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Abstract

The availability of Pb and As in an historically contaminated orchard soil, after amendment with
compost and aging in the field, was determined by single-step chemical extraction with 1.0 M
ammonium acetate at pH 4.8, sequential extraction using the modified BCR test, and a redworm
bioassay in the laboratory. The efficiency of soil Pb extraction by ammonium acetate was greater
at higher total soil Pb but was reduced by compost amendment. Conversely, the extraction
efficiency of total soil As increased with compost amendment, but was not sensitive to total soil
As. The redworm bioassay indicated Pb (but not As) bioavailability to be reduced by soil
amendment with compost, a result consistent with the ammonium acetate extraction test but not
reflected in modified BCR test. Electron microprobe studies of the orchard soil revealed Pb and
As to be spatially associated in discrete particles along with phosphorus and iron.
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INTRODUCTION

Lead and arsenic are toxic metals that coexist at elevated concentrations in old orchard soils
due to the historical use of lead arsenate insecticide (Veneman et al., 1983). Their solubility
and bioavailability to plants, soil organisms and humans depends on the form of these metals
in the solid phase of the soil. Lead activity and solubility in slightly to moderated
contaminated soils are controlled by strong adsorption of the Pb2* ion on soil minerals
(particularly Fe oxides) and organic matter (Gustafsson et al., 2011; Sauve et al., 2000).
Surface complexation models predict that Pb adsorption is dominated by organic matter at
soil pH < 6, whereas adsorption on Fe oxides is more prevalent at pH > 6 (Gustafsson et al.,
2011). Soil pH is critically important in determining the free Ph2* activity in soil solution, as
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Pb adsorption and most precipitation reactions are favored by higher pH. Dissolved organic
matter also has a key role in controlling Pb solubility in soils, forming organo-Pb complexes
that increase Pb solubility as the pH is raised above 6.5 (Sauve et al., 1998). In fact, most of
the water-soluble and potentially leachable Pb in non-acid soils occurs as Pb-DOM
complexes (Ashworth and Alloway, 2008; Weng et al., 2002). In severely contaminated
soils, some mineral forms of Pb are sufficiently stable to limit Pb solubility. Thus, for
example, litharge (PbO) cerussite (PbCO3) and hydrocerussite (Pb3(CO3),(0OH),) have been
detected in Pb-contaminated soils (Essington et al., 2004) and pyromorphite (Pbs(PO4)3Cl)
is a stable form of Pb in soils with high phosphate content (Ryan et al., 2001; Scheckel et al.,
2005).

Arsenic bioavailability is complicated by the existence of two prevalent oxidation states of
this metalloid in soil environments, occurring as the arsenate (AsO437) and arsenite
(As(OH)30) species. Arsenate in most situations adsorbs more strongly than arsenite,
behaving much like phosphate and chemisorbing most strongly on Fe oxide and silicate
minerals in the pH range of 5.0-6.5 (Manning and Goldberg, 1996a, 1996b). Consequently,
phosphate amendments to soils (e.g., as fertilizers, manures or composts) tend to enhance
solubility, mobility and bioavailability of As in soils (Cao et al., 2003; Wang and Mulligan,
2006). Bonding of arsenate on soil organic matter is relatively weak, probably occurring
indirectly via ternary complexes involving polyvalent cations such as Ca2*, Al3* and Fe3*
(Thanabalasingam and Pickering, 1986). Unlike Pb, As solubility tends to increase at higher
pH. Anoxic conditions in soils can also mobilize As due to reductive dissolution of Fe
oxides, reduction of arsenate to arsenite and an increase in dissolved organic acids that
compete with arsenate for mineral adsorption sites. In acidic oxidized soils, Ca and Fe
arsenate minerals may control As solubility, whereas in extremely anoxic soils insoluble
As(111) sulfides can limit solubility (Sadiq,1997). Scorodite (FeAsO,), formed during the
weathering of arsenopyrite (Mihaljevic et al., 2010), is a stable mineral form of As in
severely contaminated soils (Meunier et al., 2010).

