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Abstract

This study was undertaken to determine the present distribution and mobility of sludge-applied metals at an old land application
site. Trace metals concentrations were determined for soils (using 4 M HNOj; extracts), soil leachates (collected with passive wick
lysimeters over a 2.5-year period), and plant tissue from a field site which received a heavy loading of wastewater sludge in 1978 and an
adjacent control plot. Blue dye was used to indicate preferential percolate flowpaths in the sludge plot soil for sampling and com-
parison with bulk soil metals concentrations. After nearly 20 years, metals in the sludge plot leachate were found at significantly
greater concentrations than in the control plot, exceeding drinking water standards for Cd, Ni, Zn, and B. Annual metals fluxes
were only a fraction of the current soil metal contents, and do not account for the apparent substantial past metals losses deter-
mined in a related study. Elevated Cd, Cu, and Ni levels were found in grass growing on the sludge plot. Despite heavy loadings,
fine soil texture (silty clay loam) and evidence of past and ongoing metals leaching, examination of the bulk subsoil indicated no
statistically significant increases in metals concentrations (even in a calcareous subsoil horizon with elevated pH) when comparing
pooled sludge plot soil profiles with controls. Sampling of dyed preferential flow paths in the sludge plot detected only slight
increases in several metals. Preferential flow and metal complexation with soluble organics apparently allow leaching without easily
detectable readsorption in the subsoil. The lack of significant metal deposition in subsoil may not be reliable evidence for immobi-

lity of sludge-applied metals. © 1998 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The reuse of nutrients and organic matter in waste-
water sludge via land application is a desirable goal.
However, trace or ‘heavy’ metals present in sludge pose
the risk of human or phytotoxicity from land application.
The potential downward mobility of sludge-applied
trace metals in soil via leaching has been investigated for
several decades. Many researchers conclude that there is
little potential for trace metal mobility via water perco-
lating through the soil profile resulting in contaminated
groundwater (Smith, 1996). However, an examination
of recent and past work suggests that the case on
potential metal mobility is not yet closed, since many
laboratory-scale studies reporting metal immobility
used homogenized packed columns (Giordano and
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Mortvedt, 1976; Emmerich et al., 1982; Welch and
Lund, 1987). The results of packed-column studies may
be overly optimistic in predicting soil immobilization of
metals: bypass flow via preferential flow paths in field
soils may allow significant metals transport to ground-
water (Camobreco et al., 1996).

Alloway and Jackson (1991) cited several studies
reporting some downward metal translocation in soil,
noting a potential correlation with climate. In most
laboratory and field studies, however, the lack of sig-
nificant increases in soil metal concentrations below the
zone of incorporation is often used as evidence of metal
immobility. Interestingly, many of these studies (Chang
et al., 1984; Williams et al., 1987; McGrath and Lane,
1989; Unwin et al., 1989; Bell et al., 1991; Dowdy et al.,
1991; Streck and Richter, 1997) were also unable to close
mass balances that compare applied metals to metals
present in the soil profile. Dowdy et al. (1991) could not
locate nearly 50% of applied Cd and Zn in the surface
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meter of soil. Streck and Richter (1997) noted a migra-
tion of 5% of Cd and Zn below 0.7-0.9 m, but apparently
still could not account for 30% of Cd and Zn applied
during part of the study when back-calculated applica-
tions (based on present soil contents) were compared to
reported applications. Chang et al. (1984) cited incom-
plete acid extraction and bulk density as sources of mass
balance errors. However, even when these factors were
corrected for, apparent losses of 9% Cd, 40% Cr, 24%
Cu, and 17% for both Hg and Pb remained. Davis
(1984) observed that many researchers were unable to
account for all applied Cd, and that all explanations
posited to date were unconvincing. Williams et al.
(1987) cited tillage losses as the reason for inability to
complete mass balances, although no specific balance
data were given. McGrath and Lane (1989) suggested
long-term tillage dispersion as the primary reason for
apparent metals losses, but, after correction for tillage,
still could not account for approximately 20% of applied
Zn, Cu, Ni, Cd, Pb, and Cr. The mass balances of Unwin
et al. (1989) revealed a 35-60% shortfall of sludge-
applied Zn. More recently, Brown et al. (1997) reported
metal data for soil profiles from test plots (which used
minimal tillage to reduce potential losses) nearly 20 years
after biosolids application. Mass balances based on this
profile data similarly indicate substantial apparent losses
of sludge-applied metals from the zone of application.

