent wilting point (PWP, measured
using Watermark soil moisture meters). FC and PWP moisture levels were chosen to rep-
resent the two extremes of water conditions naturally found in soil (Birkeland 1984). To

maintain homogenous drying, the soils were stirred once a week.

The amended soils were sampled following 2, 4, 6, 8, 20, 26, and 33 weeks of weather-
ing. Sixty grams of amended soil was removed from the humidity cells for each sam-
pling event. The sample was dried, and 10 g was sieved to <250 um for in vitro testing,

and 50 g was used for leachability testing.

QC protocols were followed as described in Phase II and Appendix C. To prevent cross
contamination in sampling, separate stainless steel spoons were used for each amend-
ment, and the spoons were cleaned thoroughly between all stirring and sampling events.
Precautions were also taken in drying, storing, and sieving the soils, to avoid contamina-
tion. The various QC checks did not identify any problems that would compromise the

quality of the data produced.

Results

As in Stage II, the effectiveness of each amendment was evaluated by testing for bioac-

cessibility and leachability.
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Lead

The results indicate that Amendment 4 (1.63 wt% phosphorus as H,PO, and 0.5 wt% iron
as HFO) is the most effective, reducing the lead bioaccessibility and leachability of all
three soil composites (Tables 5 and 6). The bioaccessibility ratio averaged 0.4 (Figures 1
and 2), and leachable lead concentrations were reduced to below the detection limit
(Table 6). Although Amendment 3 contained the same amount of iron as Amendment 4,
it was less effective in lowering lead bioaccessibility (Table 5) and arsenic leachability
(Table 6), indicating either that the higher phosphate content of Amendment 4 was an
important factor controlling lead bioaccessibility, or that the method of iron application

makes a difference (i.e., FeCl; vs. FE(OH),).

Amendment 1 (0.66 wt% phosphorus as TSP) had little to no effect on lead bioaccessi-
bility (Table 5), producing bioaccessibility ratios of 1.0 to 1.4 in the three composite soil
samples (Figures 1 and 2). A small decrease in lead bioaccessibility was achieved using
Amendment 2 (1.31 wt% phosphorus as TSP), with the largest reductions observed in

Composites 1 and 3, and minimum bioaccessibility ratios of 0.7 for both.

The increase in leachable lead (Table 6) seen in Amendment 1 (all composite soil sam-
ples) and Amendment 2 (Composite 2 soil) is likely due to the displacement of organic
acids from adsorption sites by phosphate ions (Tipping 1981; Violante and Gianfreda
1993; and Kafkafi et al. 1988). Studies indicate that soil lead is strongly adsorbed to soil
organic matter (McBride 1989). If the soil lead in Composite 2 is adsorbed to organic
matter, displacement of this organic matter by phosphate ions would release lead,

increasing lead bioaccessibility.
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Arsenic

Both the bioaccessibility and leachability of arsenic in all amended soils increased rela-
tive to the unamended soils (Tables 5 and 6), although the addition of iron to the amend-
ment formulation greatly decreased the amount of arsenic liberated (Tables 5 and 6,
Figures 3 and 4), indicating that the iron amendment provides additional sites on which

arsenic can adsorb.

Cadmium

While the bioaccessibility of cadmium generally increased following addition of amend-
ments (Table 5), the cadmium concentration in the <250 um fraction of the soils
(12 mg/kg or less, Table 2) would be below the level of concern if the soil were ingested

(i.e., >50 mg/kg; BC Environment 1997).

Cadmium leachability did increase in two of the three soils treated with Amendment 3
(Table 6), but was not evident when the phosphate concentration in the amendment was
increased from 1.3 wt% P (Amendment 3) to 1.6 wt% P (Amendment 4). These cad-
mium data, together with the data regarding arsenic and lead, indicate that Amendment 4

is the most effective amendment.

Long-Term Trends

The average lead bioaccessibility of soils treated with Amendments 2, 3, and 4 decreased
relative to the initial average bioaccessibility of the composites (Figure 1), with the
exception of the Composite 2 soil treated with Amendment 2 (Table 5). The lowest lead
bioaccessibility generally occurred during the first 28 days following amendment, after
which, a slight increase in lead bioaccessibility was observed. However, after 56 days of

weathering, the average lead bioaccessibility of all amended soils remained stable
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throughout the remainder of the experiment, indicating that the successful amendments

achieved a long-term reduction in bioaccessibility.

The average arsenic leachability peaked following 14 to 56 days of weathering, after
which it decreased (Figure 3). The similarity in the lead bioaccessibility and arsenic
leachability curves (Figures 1 and 3) indicates that the soil amendments that successfully

reduce lead bioaccessibility cause a concomitant increase in the mobility of arsenic.
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ADDITIONAL STUDIES
- _________________________________________________________________________________________________|

The bench-scale study raised additional questions concerning amendment of Trail soils,

including:

m  Why is arsenic being released from the amended soils?

m As arsenic is released from amended soils, is it likely to affect

groundwater quality?
m  What are the mechanisms controlling lead and arsenic leachability?

m  Are there identifiable mineralogic changes that account for the reduced

bioaccessibility of lead?
s How is the soil mineralogy changing with amendment application?

m What is the feasibility of amending the soil without removing the

ground cover?