Because the most prevalent ionic forms of Pb and As in aerated soils, Pb?* and AsO43~
(arsenate), behave very different chemically, it is expected that remediation schemes
dependent on the modification of soil chemical properties may affect the solubility and
bioavailability of these two elements in very different ways. Thus, remediation of soils
containing both elements by removal or chemical stabilization may be difficult. Various soil
amendments have been tested for their ability to reduce the solubility, leachability, and
bioavailability of Pb, As and other toxic metals in contaminated soils. Materials composed
primarily of natural organic matter can be expected to decrease the level of Pb extractability
and bioavailability in soil due to the very strong affinity of organic complexation sites for
Pb2* cations. Thus, peats and composts have consistently shown the ability to stabilize soil
Pb and reduce its bioavailability (Hashimoto et al., 2011; Karam et al., 2011; Kumpiene et
al., 2007; Nwachukwu and Pulford, 2009; Zhou et al., 2012) in spite of the fact that these
amendments are likely to increase dissolved organic matter (DOM) which potentially can
increase Pb solubility (Sauve et al., 1998).

Experimental results for the effect of compost amendments on As behavior have, in contrast
to Pb, indicated a tendency for organic-rich amendments to increase rather than decrease
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solubility and extractability (Hartley et al., 2010; Beesley et al., 2010; Yan et al., 2012; Cao
et al., 2003; Wang et al., 2006), a result expected from the known weak interaction of
arsenate with solid organic matter as well as competition between dissolved organic matter
(DOM) and arsenate for adsorption sites.

Generally, bioavailability of metals in soils is estimated using chemical extraction tests or
more directly determined using bioassays. One of the most common bioassays for evaluating
heavy metal bioavailability uses bioaccumulation by earthworms (Maenpaa et al., 2002;
Janssen et al., 1997). In this study, our objective was to assess the impact of compost
addition on availability of Pb and As in an historically contaminated orchard soil by using a
traditional chemical test and a soil invertebrate bioassay. A common soil extraction method
(Modified Morgan solution) was used to estimate Pb and As availability by soil test, and a
redworm (Eisenia foetida) bioassay was used to measure bioavailability. A widely used
sequential extraction method (the modified BCR) was also applied to evaluate Pb
availability in the compost-amended soils.

METHODS

Soil Pb and As extractability

The soils used in this study are silty clay loams (Hudson series), sampled from an ongoing
field experiment involving six separate miniplots situated on an old apple orchard near the
Cornell university campus. Lead arsenate had been applied repeatedly to this orchard in the
first half of the 20th century, and topsoils accumulated highly variable concentrations of Pb
and As. The miniplots represent a wide range of soil Pb and As concentration, and each one
is subdivided into beds which have been supplemented with 0, 5, or 10% (on a dry weight
basis) compost having low As (0.97 mg/kg) and Pb (16.1 mg/kg) content. The pH of the
compost in water was 7.0, and concentrations of major elements in the compost were 4.41%
(Ca), 1.62% (Mg), 1.51% (K), 0.82% (P), 0.45% (S), 0.88% (Fe) and 0.60% (Al).
Concentrations of trace elements were 23.9 mg/kg (Ni), 65.4 mg/kg (Cu), 507 mg/kg (Mn),
42.7 mg/kg (Cr), and 298 mg/kg (Zn).

Miniplot construction, which included building the frames for the miniplots and
incorporating the compost, was done in June 2009 for four of the soils (labeled here as A, C,
D, and E). The other two miniplots (B and F) were set up in the spring of 2010. The compost
added to the miniplots was taken from the Cornell composting facility and hand mixed into
the beds. The beds were further cultivated during cropping in 2009 and 2010. One of the
miniplots (F) was sampled in December 2010 while the five remaining miniplots (A, B, C,
D, and E) were sampled in July 2011. The sampled soils were pulverized and sieved (2mm)
in preparation for testing. Subsamples were analyzed for total lead and arsenic by the
Cornell Nutrient Analysis Laboratory (CNAL) using ICP emission spectrometry after
digestion of the soils by EPA method 3051. Total Pb and As concentrations in the miniplot
soils with 0,5 and 10% compost amendments are listed in Table 1.

In order to measure the pH of the soils, 5 g of dry soil were measured out and mixed with 10
mL of deionized water. The mixture was allowed to settle for 30 minutes and pH was then
measured using a pH meter equipped with a glass electrode. The Loss on Ignition (LOI)
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method was used to calculate the percentage of organic matter in the soils. This was done by
measuring weight loss of 5 g soil in a crucible, pre-dried at 105°C, after heating the soil in a
muffle furnace at 375°C for 24 hours (Davies, 1974). Percent organic matter and pH of the
miniplot soils are given in Table 1. Free Fe and Mn oxide content of the orchard soils were
determined using the standard citrate-dithionite method (Mehra and Jackson, 1960) for
Miniplot A soils with 0, 5 and 10% compost amendment, and averaged 1.1 g Fe/kg and 0.12
g Mn/kg in the control (0%) soil, and slightly lower (for Fe) and higher (for Mn) in the
compost-amended soils.