Relatively few studies directly measure metal concent-
rations in percolate or groundwater, and data reported
in several earlier studies (Higgins, 1984; Duncomb et al.,
1982) were below the detection limits of current instrum-
entation for many metals (L. D. Tyler, Cornell Uni-
versity, personal communication). Frink and Sawhney
(1994) analyzed shallow groundwater and found little
conclusive evidence of substantial metal movement to
groundwater in the two years following heavy applica-
tions of composted sludge.

The role of inorganic colloids and/or soluble organics
in facilitating significant transport of heavy metals
normally considered immobile (i.e. Pb) has been the
subject of recent interest (Grolimund et al., 1996; Kar-
athanasis, 1996; Harter and Naidu, 1995). Soluble and
colloidal organics have been shown experimentally to
mobilize metals (Lund et al., 1976; Gerritse et al., 1982;
Christensen, 1985; van Erp and van Lune, 1991; del
Castilho et al., 1993; Persicani, 1995; Camobreco et al.,
1996). Lamy et al. (1993) noted organic facilitation of
Cd losses in tile outflow (at soil depths of 1 m) following
application of digested liquid sludge in France.

Preferential flow can accelerate the movement of
water and solutes through soil profiles. Water and
solutes traveling in preferential flow pathways in soils
(i.e. soil fractures, shrink-swell cracks, root and worm
holes, or, in coarse soils, fingering phenomena) often
bypass the bulk of the soil matrix (Stagnitti et al., 1991;
Parlange et al., 1994; Steenhuis et al., 1995). Recent

findings of rapid preferential flow of pesticides, once
thought to be largely immobile, to groundwater or tile
flow (Steenhuis et al.,, 1990; Kladivko et al., 1991;
Milburn et al., 1995) highlight the importance of this
phenomenon. Dowdy et al. (1991) cited metal losses via
preferential flow as the possible reason for the inability
to close the mass balances for Cd and Zn. The fact that
preferential flow paths typically occupy a small fraction
of the subsoil volume may allow metals (particularly if
complexed) to pass through the subsoil without leaving
detectable ‘tracks’ (McBride et al., 1997), a situation
posited by McGrath and Lane (1989).

Camobreco et al. (1996) found that the combined
effects of preferential flow paths and soluble organics
enabled metals with low (Cd, Zn) and high (Cu, Pb)
organic affinities to move through undisturbed soil col-
umns (which preserve preferential flow paths) with
equal rapidity. In contrast, conventional packed soil
columns immobilized all applied metals, whether or not
soluble organics were present.

2. Rationale

The objectives of this study were to determine the
present distribution and mobility of sludge-applied
metals at a heavily loaded field site long after applica-
tion. Municipal sludge was applied once in 1978 which
resulted in substantial metals loadings. Present metal
mobility was determined by measuring percolate (lea-
chate) concentrations using passive wick lysimeters
(Boll et al., 1992). This type of lysimeter was chosen
because it is able to passively extract water from unsat-
urated soil, the nominal sampling area is known, and
the relatively large area sampled better accounts for
preferential flow of water and solutes. It also avoids the
potential adsorption of metals by ceramic porous cup
lysimeters (McGuire et al., 1992; Wenzel et al., 1997).
The present metals distribution in soils (as measured by
acid extraction) was examined for evidence of translo-
cation and possible redeposition at depth in the soil
profile. Because preferential flow phenomena are import-
ant at this site (Steenhuis et al., 1994), a dye tracer was
used to identify and allow soil sampling of flow paths,
again to detect possible translocation and redeposition
of metals. Plants growing on the site were sampled
annually from 1994 to 1996 to determine relative phyto-
availability and uptake of metals.