To address these issues, the scope of the Trail study was expanded, to include a phyto-
toxicity screening study, column studies, and chemical analyses of vertical soil profiles

from the Trail area. These studies were designed with the following goals in mind:

m  Gain a better understanding of the mechanisms controlling the leach-

ability of arsenic and lead within the amended soils

m  Assess the ability of subsurface material to attenuate metals leached

from the amended surface soil

m  Determine the phytotoxicity and effectiveness of spray application.
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PHYTOTOXICITY STUDY

The purpose of the phytotoxicity study was to determine whether a dissolved amendment
could be applied without removing the ground cover. If the amendment could be sprayed
without harming vegetation, the costs of remediation by in situ soil amendment would be

reduced substantially.

The phytotoxicity study was conducted on soils from the Tadanac neighborhood of Trail.
The soils were seeded With grass, and when the grass was established, the soils were
treated with 1.63 wt% and 1.31 wt% phosphorus as a 0.5 M solution of 25% H,PO, and
75% K,PO,, at a buffered pH of 6.8, with 0.5 wt% iron as HFO. The health of the grass

was monitored during and after the application period.

Materials and Methods

Soil from the Tadanac area (TAD) of Trail was sampled, dried, sieved to <4.75 mm, and
then homogenized. A sample was taken to determine initial bioaccessibility and leach-
ability. The soil was divided into three subsamples: one for each amendment, and one
control sample. After two months, the grass seed failed to sprout. Therefore, the three
soil samples were moved from the CU lab to a greenhouse, re-potted, and reseeded with a
mix of grass seed typical of the Trail climate (including tufted wheat grass, slender wheat
grass, fescue, rye grass, Kentucky blue grass, oat gramma, little bluestem, and blue
gramma). After healthy grass growth was established, two of the soils were treated by

spraying the amendments on the sod.
An earlier study (PTI 1995b) established that a 0.8 M phosphate solution caused grass

plots to become stressed; therefore, 0.5 M buffered phosphate solutions were chosen for

these amendments. The phosphate solutions were prepared from trace-metal-grade
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H,PO,, trace-metal-grade K,HPO,, and deionized water. HFO was prepared following
the method of Dzombak and Morel (1990), described earlier. Both the iron and phos-

phate solutions were applied over a two-week period until the desired application rate

was achieved.

Throughout the experiment, the soils were watered twice daily. During the amendment
application, the soils were watered with regular tap water once daily, and amended once
daily. The control soil was watered twice daily with regular tap water. After one week of
amendment application, the grass became visibly stressed, and by the end of the second
week, it was dead. Meanwhile, the grass on the control soil thrived. All soils (including
the dead sod) were watered regularly for two weeks following the amendment period.
Then the soil was tilled and reseeded, and watered twice daily for an additional four

weeks. During this period, only a few grass seeds germinated, and sod was not reestab-

lished.

Given the level of stress observed in the amended sod, it was decided that additional
analysis of the soil substrate would not provide useful data. Therefore, bioaccessibility

and leachability were not measured on these soils.

Results

Given the phytotoxicity of the two amendments tested, it may be concluded that the spray

application method is not effective at the concentrations in which the amendments were

applied.

The most plausible explanation for the death of the grass is an increase in the conductiv-
ity of the soil solution. A soil is considered saline if the electrolytic conductivity (EC,) of
the soil solution has a value >4 dS/m. Moderately salt-sensitive plants are affected when

the electrolytic conductivity of the soil extract approaches 2 dS/m. Salt-sensitive crops
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are affected even at EC, = 1 dS/m. The stress on the plants is caused by a diversion of
energy from normal physiological processes to those involved in acquiring and retaining
water under osmotic stress (Sposito 1989). The Tadanac soil used in these two amend-
ments increased in EC, from 0.46 dS/m in the unamended soils, to 3.84 dS/m in the soil
amended with 1.63 wt% phosphorus and iron and 2.88 dS/m for the 1.31 wt% phosphorus
amendment. These EC, values represent moderately saline to saline soils. In addition,
the soil leachate, released when the soils were watered after amendment application, had

EC, values as high as 26.4 dS/m. This high salinity is the most obvious source of stress

to the grass.

COLUMN STUDIES

Stages II and III of the bench-scale tests indicated that the amendments increased the
leachability (and bioaccessibility) of arsenic, and in some cases, lead. Further testing was

conducted to answer the following questions:

1. Why are soil lead and arsenic released following amendment?

2. Would arsenic and lead released from surface soils adsorb onto deeper

unamended soil?

3. What role does organic carbon play in the mobilization of lead and

arsenic from amended soils?

Two sets of column tests were conducted to provide this information. The first consisted
of three 2.5-cm-diameter x 100-cm PVC columns. The first column contained 25 cm of
unamended Composite 3 soil, overlain with 25 cm of Composite 3 soil amended with
Amendment 2 (1.3 wt% phosphorus as TSP). The second column contained 25 cm of

unamended Composite 3 soils. The third column contained 50 cm of Composite 3 soil
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and Amendment 2. The effluent from these columns was characterized and compared, to

evaluate the vadose-zone geochemistry in the vicinity of the amended soils.