Extraction for Pb and As was processed using Modified Morgan’s solution (1M ammonium
acetate at pH 4.8). The extraction procedure was conducted in duplicate on each soil
collected from the miniplots. 5 g of each soil and 20 mL of Modified Morgan were
measured into 125 ml Erlenmeyer flasks. The flasks were agitated on a rotary shaker at 150
rpm for 15 minutes, allowed to stand for 5-10 minutes, then filtered through Whatman No.
42 Paper to produce clear solutions. The extracts were analyzed for Pb by flame atomic
absorption spectrometry (FAA) at a wavelength of 217 nm, and for As by ICP-emission
spectroscopy at 189.0 nm. The Pb and As extraction results using Modified Morgan are
presented as percentages of the total Pb and As extracted into solution (Table 1). Because
the pH of the compost-amended miniplot soils were always higher than those of the
unamended control soils (see Table 1), the Modified Morgan extraction was repeated on
miniplot F soils after gradually adjusting samples from the 0, 5 and 10% compost treatments
to pH 5.5 over 24 hours using 1 M HCI.

The modified BCR test, a 3-step sequential extraction procedure that is frequently used for
the speciation of toxic metals in soils (Rauret et al., 1999) was applied in triplicate to
samples of the miniplot F soils only. This procedure extracts metals sequentially using, in
order : 1. Acetic acid (0.11 M) at pH 2.55 (Fraction A), 2. Hydroxylamine hydrochloride
(0.5 M) at pH 1.54 (Fraction B), 3. Hydrogen peroxide (8.8 M) at pH 2.0 (Fraction C). The
metal fractions extracted, although definable in operational terms only, are commonly
referred to, respectively, as:

A. the exchangeable and weak-acid soluble (chemically labile) forms
B. bound to Fe and Mn oxide minerals
C. bound to oxidizable solids (specifically organic matter and sulfides)

The metal fraction remaining in the soil residue after these 3 steps is referred to as Fraction
D, the residual form. Metal in fraction D may be occluded in insoluble minerals or otherwise
bound extremely strongly on solids, but is considered not to be bioavailable.

Scanning Electron Microscopy (SEM) and Elemental Mapping

Orchard soil with high Pb and As contamination was collected near the miniplot F site, dried
and pulverized to pass a 1-mm sieve. A thin layer of this soil was mounted on an aluminum
holder using two-sided adhesive tape, then coated with a thin elemental carbon layer under
vacuum prior to making observations by SEM (JEOL 8900 Electron Probe Microanalyzer)
operating at 15.0 kV. Imaging and chemical element mapping for particles of interest was
done on the scanning electron microscope (SEM) equipped with energy dispersive x-ray
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detector (EDS). The scanning system forms images from secondary and backscattered
electrons and elemental maps from secondary X-rays. This is not a surface analysis method,
as the high-energy electrons focussed on the sample penetrate at least several micrometers
into the sample particles.

Redworm Bioassay

Additional soil was collected from miniplot F as well as from an uncontaminated nearby
field (Caldwell Field) to serve as a soil control in March 2012. The miniplot F soils included
samples supplemented with 0, 5%, or 10% compost. Relevant properties of the miniplot F
soils are included in Table 1, showing Pb concentrations in the 600-900 mg/kg range
depending on the level of compost amendments. The control soil was a low-organic matter
silty-clay loam with a pH of 5.5 and total Pb content of 11.1 mg/kg. The soils were
pulverized and sieved (2mm). For each soil type, 500 grams with three replicates were
placed in plastic containers, creating a total of twelve samples. Each soil sample was
saturated to a field-moist state using deionized water.

Redworms (Eisenia foetida) obtained from Carolina Biological Supply Company were
rinsed with deionized water before being separated into groups of eight individuals and
deposited into the 12 containers. The worms were fed oatmeal twice during a total of 27
days exposure. To stop the experiment, worms were removed from the containers, rinsed
with deionized water, and weighed fresh. Each group of worms was depurated in a separate
clean container with oatmeal for three days. The worms were then frozen, dried overnight at
70°C, weighed dry, and pulverized using a mortar and pestle. The tissues were digested in
30 ml glass beakers by adding 10 ml trace-metal grade concentrated nitric acid followed by
3 hours refluxing on a hot plate, with additional 1-2 ml of 30% H,0, near the end of the
refluxing period. The heat was then increased to reduce the acid digest volume to 2 ml, and
the beakers were removed from the hot plate and cooled. After adding 10 ml of deionized
water to each beaker, the digests were brought to near-boiling to allow solids to re-dissolve.
Finally, the solution volumes were diluted to 25 ml exactly with deionized water and went
through Whatman #42 filter papers. The clear solutions were analyzed by ICP emmision
spectrometry for Pb and As.