3. Materials and methods

3.1. Site history and sludge application

The sludge application plot and control plot were
located in the Cornell University Orchards, Ithaca, New
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York. The soil series is a Hudson silty clay loam (fine,
illitic, mesic, Glossaquic Hapludalf). The soil is moder-
ately well drained with 2-6% slopes, formed on a
lacustrine deposit. The site was previously occupied by
an apple orchard originally planted in 1927. Past pesticide
applications (Elfving et al., 1978) included lead arsenate
(25-80kgha~! year~! from the early 1930s to the late
1950s; 10-40kgha~! year—! until 1969), phenyl mercury
fungicides (0.6-10 literha—! year~! from 1950 to 1970),
and possible unspecified Cu and/or Cd-containing fung-
icides (D. J. Lisk, personal communication). The original
apple trees were removed between 1977 and 1978.
Sludge from the Ley Creek Treatment Plant (Syracuse,
NY) had been allowed to age outdoors to remove solu-
ble salts and allow dissipation of phytotoxins prior to
application. It was applied in 1978 to a 24.5x24.5-m
plot (D. J. Lisk, Cornell University, personal commu-
nication) at a nominal dry matter application rate of
244 Tha~!. Distribution (via bulldozer) was observed to
be very uneven, resulting in wide variation in rates over
the plot, as discussed later. The sludge was rototilled
into the soil to a depth of 20cm. Following sludge
application, a variety of test crops were grown on the
plot from 1979 to 1983 (Lisk, personal communication).
Total fertilizer applications during the cropping period
were 565kgha—! N, 394kgha~! P, and 549kgha~! K.
No lime or trace elements were added. In 1985, the
entire site (including control plot) was deep plowed with
12Tha~! of dolomitic lime, and grasses were planted
(Merwin and Stiles, 1994). In April 1986, dwarf apple
trees were planted on the entire area (including control
plot), at 3-m intervals in rows spaced 6 m. The grass
groundcover has been maintained at 6-10cm by mow-
ing. Total nutrient and metal additions from 1986 to
1990 were 674 ha—'kg N (as NH4NO,) broadcast under
each tree, 168 ha~'kgK, 105kgha—1Mg, B: 5.1 ha—'kg
broadcast and 2.1 kg ha~! foliar application; 2.1 kgha~!
Zn—EDTA chelate, and 2.7 kgha~! Cu in fungicides.

3.2. Sludge analysis and loading

The sludge analysis (Furr et al, 1981; further
analyzed and discussed by McBride et al., 1997) is

Table 1
Reported sludge composition (data from Furr et al., 1981)

mgkg™! mgkg™!
Ag 33 Mg 8881
As 116 N 8800
B 12 Ni 169
Ca 62 580 P 11200
Cd 81 Pb 653
Cr? 979 Zn 4127
Cu 1112 pH 6.8
Fe 10710 Ash content (%) 52.4

aCr from Heffron et al. (1980).

shown in Table 1. The concentration of As in the sludge
exceeded the USEPA Part 503 ceiling concentration
limit of 75mgkg~!, and the Cd concentration was close
to the limit of 85 mgkg~!. The nominal loadings of Pb,
As, Cd, and Zn were approximately one-half of the
allowable cumulative loadings under USEPA Part 503.
However, subsequent comparison of calculated Cr
loadings with current soil Cr contents suggests that the
localized sludge loading rate at the center of the plot
(where the sludge was apparently stockpiled prior to
dispersal) may have been up to eight-fold greater than
the nominal rate, with resulting Pb, As, Cd, and Zn
loadings exceeding the Part 503 cumulative limits by a
factor of 3.