The second set of column tests consisted of three 2.5-cm-diameter x 100-cm PVC col-
umns. The first contained 50 cm of unamended Composite 1 soil. The second contained
50 cm of Composite 1 soil and Amendment 2. The third contained 50 cm of Composite 1
soil and Amendment 4 (1.63 wt% phosphorus as phosphoric acid and 0.5 wt% iron as
HFO). The effluent from these columns was analyzed for total organic carbon (TOC),
and dialyzed to determine the role of organics as a possible mechanism for transporting

arsenic and lead through the soil.

Materials and Methods

All columns were prepared following the standard test method for leaching solid waste in
a column apparatus (ASTM D4874-89). To simulate the rain falling on the Trail soils,
both sets of column tests were saturated once a week, for 8 weeks, with synthetic rain-
water formulated to represent Trail rainwater (pH 4.2), consisting of deionized water and
60:40 H,SO,;:HNO,. The water equilibrated for 8 to 10 hours and then was gravity
drained. The column effluents were filtered through 0.45-um filters and collected in
HDPE bottles. The effluents were then analyzed for lead, arsenic, and cadmium by ICP
(LEGS 1995). The total volume of water flushed through each column varied based on
the mass of soil in the column, and was proportional to the total volume of water intro-

duced into each humidity cell during the Stage III tests described earlier.

Because the second column study was designed to establish the role of soil organics in
mobilizing arsenic and lead, the column effluents were analyzed for TOC using a Sievers
Portable Total Organic Carbon Analyzer at the CU Department of Civil Engineering, in
Boulder. In addition, effluent samples were subjected to a dialysis extraction procedure

(modified from Truitt and Weber 1981; Benes et al. 1975; and Benes and Steinnes 1974),
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to determine what proportion of dissolved arsenic and lead in the effluent is complexed
by dissolved organic compounds. This procedure consisted of immersing a semi-perme-
able dialysis bag containing deionized water into a beaker of the column effluent.
Because the pore spaces of the dialysis bag are finer than organic molecules, the organic
compounds in the column effluent are not able to diffuse into the bag. However, the
inorganic compounds, such as lead and arsenic, can diffuse into the bag (provided they
are not bound by the organics). If, however, the compounds of interest are adsorbed or
complexed by the dissolved organic fraction, they will not pass through the dialysis bag.
An equilibrium time of 24 hours was selected, based on trials using model solutions con-
taining organics and metals concentrations similar to those of the column leachates. All
dialysis extracts (i.e., deionized water inside the dialysis bag) were analyzed for lead and

arsenic by ICP (LEGS 1995).

Results from Column Test Set 1

Given that arsenic and lead can be strongly attenuated by common soil mineral phases
(e.g., iron and aluminum oxides, clay; EPRI 1984), it was theorized that the arsenic and
lead released from the amended soil of Column 1 would be adsorbed onto the underlying
unamended soils that contain these mineral phases. The results indicated otherwise
(Table 7). Column 1 initial effluents contained more arsenic and lead (107 and 56 mg/kg)
than initial effluent from Column 3 (51 and 0.56 mg/kg), which contained amended soil
alone (note that all concentrations have been normalized to the mass of soil contained
within the columns). The column containing only unamended soil, Column 2, had the

lowest initial concentration of lead and arsenic in the effluent (0.17 and 0.20 mg/kg).

These data indicate that adding phosphate as TSP would not only result in the release of
arsenic and lead from the amended soil, but also from the underlying unamended soil. In
addition, these data indicate that the phosphate amendment is not the sole cause of the

enhanced arsenic and lead solubility from amended soils. Had phosphate been the sole
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cause, the lead and arsenic concentrations in the Column 3 (amended soil only) effluent
would have been higher than in the Column 1 (amended soils overlying unamended soils)
effluent. Therefore, it was postulated that the total organic carbon released from the
amended soil of Column 1 enhanced the solubility of lead from the underlying

unamended soils. The second set of column experiments was conducted to address this

theory.
The results from the second set of column tests (Table 8) indicate that:

m Addition of phosphorus as TSP to Composite 1 soil increased the
solubility of TOC by more than eight times relative to the unamended
soil (from 105 to 865 mg/L).

m  Addition of both phosphorus and iron to Composite 1 soil increased
the solubility of TOC by nearly four times relative to the unamended

soil (from 105 to 388 mg/L).

m  Unlike the initial set of column experiments, lead solubility was not
enhanced following amendment, possibly because of differences in the
soil matrix used in the two experiments (insufficient sample material

was available to use the same soils for both sets of tests).

m  Ninety-two percent of the lead leached from the unamended soil was
bound to dissolved organic carbon, indicating that organic complexa-
tion can be an important mechanism enhancing the lead solubility in

Trail soils.

m Although the amount of organic carbon leached from the soils
increased when phosphorus was added to the soil, there was no corre-
sponding increase in the concentration of organically complexed lead,
indicating that the amendments were effectively 11rmt1ng the solubility
of lead.
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m  Although the amounts of arsenic leached from the soils increased pro-
portionally to the amount of TOC released (Table 8), the amount of
organically bound arsenic was inversely proportional to the amount of
TOC released, indicating that organic complexation is not an important

mechanism enhancing the arsenic solubility in Trail soils.

m  Adding iron to the soil amendment decreased the amounts of arsenic,

lead, and TOC released from the amended soils (Table 8).