RESULTS AND DISCUSSION

Pb and As Extractability by Modified Morgan’s Test

The six miniplot soils had a large range of total Pb (22-1420 mg/kg) and As (11.7-236
mg/kg) concentrations as is shown in Table 1, with the miniplots labeled A, B, C, D, E, Fin
the order of increasing Pb and As level. Soil Pb concentration was variable among the
treated sub-plots of some miniplots, with miniplot E showing the most extreme variation
(532-1420 mg/kg) due to the inherently spotty nature of the historical application of Pb
arsenate insecticide (Veneman et. al., 1983). The pH of the unamended miniplot soils ranged
from 5.6 to 6.4, but compost addition raised the pH into the 6.3 to 6.9 range. Data in table 1
shows that, disregarding the initial spatial variability of soil Pb and As, compost additions
had the general effect of decreasing soil total Pb and As concentrations due to dilution by
the low-metal compost (As = 0.97 mg/kg, Pb = 16.1 mg/kg).
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The extractable Pb levels as measured using the modified Morgan (MM) soil test (Table 1),
were strongly dependent on total soil Pb. The overall correlation between MM-extractable
Pb (Pbpm) and total Pb (Pbt) was :

Pb,, (mg/kg)=—0.1164+-0.0278 Pb,, r=0.867 (1)

This regression equation reveals that, on average, MM extracted only about 2.8% of the total
Pb in these compost-amended and unamended orchard soils. However, over all soil Pb
concentrations, the extractability of Pb for the unamended soils averaged 3.28%,
substantially higher than the 1.61% measured for the compost-amended soils. The average
efficiency of extraction of the compost-amended soils by MM is also substantially lower
than that reported by McBride et al. (2011) and Hamel et al. (2003) for Pb-contaminated
soils having various sources of contamination. In fact, unamended soils collected earlier
from the same orchard site used in this study had an average efficiency of Pb extraction by
MM of 5.3%, somewhat higher than the 3.28% reported here for unamended orchard soil,
and much higher than that measured here for the compost-amended soils..

An increase in soil organic matter due to compost addition caused a decreasing extraction
efficiency of Pb by MM, as shown by the lower extraction percentages for Pb in soils
amended with 5 and 10% compost (see Table 1). All of these reduced Pb extractabilities
were significantly lower than those of the unamended control soils. In most miniplots, the
10% compost amendment had a significantly larger effect in lowering Pb extractability than
the 5% amendment. However, the efficiency of lead extractability also tended to increase
with increasing total Pb in the soils. Thus, regression analysis confirmed a significant
relationship of Pb extraction efficiency to both soil organic matter content (r= 0.359) and
soil total Pb (r= 0.313). Because these two factors were correlated to Pb extraction
efficiency, we conducted a multiple regression analysis to confirm a statistically significant
relationship between the fraction of total Pb extracted factors when both factors are
considered together. The best-fit equation (2) shows a stronger relationship of Pb extraction
efficiency to these soil factors when they are considered simultaneously:

Extractable Pb (% of total)=3.09+0.00167 Pb,,—0.146 OM(%) 1r=0.603 (2

In this equation, OM (%) is the measured organic matter content (%) of the soil and Pbr is
the total soil Pb concentration (mg/kg). The physical-chemical interpretation of the organic
matter effect in reducing Pb extractability must consider, besides the well-known ability of
organic matter to complex Pb strongly, the fact that the compost amendments raised soil pH
significantly. In fact, there was a highly significant correlation between Pb extractability and
soil pH for the soils sampled from all miniplots and treatments:

Extractable Pb (% of total)=13.97—1.88pH r=0.776 (3)

The results indicate that three factors may be involved in controlling the soil Pb extraction
efficiency: total soil Pb concentration, soil organic matter content and soil pH. Because the
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variables of soil pH and organic matter content are highly correlated, it is not possible to
discern from this initial extraction at the field soil pH if reduced Pb extractability arose
solely from the pH effect on Pb adsorption or was largely a consequence of Pb bonding to
the organic matter of the added compost. It is also conceivable that the high P content of the
compost could have provided enough soluble phosphate to promote Pb phosphate
precipitation (Bosso et al., 2008; Cao et al., 2003).