3.3. Sampler installation

Sampling plots in the sludge application area (Row
14) and no-sludge control areas (Row 1) were delineated
(Fig. 1). It should be noted that the placement of the
control plot in the orchard accounts for all the orchard-
wide applications of metals as pesticides or nutrients.
The center of the sludge application area was located
with the aid of data (Fig. 1) from a 1987 row-by-row
soil sampling for extractable metals using modified
Morgan’s extractant (I. A. Merwin, Cornell University,
personal communication). Two passive wick lysimeters,
each consisting of an enclosed box (34x34cm, 1 m tall)
in which 25 fiberglass wicks (0.9 m long) were mounted,
were installed under each plot. The wicks contacted the
soil at the top of the sampler, and were suspended ver-
tically in the box. Polyethylene bottles at the bottom of
the wicks stored water collected by wicks. Wicks were
grouped into five storage bottles, yielding five discrete
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Fig. 1. Extractable soil metals concentrations in 1987 as a function of
current tree row number, and plot layout (not to scale). Metals data
were used to guide placement of the sludge sampling plot in Row 14
and the no-sludge control plot in Row 1.
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samples from each wick sampler. When sampling, the
bottles were evacuated by vacuum applied to plastic
tubes that extended above the soil surface.

Installation of wick samplers consisted of backhoe
excavation of a large pit immediately adjacent to the
plot followed by lateral hand excavation of the sampler
cavity under the plot. The bottom of the undisturbed
soil profile was leveled and carefully hand-picked to
reopen flow paths disturbed by excavation. Samplers
were placed in the hand-excavated area and wedged
upwards to contact the soil. The pits were then back-
filled to the original soil level. Prior to hand excavation
for the wick samplers, large composite soil samples were
collected (one for each plot) across the exposed 2-m face
of the excavation pits (Fig. 1) over intervals of 0-10, 10—
25, 25-50, 50-75, 75-100, and 100-140 cm depth.

Samplers S1 and S2 were installed in the sludge plot,
spaced 96cm apart and at depths of 55 and 48cm,
respectively. The samplers were placed in Row 14 (near
the apparent center of the original application area)
with the samplers offset 0.5m from the treeline. During
excavation, darkened marbled veins of organic matter,
presumably dating from the sludge application and
subsequent deep plowing, were clearly visible in the
sludge plot topsoil and were sampled for subsequent
metals analysis. Wick samplers in the control plot,
denoted C1 and C2, were placed 45c¢m deep, and were
spaced 35cm apart in Row 1, offset 0.6m from the
treeline. Post-installation subsidence of the backfilled
soil necessitated resurfacing of the excavated areas
adjacent to the plots in the spring of 1994 to prevent
surface ponding of water over the backfill.

Nine water samplings were performed from June 1994
to December 1996 (with additional site checks at other
times, when no percolate was found in the samplers).
The collection period covered 916 days (2.5 years).
Water volumes were determined during sampling, and
samples were collected in polyethylene bottles for
analysis. Dwarf apple tree (Malus domestica) leaves and
fruit, grass tops, grass roots and the grass litter layer
were sampled annually in late fall when leaves and grass
were still green.

3.4. Preferential flow path experiment

Brilliant blue dye (F & DC Blue No. 1) was used to
demarcate flow paths (Flury and Fluhler, 1995), which
were then sampled for subsequent total metals extrac-
tion. Non-dyed bulk soil (between flow paths) was also
sampled. The dye application experiment was con-
ducted on 14 July 1995. Soil conditions were unusually
dry as a result of a seasonal rainfall deficit of 12-15cm.
A 0.7-m diameter infiltration ring was driven 1cm deep
into the soil between rows 14 and 15 (Fig. 1). The ring
was centered 2.8 m behind and 3.6 m downslope from
the back corner of the S1 sampler. One per cent blue

dye solution (20liters) applied in the ring provided a
mean application depth of 5.4 cm. Infiltration was rapid,
and 15min. after application the ring was removed and
backhoe excavation began. A 2-m deep pit (subse-
quently backfilled) was excavated next to the dyed area,
and lateral hand excavation was used to expose three
successive undisturbed vertical faces (Fig. 1) parallel to
the tree rows at 25, 32, and 55cm from the edge of the
infiltration ring. The dye tended to saturate the base
of the plow layer (distribution layer), below which it
branched into many fine channels, following structural
cracks and root channels (Fig. 2). In view of the fine dye
distribution it was impractical to trace and sample indi-
vidual flow paths, so a zoned sampling approach was
used, as detailed below.