By comparing the results of both column studies, the following paradigm describing the
conceptual model was developed to describe the effects of the soil amendments on arse-

nic and lead solubility:

1. Amendments added to the Trail soils, particularly phosphate, compete
with organic compounds for soil adsorption sites, resulting in a release

of TOC into the pore waters of the amended soil.

2. Within the zone containing the soil amendments, the solubility of lead
is limited by formation of lead phosphate minerals, or through adsorp-

tion onto iron oxide.

3. When the high-TOC pore water migrates into underlying unamended
soils (e.g., Column 1 of Table 7), the phosphate concentration
decreases and the lead solubility is no longer limited by precipitation
of the lead phosphate minerals. Therefore, the TOC may form com-
plexes with soil lead, thus enhancing the lead solubility.

4. Transport of this high-TOC pore water into underlying unamended soil
may cause additional competition between TOC and arsenate for
adsorption sites in the unamended soil, resulting in additional leaching

of arsenic from the underlying soil. This effect was mitigated some-
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what when iron was used in the amendment formulation (i.e., Amend-

ment 4, Table 8).

SOIL PROFILE STUDY

The results from the first column study reveal that the movement of lead and arsenic
within the soil would be a potential concern for in situ treatment of lead- and arsenic-
contaminated soils. The soils used in the column studies, however, were collected from
the top six inches—the A horizon—of the soil, and may not accurately represent the
sorption characteristics of soils at depth. The A horizon represents the horizon in which
there is an accumulation of humidified organic matter mixed with a mineral fraction. The
B horizon underlies the A horizon and represents a zone of alluvial accumulation
(Birkeland 1984), which could have a strong influence on the sorption characteristics of
soil. To determine if natural mineralogic changes that occur within the soil profile will
affect the migration of arsenic and lead as pore waters migrate downward through the soil
column, the bulk chemistry of vertical soil profiles from the Trail area was analyzed and

evaluated.

Materials and Methods

In addition to the composite soils collected for use in the bench-scale studies, four verti-
cal soil profiles were collected in the July 1995 sampling event. Soil profile samples
were taken within the areas sampled for composite soils, including East Trail-A (ET-A),
East Trail-B (ET-B), West Trail (WT), and Rivervale (RIV). The specific site for each
profile was chosen to represent soil typical of the sampling area (Jungen 1980), and they
were relatively undisturbed (i.e., the native soil profile was sampled). The profiles and
their locations are described in Appendix D. At each site, the profile was described and

classified, and one or more samples were taken from each horizon. In all profiles except
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Rivervale, composite samples were taken. In preparation for analysis, each sample was
air dried, homogenized, and sieved or crushed to the necessary particle size required for
each analysis. Chemical characterization of each sample included: pH; soluble
phosphorus; calcium and magnesium; cation exchange capacity (CEC); total free iron and
aluminum (dithionite extracted); amorphous iron and aluminum (oxalate extracted);
extractable lead, arsenic, and cadmium; and total lead, arsenic, and cadmium. Sample

preparation and analysis were performed according to the standard procedures referenced

in Table 9.

Quality assurance and control were maintained throughout all sample preparation and
analysis. During the field sampling, each sampling site was cleaned to 10 cm to avoid
surface contamination. The stainless steel trowel used for sampling was wiped between
each sample within a profile and washed and wiped between each site. All glass and
plastic ware was washed in 2-percent nitric acid and rinsed with deionized water prior to

use in preparing samples.

Results

The soil pH changes that occurred as a function of depth were consistent with smelter-
contaminated soils. Specifically, sulfur dioxide emitted from the smelter reacts with
atmospheric water to form sulfuric acid, which is then deposited onto the surface soils in
rain. Consequently, the lowest pH values are found in the shallowest soils (i.e., within
the A horizon), and pH increases with depth (Table 10). Cation exchange capacity (CEC)
is the concentration of adsorbed cation charge that can be readily desorbed, effectively
representing the adsorption capacity of the organic and clay fractions of soil. Soils with
higher CEC values are more likely to adsorb lead and arsenic. The CEC was highest in
the shallow soils, possibly due to the higher organic carbon content of the A horizon, and
were within the range of CECs observed in typical soils (e.g., less than 30 meq/100 g;
Kabata-Pendias and Pendias 1992).
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Soluble phosphorus is that portion of the soil phosphorus that readily dissolves into the
soil pore waters and would be available to react with soil lead. The shallow soil con-
tained the highest concentrations of soluble phosphorus (85-165 mg/kg), and the deeper
soil contained less (Table 10). In cbmparison, soils that have been amended with soluble
phosphorus compounds (e.g., TSP) may contain two to three orders of magnitude higher

soluble phosphorus concentrations (Figure 5).