Figure 1 exemplifies, based on the data for miniplots C and F (Table 1) the pronounced
effect of compost amendment in reducing the efficiency of Pb extractability. Similar trends
to those in Figure 1 were apparent for miniplots B, D and E (see Table 1). The only
exception to the trend of decreasing Pb extractability with increasing compost addition was
seen in the low-Pb (control) miniplot A.

The extractable As levels, as measured using the modified Morgan (MM) soil test, were
strongly dependent on total soil As. The overall correlation between MM-extractable As
(Aspm) and total As (AsT) is given by equation (3):

As,,, (mg/kg)=—0.605+0.0526 As, r=0.770 (3)

The correlation of extractable to total As was slightly weaker than that observed for Pb. This
regression equation reveals that, on average, MM extracted about 5.3% of the total As in
these orchard soils, about twice the extraction efficiency observed for Pb. However, the
fraction of total arsenic that was extractable increased with compost addition to the
miniplots (see Table 1), a trend exemplified in Figure 2 for miniplots C and F. The 5%
compost amendment significantly increased the efficiency of As extractability in all the
miniplots (with the possible exception of miniplot A, which had the lowest As content), but
the 10% compost addition did not in every case increase As extractability over that in the
5% treatment (Table 1).

The results suggest a strong relationship between soil organic matter content and the ease of
extractability of soil arsenic. Regression analysis confirms the consistency of this trend, with
the extractable fraction of As strongly correlated to soil organic matter content over all
miniplot soils as shown by equation (5) :

Extractable As (% of total)=0.087+0.448 OM(%) r=0.770 (5)

Unlike the trend observed for Pb, there is no statistically significant relationship between the
extractable fraction of As and soil total As. However, as discussed earlier for the case of Pb,
the fact that compost amendments raised soil pH in the field means that the specific
mechanism causing As to become more extractable with compost amendment is uncertain.
The efficiency of As extraction was correlated significantly to soil pH as well as organic
matter content:

Extractable As (% of total)=—16.77+3.396 pH 1=0.646 (6)
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It is possible that the pH increase associated with compost amendment reduced the
adsorption strength of As on soil mineral components (Manning and Goldberg, 1996a), but
the added compost may also have promoted As dissolution by, for example, competing for
As adsorption sites via organic acids and phosphate (the compost had a high P content of
0.82 % but only a trace level of As). Regardless of the specific mechanism, numerous other
studies have reported the mobilization of arsenic upon organic matter amendment of soils
(Cao and Shiralipour, Wang and Mulligan, 2006). Compost amendments to soils may also
promote As reduction in the soil to arsenite, a potentially more soluble and mobile form of
As (Hartley et al., 2010).

Because it was not possible to separate effects of soil pH and soil organic matter content on
extractability of Pb and As from the field-collected soils, a follow-up experiment was done
with adjustment of pH to 5.5 for soils of miniplot F prior to extraction using MM. The
results, shown in Figure 3, reveal two important trends. First, both MM-extractable Pb and
As increased in compost-amended and unamended soils with the pH decrease, indicating
that acidification had the effect of making both metals more available. Second, the compost
effect in reducing Pb extractability, observed for the soils before pH equalization, persisted
after the pH was equalized across compost treatments. However, no effect of compost was
observed for the extractability of As at pH 5.5, and the greater extractability of As at a
lowered pH is in contradiction of known adsorption behavior of arsenate on soil minerals,
with chemisorption being generally more favorable at lower pH (Manning and Goldberg,
1996a, 1996b). The possible presence of precipitated forms of As such as mimetite
(Pbg(AsO4)3Cl) or Ca arsenate (Bothe and Brown, 1999) in these soils could account for
increased extractability of both As and Pb at lower pH. Mimetite, for example, has minimum
solubility near pH 7.5, with increasing As and Pb solubility as pH is lowered toward 4
(Bajda, 2010).

The strong effect of Pb immobilization by organic-rich amendments as observed here has
been observed in numerous other studies (Farrell and Jones, 2010; Zhou et al., 2012;
Hashimoto et al., 2011; Nwachukwu and Pulford, 2009). Free Fe and Mn oxides of these
soils measured by the citrate-dithionite method were low (free Fe averaged 0.11% in the
unamended soil), suggesting that adsorption on Fe oxides is unlikely to have a major role in
Pb adsorption be these soils.