For each profile, soil was sampled over depth inter-
vals of 0-10, 10-25, 25-50, 50-75, 75-100, and 100-
150cm. For the 25-cm transect, there was substantial
dye penetration, and the exposed face was divided into
three zones (left, middle, right) for sampling of all visi-
ble dyed soil in each zone, resulting in three discrete
profiles of dyed soil. There was less non-dyed soil visible
for this face, so for purposes of sampling non-dyed soil,
the exposed face was divided into two zones (left, right),
yielding two profiles of non-dyed soil. For the 32-cm
transect, there was relatively little dye penetration due
to wheel-track compaction at the surface, and dyed soil
from across the exposed face was collected as a single
dyed soil profile. A single non-dyed profile was similarly
sampled. For the 55-cm transect, the dye was con-
centrated in the center of the plow layer, below which it

0Ocm

Fig. 2. Color-converted photograph of dyed sludge plot soil profile
(25-cm transect). Blue-dyed soil appears black.
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was so finely dispersed in small structural cracks that
only a single dyed profile sample could be collected
from across the face. No non-dyed soil could be col-
lected for this transect due to the fine distribution of
dye. Overall, a total of five dyed soil and three non-dyed
soil profiles were sampled from the three exposed
transects.

3.5. Analytical

Soil samples were air-dried at 55°C. Fine roots and
other plant matter were removed, and the samples were
ground in a porcelain mortar and pestle, sieved through
a 16-mesh plastic screen to remove any coarse fragments
(all soils were largely free of stones and pebbles) and
stored in polyethylene bags.

Soil pH was determined in a 1:1 soil/distilled water
suspension, mixed at 0 and 0.5h and measured at 1h.
Reference electrode errors were reduced by placing the
reference electrode in the supernatant above the settled
soil suspension during measurement. Loss on ignition
(LOI) was measured to approximate organic matter
contents by drying 10-g soil samples (already air-dried)
at 105°C for 2h, and then determining the mass loss
after 2h at 500°C (Ferguson and Swenson, 1987).

Total acid-extractable metals were determined after
extraction with 4 M HNO; (1:8 mass ratio of soil to
final mixture) at 80°C for 16 h. After cooling, samples
were filtered through coarse acid-washed cellulose
filters, and filtrates were analyzed via inductively coupled
argon plasma (ICP) spectroscopy using a Thermo Jar-
rell-Ash Model 975 ICP unit at Cornell University’s
Nutrient Analysis Laboratory.

Water samples were refrigerated for up to 12h after
collection. Subsamples were frozen for subsequent ICP
analysis of metals, and pH was determined on the bal-
ance of the sample. Several sludge plot samples in
October 1995 were tested for filterability of metals pre-
sent by filtering with successively finer membranes (0.45,
0.20, and 0.10 um) before ICP analysis. Grass roots
(sampled 1994-1996) and grass litter (sampled in 1995)
were repeatedly washed in deionized distilled water to
remove soil. Grass tops sampled in 1995 and 1996 were
rinsed with deionized distilled water to remove any
visible dust or splashed soil. (Non-rinsed samples col-
lected prior to this were apparently contaminated by
dust and/or soil, as evidenced by elevated Pb contents.)
All plant materials were air-dried at 55°C for over 48 h
(apple fruit was peeled and diced to facilitate drying).
Perchloric acid digestion was used to prepare the
samples for ICP analysis.

Significance of differences (p=0.05) for observed
data were tested by analysis of variance as implemented
in the WinSTAR statistical program (Anderson-Bell
Corp., Arvada, CO). Because a single large sample was
taken at each depth for sludge plot and control plot

soils at their respective wick samplers, results of repli-
cated analyses were used for testing significance of soil
pH, soil LOI, and soil metals (wick sampler profiles),
and reported standard deviations represent variation
among analytical replicates. Differences between the
means of the dyed and non-dyed soil profile metal con-
centrations were tested by unequal n ANOVA using the
five dyed and three non-dyed profiles as replicates. All
sludge plot soil profiles (sludge plot wick sampler results
plus the five dyed and three non-dyed soils from the
preferential flow path study) were also pooled, repre-
senting a more integrated sample of the sludge plot, and
were compared with the control plot profile using
ANOVA. For percolate data, weighted mean metal
concentrations (for the entire sampling period) were
calculated for each sampler in the sludge plot and con-
trol plot; these means for each sampler served as repli-
cates for ANOVA testing. The annual samples of plant
tissue (grass tops, roots, apple leaves, fruit) served as
replicates for ANOVA testing.