The dithionite extraction provides an estimate of the amount of iron and aluminum that is
adsorbed onto the soil matrix, and may indicate how much iron and aluminum is avail-
able to react with dissolved lead and arsenic in the soil pore waters. There was very little
difference in the amount of exchangeable iron and aluminum in the shallow and interme-
diate-depth soils (i.e., A- and B-horizon soils, Figure 6a), and there was generally less

exchangeable iron and aluminum in the deeper C-horizon soils than in the overlying soils

(Table 10).

The oxalate extraction provides an estimate of the amount of iron and aluminum that is
present as oxyhydroxides. Given the role that these oxyhydroxides play as metal scaven-
gers (including lead and arsenic), it is important to understand how their concentrations
change with depth. The soil samples contained low concentrations of hydroxide-bound
aluminum (less than 2.6 percent), with slightly more occurring in the B horizon than in
the A or C horizon. All but one of the soils tested contained relatively little iron oxide
(i.e., less than 1 percent, Table 9), with no observable systematic changes in oxyhydrox-

ide concentration with depth (Figures 6a and 7a).

The highest concentrations of total arsenic, lead, and cadmium occurred in the shallowest
soil samples collected (Table 10), and the concentrations of these analytes dropped sub-
stantially with depth (Figures 6b and 7b). Given that the most likely source of these three

elements was fallout from stack emissions onto surface soil, these data indicate either that
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the deposited minerals are highly immobile, or that once mobilized, these elements are

transported downward without being attenuated by the underlying soil.

The increased concentration of oxalate-extracted iron and aluminum oxides, and the lack
of extractable lead, arsenic, and cadmium within the B horizon, indicate that the adsorp-
tion sites on the iron and aluminum oxides are not likely to be saturated. Thus, any arse-
nic and lead that may be leached with amendment application could potentially adsorb

onto the amorphous iron and aluminum oxides within the B horizon.

MICROPROBE ANALYSIS

At the end of the Stage III long-term monitoring study, samples of the 12 amended soils
were collected, and the lead mineralogy of each was determined using electron micro-
probe analysis (EMPA). Their mineralogies were then compared to those of the
unamended composite soil samples. These analyses were conducted to determine
whether identifiable lead phosphate minerals formed in the amended soils, and which

lead minerals originally present in the unamended soils were being affected by the

amendment process.

Materials and Methods

EMPA was used to determine the distribution of lead among the mineral phases occurring
in both the amended and unamended soils. Approximately 1 g of air-dried, homogenized
soil was mounted in epoxy for polishing and microprobe analysis. The samples were
polished successively with a 600-grit carborundum, then 15-um and 6-ym diamond paste,
and finally with a 0.05-ym alumina slurry. Samples were then analyzed on a JEOL 8600
Superprobe at the Department of Geological Sciences, University c;f Colorado. A combi-

nation of energy-dispersive spectrometry (EDS) and wavelength-dispersive spectrometry

32 g:\prodctn\c4950202\mod-fin1.doc



DRAFT

(WDS), in conjunction with a backscatter electron detector, was used to identify the min-

eral phases present within each sample.

This analysis is performed by bombarding the polished surface of the sample with an
electron beam, which excites atoms at the sample surface and generates a backscatter im-
age, much like a scanning electron microscope. A wavelength-dispersive detector is used
to determine qualitatively the elemental composition of individual particles within the
sample (e.g., soil grains or slag particles). In addition, an energy-dispersive detector is
used to quantitatively determine the concentrations of selected elements within particles
larger than 1 um. By determining the composition and lead content of a representative
subset of sample particles (typically 50200 particles), an understanding can be devel-
oped of the distribution of lead among the different phases within that sample.

For each particle evaluated during the survey of a puck’s surface, the following informa-
tion is recorded: the particle mineralogy, the length of its longest exposed axis, and the
morphology of the particle (i.e., liberated, included within another mineral phase, or
forming a coating or rind around another mineral phase). These three pieces of informa-
tion are collected using the backscatter image, together with the wavelength-dispersive
detector. The target element (in this case, lead) concentrations are determined in a repre-
sentative subset of particles within each mineral phase using the energy-dispersive

detector.

Assuming that the long axis of each exposed particle is proportional to its area, the fre-
quency distribution of each phase (Table 11) is calculated from the EMPA data using the

following equation (U.S. EPA 1995):

Z Long AXISphaser %100
2. Long Axisanphases

Frequency Distributionpe =
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To determine how much of the lead in the sample is associated with individual mineral

phases, the following equation is applied:

5.8 prasaX PbConcp,, . x Frequency Distribution,,,.,
D 8- 8- 41t phases X POCONC 4y ppases X Frequency Distribution g ppoces

Lead Distribution,,,, =

where s.g. is the specific gravity of Phase 1, and PbConc is the measured lead concentra-
tion in that phase (geometric mean measured lead concentrations are presented in Table
12). In cases where pure lead mineral phases, such as cerussite (PbCO,), are identified,
the stoichiometric lead concentration is applied. When available, published specific
gravities are applied to each of the identified mineral phases. Where mixed mineral
phases, such as iron-lead oxide, are identified, the average of the published specific
gravities of the end members is applied (Table 12). The relative lead mass distributions

for each sample, which result from the above calculation, are presented in Table 13.