In summary, soils with higher As concentrations do not have a notably higher As
extractability, a result in contrast to that observed for Pb. In addition, soils with higher
organic matter content from compost addition clearly have more readily extractable As,
quite the reverse of the case for Pb, but consistent with observations from other studies of
compost-amended soils (Hartley et al., 2010).

Pb Extractability by Modified BCR Sequential Extraction

The results of the 3-step sequential extraction of compost-amended orchard soils from
Miniplot F are summarized in Table 2. They show that most of the Pb is in Fraction B, the
operationally defined “reducible fraction”, with only a small percentage (> 5 %) in the most
labile Fraction A. This distribution of Pb by the BCR extraction is consistent with that
observed for metal-contaminated soils from a Pb mining area (Anju and Banerjee, 2011).
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The compost amendments had no measurable effect on the percentage of Pb in the most
labile or “reducible” forms. It is only Fraction C, the form of Pb dissolved by oxidation, that
increased with increasing compost amendment, with a concomitant reduction of the
percentage of Pb in the highly-resistant (residual) Fraction D. These results suggest that,
following the amendment of the Pb-contaminated soil by compost, some Pb originally
bound to older and highly stable organic matter (Fraction D) migrated into the younger and
more chemically oxidizable organic matter of the added compost (Fraction C). The BCR
extraction results, taken alone, suggest that the compost amendment had no substantial
effect on Pb bioavailability, since the labile Fraction A is generally considered to represent
bioavailable forms of soil Pb. However, the MM extraction results and the earthworm assay
(see below) contradict this inference. It seems necessary to conclude that the first BCR
extraction step (using acetic acid at pH 2.55) is too aggressive to adequately assess the
bioavailable fraction of soil Pb.

Scanning Electron Microscopy and Elemental Mapping

Using the electron microprobe, it was possible to identify a few isolated soil particles with
high Pb and As concentrations. One of these particles is pictured in Fig. 4 along with maps
of soil elements of interest. A spatial association of Pb with As, P and Fe is apparent,
possibly indicating that some part of the Pb arsenate originally applied to the orchard soil
has been transformed over decades to more stable mineral phases such as pyromorphite (Pb
phosphate), scorodite (ferric arsenate), or mimetite (Pb arsenate) (Drahota and Filippi, 2009;
Bosso et al., 2008; Magalhaes and Silva, 2003). Poorly crystalline Fe oxides could also
become enriched in Pb and As through chemisorption processes. Earlier unpublished work
at this orchard site for a large set of analyzed soils showed a very strong spatial correlation
in the surface soil between total As (Ast) and Pb (Pbt) :

As, (mg/kg)=10.84-0.218 Pb,, r=0.970 (7)

Based on the reasonable assumption that “acid lead arsenate” (PbHAsO,) was the main form
of insecticide used in in this region on apple orchards to control codling moth (Schooley et
al., 2008), the initial As/Pb ratio in the contaminated soils should be approximately 1/1 on a
mole basis or 0.36 based on weight. However, the slope of 0.218 in equation (7) is
substantially less than the value of 0.36, suggesting that there has been some loss of As
relative to Pb in the soil. Based on the actual measured to theoretical ratio of 0.218/0.361 =
0.604, a loss of about 40% of the As in the topsoil soil relative to Pb appears to have
occurred over the time since the pesticide was applied. This inferred greater mobility of soil
As in orchard soils is consistent with the greater extractability of As compared with Pb in
this study using a relatively mild extractant (Modified Morgan’s solution). Greater As
mobility is also implied by the presently measured aqueous solubility of As in these orchard
soils, generally several times greater for As compared to Pb (unpublished data) in any given
soil sample. For example, one soil from our experimental site containing 915 mg/kg Pb and
211 mg/kg As averaged 153 pg/L Pb and 745 pg/L As in soil water extracts, indicating that
the partitioning coefficient (Ky) for Pb is about 20 times greater than that of As in this
orchard soil. Other studies have also reported greater solubility and mobility of As compared
to Pb in orchard soil profiles (Aten et al., 1980; Peryea and Creger, 1994).
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In earlier work using synchrotron XRF microprobe elemental mapping of the orchard soils
studied here, we found Pb and As to be highly concentrated in isolated and discrete particles
with dimensions of about 50 micrometers (McBride et al., 2011). In the present study, using
the electron microprobe, we again identified Pb-rich particles associated with As, but
association with Fe and P was also evident. The mineralogy of these environmentally
persistent and stable particles is as yet uncertain, possibly involving low-solubility Pb and
arsenate mineral phases or Pb and As chemisorbed on poorly crystalline Fe oxides. A
possible candidate mineral that could explain the pronounced long-term Pb-As association is
mimetite, probably the most stable and low-solubility Pb-As phase in the environment
(Magalhaes and Silva, 2003). In order for mimetite to form by aging of the applied
PbHAsQ, insecticide powder in the soil environment, the reaction :