4. Results
4.1. Soil analysis

pH and LOI data for the sludge plot (wick sampler
profile) and control plot soils are shown in Table 2. The
pH levels in the upper 50cm of the sludge plot were
significantly greater than those in the control plot. The
greater pH at depth in both plots is due to a calcareous
soil horizon (also reflected in soil Ca data), which was
more pronounced in the control plot. LOI was sub-
stantially greater in the sludge plot to 50cm. The
slightly elevated pH and LOI levels in the 25-50cm
layer of the sludge plot are likely due to deep plowing
during orchard re-establishment in 1985. Photographs
of the soil taken during the flow path experiment indicate
that the plow layer indeed extended to 27-28 cm (Fig. 2).

Tables 3 and 4 summarize the acid-extractable soil
metal profiles for the sludge and control plots and for
the preferential flow path experiment. Typical soil pro-
files (Cu, Zn) are also shown in Fig. 3. The pooling of
all sludge plot profiles (wick sampler profile, dyed, non-
dyed soil profiles) represented a more integrated sample
for the sludge plot for comparison to the control plot
data.

Concentrations of metals in the zone of incorporation
(0-10 and 10-25 cm) of the sludge plot profiles (both at
the wick sampler and pooled sludge plot data) were
substantially greater than the control plot (Table 3).
The only exception was Mg, with slight increases in
sludge profiles that were significant only at 0—10cm. As
a result of the lead-based sprays used in the old orchard,
baseline Pb levels in the orchard (control plot) were
elevated in comparison to mean concentrations of
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Table 2
Soil pH and LOI analysis (mean and standard deviation)
Depth pH LOI (%)
(cm)
Sludge plot Control plot Sludge plot Control plot

Mean SD Mean SD Mean SD Mean SD
0-10 6.26* 0.08 5.45 0.06 12.30* 0.06 6.59 0.24
10-25 6.47* 0.08 5.78 0.11 13.73* 0.56 5.51 0.07
25~-50 5.83* 0.14 476 0.05 5.48* 0.04 3.44 0.08
50-75 5.07 0.03 5.26 0.04 3.30 0.23 3.26 0.01
75-100 5.80* 0.01 7.61 0.09 3.27 0.48 2.72 0.09
100-140 7.64 0.08 7.84 0.08 2.72 0.12 2.33 0.01

* Significant difference between sludge and control values (p=0.05).

51.3+38.5mgkg~! (0-25cm depth) and 28.9+3.3 (25—
50cm) in adjacent non-orchard soils of the same series,
which were sampled in a separate experiment. However,
Cd, Cu, Cr, and Zn—some of which were applied to the
old orchard as pesticides or trace nutrients—were not
elevated in the control profile with respect to the adja-
cent non-orchard soil (data not shown).

As with pH and LOI, enhancement of metals in the
25-50-cm layer of the sludge plot (wick sampler profile)
was likely a result of the 1985 deep plowing, which
mixed topsoil into the upper portion of the 25-50-cm
layer. This enhancement was significant for all analytes
except Mg when comparing the sludge plot wick sampler
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Fig. 3. Acid-extractable soil Cu and Zn profiles. Standard deviations
represented by error bars.

and control profiles. However, enhancement was sig-
nificant only for Ca when comparing the pooled sludge
plot data with the control plot for this layer.