Results

Initial mineralogy of the three untreated composites indicated similar lead mineralogy for
Composites 1 and 3, with the majority of the lead mass found in anglesite (PbSO,), along
with lesser amounts of iron-lead oxide, lead phosphate, and lead-metal oxide (Table 13,
Figure 8). The lead mineralogy of unamended Composite 2 differed from Composites 1
and 3, with 15 and 41 percent of the lead mass associated with slag and lead-metal oxide,
respectively. In addition, 24 percent of the lead mass in Composite 2 was associated with

galena (PbS) or other metal sulfide minerals (Table 13).

The amount of lead mass associated with the lead phosphate phase of the Composite 1
soil changed from 14 percent in the unamended soil to 46, 17, 54, and 23 percent in
Composite 1 soils treated with Amendments 1-4, respectively (Table 13, Figure 9).

There was a wide range in the change in lead mass associated with lead phosphate phases
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following amendment of Composite 2 soils (Table 13, Figure 10), from 3 percent in the
unamended soil, up to 51 percent in the Composite 2 soil treated with Amendment 4.
The amount of lead mass associated with lead phosphate in the amended Composite 3
soil increased for all amendments, from 6 percent for the unamended soil, up to 70 per-
cent in the Composite 3 soil treated with Amendment 4 (Table 13, Figure 11). These data
indicate that lead phosphates will form in soils amended with phosphate. Direct evidence
that a mineralogic change has occurred following amendment of the soils is provided by
photomicrographs collected during sample analysis. For example, Figure 12 shows a
particle of anglesite that has altered to form lead phosphate after Composite 2 soil was
amended with 1.6 wt% P as phosphoric acid and 2.5 wt% iron as HFO.

Although the mass of lead associated with iron-lead oxide and lead metal oxides did gen-
erally increase following amendment, this increase did not appear to be correlated to the
amount of iron in the amendment (Table 13, Figures 9-11). Furthermore, addition of
amendments containing only phosphate appears to be equally successful at creating lead-

bearing metal oxide phases as are the amendments containing iron oxide.
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STUDY CONCLUSIONS AND FURTHER RESEARCH
|

The primary goal of this investigation was to identify in situ soil amendments that would
reduce the bioaccessibility of lead from Trail soils without adversely affecting the bioac-
cessibility of arsenic, or the leachability of lead, arsenic, or cadmium. The results of the
Stage II and Stage III testing indicate that amendments that include both phosphorus and
iron are the most promising. The average soil lead bioaccessibility of soils amended with
1.63 wt% phosphorus as phosphoric acid and 0.5 wt% iron as HFO was 0.4 times that of
the unamended soil (i.e., a 60 percent reduction in soil lead bioaccessibility was
achieved). Similarly, the lead leachability of soils amended with this mixture was, on
average, 0.7 times that of the unamended soils (i.e., a 30 percent reduction in soil lead

leachability was achieved).

It is apparent that all the amendments tested had the potential to increase both the bioac-
cessibility and leachability of arsenic, although this effect was minimized through the
inclusion of HFO in the amendment formulation. Given this limitation, a nearly

completed study by PTI and CU is addressing the following issues:

m How can the release of soil arsenic following amendment be mini-

mized or eliminated?

m Is a 60 percent reduction in soil lead bioaccessibility the maximum

value achievable?

m  Does the effectiveness of the phosphate amendments vary with differ-

ent lead species?

m  Can amendment application methods be optimized to reduce costs and

minimize potential phytotoxic effects?
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Figure 6a. Change in amorphous iron and aluminum oxyhydroxide with depth in

East Trail profiles A & B.
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Figure 12. Microprobe photograph and schematic diagram showing an anglesite grain
that has altered to form lead phosphate.
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TABLE 2. BASELINE GEOCHEMISTRY OF THE THREE
TRAIL SOIL COMPOSITES

Composite 1 Composite 2 Composite 3
RIV/TAD ET-A-P/WT ET-B-P/ET-B-R
XRF-Bulk Metals % (<4.75 mm)
FeO 3.7 3.3 3.1
MnO 0.1 0.1 0.1
TiO, 0.5 0.4 0.4
Ca0 2.6 2.4 2.4
Al, 04 14.5 15.1 14.4
MgO 3.6 3.5 3.4
Na,0 3.5 3.9 3.1
K50 3.5 3.5 34
P,0g 0.4 0.3 0.4
Sio, 67.8 67.5 69.3
Total Fe, Al, Si in mg/kg (<150 pum), EPA Method 3050
Fe 3,361 2,319 2,787
Al 177 95 195
Si 2,455 1,664 2,228
Percent bioaccessibility measured in vitro®
Pb 89 93 81
As 23 40 49
Cd 110 144 91
XRF-Bulk Metals in mg/kg (<4.75 mm)
Pb 890 559 985
As 37 16 20
Cd 4 8 10
S 1,698 876 1,523
XRF- Bulk Metals in mg/kg (<250 um)
Pb 1,100 535 967
As 82 40 38
Cd 7 5 12
S 1,303 891 959
Total As, Pb, Cd in mg/kg (<1 mm)}, EPA Method 3050
Pb 812 462 999
As 43 24 43
Cd 12 11 17
Leachability in mg/kg, EPA Method 1312
Pb 2.7 2.0 1.8
As <0.12 <0.12 2.5
Cd 0.5 0.2 0.2