5 PbHAsO4=Pbs(As04);+2 AsO,*™  (g)

would be necessary. Thus, the As/Pb mole ratio in the solid phase would change from 1/1 to
3/5, a 40% reduction in the As relative to Pb, which is in agreement with that observed. The
released arsenate may leach downward and possibly readsorb (at least in part) in the subsoil.
Pb remains in the topsoil in a relatively insoluble form. However, it is possible that more
complex soil geochemistry is involved with multiple or mixed insoluble phases containing
Pb and As formed during aging, since Fe and P are also spatially associated with Pb and As
in this soil. Possible stable minerals involving these elements include scorodite (ferric
arsenate) and pyromorphite (Pb phosphate), both known to form and persist under certain
soil surface conditions (Drahota and Filippi, 2009; Bosso et al., 2008). Although the
association of As with Fe could also indicate that As has adsorbed on iron oxides, the
electron microprobe is a “bulk” analytical method and is unlikely to be very sensitive to
surface-adsorbed As. In addition, the free Fe oxide content of this particular soil is quite low
(~ 0.15% Fe,03). Further research using methods sensitive to specific mineral structures
(e.9., XRF, EXAFS) will be needed to determine which specific mineral or adsorbed forms
of As and Pb are present in this soil.

Redworm Bioassay

Much higher Pb and As concentration in the whole redworm tissues were found for worms
exposed to the orchard soils compared to an uncontaminated control soil (Table 3).
However, worm tissue concentrations of Pb were substantially lower than soil Pb
concentrations, with Pb bioaccumulation factors (BAF) of 0.40, 0.10 and 0.11 for the 0%,
5% and 10% compost- amended soils, respectively. Conversely, the tissue As concentrations
were higher, comparable to the soil As concentrations, with As BAFs calculated to be 0.86,
1.07 and 1.12 for the 0%, 5% and 10% compost- amended soils, respectively. Compost
amendment caused a highly significant reduction in the tissue concentrations of Pb as shown
by an ANOVA test (p= 0.00250), with redworms in the 5% and 10% compost amended soils
both having much lower Pb tissue concentrations than those in uncomposted soils. In
contrast, neither of the compost amendments showed an ability to reduce As concentrations
in the redworm tissues (p= 0.810). These earthworm bioassay results show a similar trend in
the effects of compost to a related woodlice (Porcellio scaber, L.) bioassay conducted on the
same orchard soils, in which the BAF for As was generally greater than that for Pb, and
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compost amendment decreased Pb but increased As bioavailability (Udovic and McBride,
2012).

In general, earthworm bioaccumulation factors for toxic metals in soils correlate well to
equilibrium partitioning of the metals between soil solids and soil solution (Janssen et al.,
1997). Because of the much lower partitioning coefficients of As in these orchard soils
compared to Pb, the As BAFs are as expected greater than the Pb BAFs, and Pb is not
bioconcentrated by the earthworms. However, BAFs for Pb and As in different soils vary by
several orders of magnitude depending on soil pH, organic matter content and other factors
(Vermeulen et al., 2009). Gal et al. (2007) reported earthworm As concentrations up 960
mg/kg for soils from an abandoned mining area, although their As BAFs generally did not
exceed 1.0.

Despite the fact that the redworms were depurated, tissue Pb concentration was positively
correlated to both tissue Al and Fe for the worms exposed to the orchard soils (data not
shown), a suggestion that ingestion of mineral soil particles could account for at least part of
the measured Pb in tissues. Specifically, the worms exposed to the unamended orchard soil
(0% compost) contained substantially higher Fe and Al concentrations than those exposed to
the 5% and 10% compost treatments. In contrast, there was no significant correlation of
tissue As to tissue Al or Fe.