® The controllers maintained solution pH at 1.5, using the Ruby et al. (1993) procedure.
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TABLE 3. STUDY MATRIX OF VARIABLE CONCENTRATION TESTS

Type and Quantity of Amendment

Phosphoric Calcium Sodium
Acid Hydroxide Iron Silicate
Amendment/Sample 1D (Wt %) (wt%) (wt%) (wt%)
Amendment 2
C-1 lime 2 2 - -
C-2 lime 3 3 - --
C-3 lime 4 4 - --
C-4 lime 5 5.2 - --
Amendment 3
C-1 iron 2 2 0.5 -
C-2 iron 3 3 0.5 -
C-3 iron 4 4 0.5 -
C-4 iron 5 5.2 0.5 -
C-5 iron 2 2 1 -
C-6 iron 3 3 1 -
C-7 iron 4 4 1 -
C-8 iron 5 5.2 1 -
Amendment 4
C-1 ss 3 - - 0.5
C-2 ss 5 - -~ 0.75
C-3ss 5 - - 1
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TABLE 12. SPECIFIC GRAVITY AND AVERAGE LEAD CONCENTRATION
IN MINERALS DETECTED IN STAGE Ill COMPOSITE SOILS

Average Lead

Specific Concentraton
Mineral Phase Gravity (ma/kg)
Anglesite 6.3 684,000
Galena 7.5 866,000
Iron-lead oxide 4 43,000
Iron-lead sulfate 3.7 100,000
Lead-arsenic oxide® 7.1 243,000
Lead-metal oxide® 7 300,000
Lead barite 4.5 13,500
Lead chloride 5.85 747,000
Lead oxide 9.5 930,000
Lead phosphate 5.1 220,000
Lead silicates 8 167,000
Manganese-lead oxide 5.1 112,000
Slag 3.65 12,000
Solder 6.3 73,000
Lead-metal sulfide 6 250,000

? Mixed-metal oxide that may contain iron, aluminum, manganese, sodium, and/or calcium.

iz\datamgmt\c495\Probe.xis (Table 12) 8/5/97 (10:35 AM)
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Classification of Initial Six

Trail Soil Samples
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ADDENDUM - KEY TO SOIL SAMPLE LOCATIONS

Sample Name

Location

Public areas in Rivervale

RIV

TAD Public areas in Tadanac

WT Public areas in West Trail

ET-A-P Public areas in East Trail NW of Bailey St
ET-B-P Public areas in East Trail SE of Bailey St
ET-B-R Residential yards in East Trail SE of Bailey St
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SOIL CHARACTERIZATION STUDY

CU CGEOL sClI doog

- ———

== e S T

(P=Public R=Resident)
BAG NO.| SAMPLE NO. | SAMPLE DATE COMMENTS
TAD TAD1-P 10-Nov-94 Bare area by turnout (Kootenay Ave & Stoney Creek Road)
TAD TAD2-P 10-Nov-94 Boulevard in front of 211 Kootenay Ave by parking lot
EADS—P 10-Nov-94 Boulevard by driveway 109 Kootenay Ave
 TAD4-P 10-Nov-984 Bare area across from alley of Aldridge Road
TADS-P 10-Nov-94 No sample taken c
TAD6-FP 10-Nov-94 Behind 2 poles in alley of Hosmer Road
{ITAD TAD7-P 10-Nov-94 Boulevard beside gravel driveway 211 Ritchie Ave
AD TAD8-P 10-Nov-94 Boulevard corner of Stonsy Cr Rd & Ritchie Ave by sireet lamp
"R!V RIVI-P 15-Nov-94 By junction of railroad tracks and the road |
IRIV RIV2-P 15-Nov-94 Across from Shell Bulk Station by powerlines near a path
RIV RIV3-P 15-Nov-94 At intersaction along road
"RIV RIV4-P 15-Nov-94 Across from 120 1st Ave along road
RIV |lV5-P 15-Nov-94 Al intersection by the bus stop
{RIV RIV6-P 15-Nov-94 End of the road
[[RIV RIV7-P 15-Nov-94 At intersection by postal boxes
IRlv RiV8-P 15-Nov-94 On dirt road running between the power lines
(WT1 -P 15-Nov-94 By old bridge on the dirt ing lot
WT M_‘!}—P 15-Nov-94 End of Tamarac Ave near public stairs , |
WT T3-P 15-Nov-94 Bare spot in corer of Daniel St Park near public stairs 1’
WT WT4-P 15~-Nov-94 Bank behind 2156 Daniel St
WT WT5-P 15-Nov-84 Beside Gorge Creek I
IWT WT6-P 15-Nov-94 Halfway up pubhc stairds by a walkway to house il
WT WT7-P 15-Nov-94 By gates goi park near the public stairs
WT Wie-pP 15-Nov-94 Behind i
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SOIL CHARACTERIZATION STUDY

(P=Public R=Resident)

SAMPLE NO. { SAMPLE DATE COMMENTS l[ .
ET1-P 8-Nov-94 Boulevard in front of 1486 Columbia Ave by Hle '%kt'}
ET1-R 8-Nov-94 By shrubs along driveway to Kiro Manor _~liw gitred = need red .
~P 8-Nov-94 Alley behind 1504 4th Ave "
ET2-R 8-Nov-94 Garden in backyard 1504 4th Ave (manure & fertilizer added)
ET3-P 8-Nov-94 Boulevard by siop sign in front of 1304 5th Ave :
ET3-R 8-Nov-94 Flower garden at side of house 1653 McQuarrie St —
ET4-P 8-Nov-94 Alley between Ashco Exteriors & Family Worship Center
ET4-R 8-Nov-94 Flower garden by steps of the Family Worship Center
ET5-P 8-Nov-94 Boulevard in front of 1781 3rd Ave ~ u,.durs eef {ichf— -
ET5-R 8-Nov-94 Rose garden at side of house of 1799 3rd Ave
ET6-P 8-Nov-94 Alley behind 1917 4th Ave fl
ET6-R 8-Nov-94 Vegetable garden in backyard 1917 4th Ave I
ET7-P 8-Nov-94 Hill along 5th Ave going upto Shaver's Bench u
ET7-R 8-Nov-94 Flower garden beside house 1680 McLean St~ {arcc. (nv )
ET8-P 8-Nov-94 Boulevard on McLean St beside Big O Tires - f
ET8-R 8~Nov-94 Driveway behind Big O Tires I
ET9-P 8-Nov-94 Boulevard in front of driveway of 2080 2nd Ave il
ETS-R 8-Nov-84 Vegetable garden of 2080 2nd Ave fl
[ET10-P__ | [10-Nov-84 Bank by tunnel at end of the road It
—_{ET10-R——"110=Nov=94 Flower garden in front yard 1693 Bailey St "
ET11-P__~ [10-Nov-94 _ |Bank by light standard '
JET14=R——""|10=Nov=94"_ Flower garden in front yard 1557 4th Ave Lane i
ET12-P 7 [10-Nov-94 Boulevard 1452 Goepe! St by pole I
- [ET12-R-—~  ]10-Nov=94 Vegetable garden behind convenience storg_<c“in (/rvewef i
ET13-P 4 10-Nov-94 Alley behind 1393 2nd St — 58 A G lpan [ betora oo o «)
IET-A-R- |ET13=-R - -—— |10~-Nov<84" 1393 2nd St between 2 garages in alley '
ET-A-P__|[ET14-P 5 10-Nov-94 Bank by the bridge _
[ET-A-R - |ET14-R... 10-Nov-94 __. |Bare spot besids house of 1376 Columbia Ave
IIET-A-P ETi5-P_ L [10-Nov=94 Along paved alley behind apartments |
"gT_ - JET15-R ———110=Nov=84 Under stairs between 2 aparntments where kids play
ET-A-P__|ET16-P ] |10-Nov=94 By boat ramp
[ET-A-R—ET16-R 10=Nov=94 " Vegetable garden 1194 Columbia Ave (manure,lime, fartilizer)
ET-A-P |ET17-P 5 [10-Nov-94 Boulevard between 1102 Columbia Ave and Gyro Park
ET-A-R-_{ET17-R__——--|10-Nov=84— Driveway behind 1102 Columbia Ave by the back gate
ET-A-P |ET18-P 9 [10-Nov-84 Bank along 3rd Ave Lane
ET-A-R "JET18-R~ "~ '|10-Nov=84— _|Bare area by clothesline pole of white corner house
ET-A-P__[ET19-P [0 [10-Nov-94 Alley of Taylor Ave "l
ET-A-R—ET18-R———|10-Nov=84~ Driveway 1480 Taylor Ave
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SUBSAMPLE LOCATION MAPS



08/01/97 09:17 D303 492 2606 CU GEOL sCI

N e i - . o N ] : ‘
Ve - oo Loa e . et e .
. . - e oA slta

|——~v

(D Bong, 002050 TZRET Dras D
L/ 2N \Quu\é\\ov\/a - \?\J‘c')\

(33 \08 Reodermomy ~ T

C"j,f/\ ,L—\\c\x,\(,\co,q_ QN G C ‘7_) S
= NS — e tabor prevady e ool
@ \“\"’l“\b\ QA - beMamh K \)uk(,o e e
@ 2\ Rikc\ae — A -

2 " W R4 -
(fg/ Ceyvan % WGk ¥ SW\C\;»

KYV- LR VavaN C._)'L.CLQ,._