These bioassay results parallel the soil test data showing a strong effect of compost
amendment in reducing the extractability of soil Pb, yet revealing an increased extractability
of As with compost amendment. However, the reduced body burden of Pb in worms could
be at least partly due to selective ingestion of organic-rich particles with low initial Pb
concentration by worms exposed to the compost-treated soil. Thus, greater mineral particle,
and therefore Pb, ingestion by redworms would have been likely in the 0% compost
treatment, as suggested by the higher tissue Al and Fe. The fact that added compost did not
reduce the redworm body burden of As as well as Pb is curious, since our research has
shown that much of the Pb and As in these same orchard soils has remained closely
associated in microparticles (McBride et al., 2011). It would therefore be expected that
reduced Pb ingestion in the form of soil particles would necessarily lead to reduced As
ingestion by the same exposure pathway. However, since the extractable As by MM is
increased by increasing compost addition in soil, As availability is presumably increased by
compost addition. Consequently, in the compost-amended soils, dermal exposure could
become a more significant pathway for As bioaccumulation than in unamended soil. For
very insoluble metals such as Pb, most absorption by earthworms occurs via the intestine,
but for metals such as As with higher solubility, bioaccumulation is better explained by
exposure to metals dissolved in the soil pore water (Janssen et al., 1997; Nannoni et al.,
2011).

CONCLUSIONS

In this study of an orchard soil contaminated more than 50 years ago by lead arsenate
pesticide, both the Modified Morgan soil test and the bioassay pointed to the effectiveness of
recently added compost amendments in reducing Pb availability. Part of this effect may have
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been due to the fact that the compost raised soil pH significantly, but the compost effect in
reducing Pb extractability persisted after equalization of soil pH across compost treatments.
A commonly used sequential extraction method, the modified BCR test, did not detect a
significant effect of compost on Pb availability as measured by the size of the chemically
labile fraction. This insensitivity of the BCR, in contrast to that of the Modified Morgan test,
can be attributed to the strongly acidic and aggressive nature of the extractants used in the
BCR procedure.

In contrast to Pb, compost amendments and higher soil organic matter failed to reduce As
availability as measured by Modified Morgan’s test and the worm bioassay. Although much
of the Pb and As in this historically contaminated orchard soil is in the form of micrometer-
sized particles, these particles nevertheless slowly release both Pb and As into soil solution.
Acidification of the soils to pH 5.5 increased the fraction of extractable As, a result
consistent with acid dissolution of precipitated forms of As such as mimetite, but not with
mineral adsorption-desorption processes. Readsorption of Pb onto soil organic matter in
high organic matter soils may limit the extractability and bioavailability of this metal,
whereas As released from the particles is more mobile and bioavailable because of the low
affinity of arsenate for organic matter.
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Highlights
e Soil Pb and As in an old orchard were concentrated in discrete particles
« compost amendment of contaminated soil reduced Pb bioavailability
» compost amendment of contaminated soil did not reduce As bioavailability

e ammonium acetate extraction test reflected bioavailability of soil Pb and As
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Extractable Ph (%)
Extractable Pb (%)

0% 5% 10% 0%
Compost Addition Level

Figure 1.

5% 10%
Compost Addition Level

Percentage of total soil Pb extracted by Modified Morgan solution from miniplot soils with
3 levels (0, 5, 10%) of compost addition: (a) miniplot C soils containing about 240 mg/kg
total Pb; (b) miniplot F soils containing about 700-900 mg/kg total Pb.
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Figure 2.
Percentage of total soil As extracted by Modified Morgan solution from miniplot soils with

3 levels (0, 5, 10%) of compost addition: (a) miniplot C soils containing about 60 mg/kg
total As; (b) miniplot F soils containing about 150-180 mg/kg total As.
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Figure 3.
Percentage of total soil Pb and As extracted by Modified Morgan solution from miniplot F

soils with 3 levels (0, 5, 10%) of compost addition and pH adjusted to 5.5. The solid
horizontal lines denote extraction percentages measured for these same soils before pH
adjustment.
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Figure 4.
Mapping by electron microprobe of specific elements associated with a Pb-rich particle

identified in the orchard soil.
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Table 3

Redworm tissue concentrations of Pb and As (mg/kg dry wt.)

Treatment Replicate number | Tissue Pb (mg/kg) | Tissue As (mg/kg)
Control (Caldwell soil) | 3 13.1+59 8718

0% Compost 2 354 +107 160 + 13.4

5% Compost 3 73.8+14.8 177 +34.6

10% Compost 3 705+0.1 169 * 26.5
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