Differences below 50 cm for Ca and Mg were a result
of soil horizonation, with control plot concentrations
greater than sludge values in most cases. For all other
analytes, there was no significant enhancement below
50 cm when comparing the pooled sludge plot data with
control. (Due to loss of sample, only one replicate of Pb
for 50-75cm and 100-150 cm was completed, prevent-
ing statistical comparisons.) Pooled sludge plot Ni was
significantly lower than the control plot concentration
for 50-75cm. When comparing only the soil profile at
the sludge plot wick sampler to the control soil, there
was significant enhancement of Cr, Cu, P, and Zn only
in the 50-75cm layer. The degree of enhancement for
these elements ranged from 17 to 41%.

Dyed and non-dyed soil profile concentrations
(Table 4) were not significantly different in the zone of
incorporation except for greater Ca concentrations in
the 10-25cm layer of the dyed profiles. As with the
sludge plot profile, the levels of metals in the 25-50 cm
layer were elevated relative to the control plot soil to
some degree, again presumably a result of the deep
plowing. This enhancement was, on average, slightly
more pronounced for all analytes in the dyed soil samples
than the non-dyed samples, although is was statistically
significant only for Ca. The plowed-under topsoil, with
better structure and greater porosity than the subsoil,
was more likely to conduct water and thus be dyed as a
flow path.

Comparisons of the subsoil results below 50cm for
dyed and non-dyed sludge plot soils show that, in most
cases, enhancement of metal concentrations along flow
paths relative to the bulk soil was slight, and was
statistically detectable in few cases. Cr and Cu were
somewhat enhanced in two layers of dyed soil. Zn was
enhanced between 50 and 150 cm, but, as with several
other metals, the control plot concentrations at these
depths were comparable to or greater than those found
in the dyed sludge profiles.
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Table 3

Mean and standard deviation of HNO;-extractable soil metals concentrations: control plot and sludge plot soil profiles at respective wick samplers,
and pooled sludge plot soil data

Element Depth Control plot at wick sampler Sludge plot at wick sampler Pooled sludge plot profiles
(cm)
' Mean SD Mean SD Mean SD
Ca 0-10 1661 4] 7635* 121 10564* 2686
10-25 1633 0 10289* 1305 11359* 2175
25-50 833 11 2927* 132 1643* 697
50-75 1544 277 1375 191 1873 308
75-100 9618 865 2096* 401 3824+ 2459
100-150 28262 1732 8202* 433 30549 18942
Cd 0-10 1.12 0.63 33.2* 1.0 38.3* 7.7
‘ 10-25 0.66 0.44 43.3* 6.0 40.8* 83
25-50 0.41 0.41 7.67* 1.23 4.08 2.15
50-75 1.03 1.03 1.95 1.59 2.17 0.83
75-100 1.04 1.04 0.79 0.75 1.87 0.78
100-150 1.15 0.86 1.43 1.43 2.13 0.87
Cr 0-10 29.9 1.4 471* 7.6 581* 138
10-25 25.0 04 608* 81.7 603* 142
25-50 25.1 0.5 126* 13.0 45.4 41.7
50-75 25.4 1.2 34.5% 1.7 21.9 6.9
75-100 242 0.2 25.4 29 18.5 44
100-150 17.1 5.4 233 0.1 15.0 7.2
Cu 0-10 23.6 0.2 303+ 5 448+ 124
10-25 19.1 1.0 421* 35 471* 114
25-50 20.6 1.0 89.6* 39 36.8 279
50-75 224 0.7 28.4* 20 22.2 39
75-100 20.9 0.3 224 22 20.8 34
100-150 18.3 0.8 219 1.4 20.6 3.0
Mg 0-10 4092 167 4829* 278 4619* 291
10-25 3969 103 4783 496 4940 758
25-50 4417 299 5237* 399 4273 550
50-75 4915 22 4647 14 3999* 466
75-100 7217 143 4268* 344 4450* 928
100-150 11592 614 6158* 53 10511 3903
Ni 0-10 26.8 1.1 95.5*% 0.1 91.9* 9.5
10-25 247 1.3 110.5* 15.4 97.1* 14.5
25-50 28.8 0.9 49.5* 0.3 30.2 10.4
50-75 329 1.0 299 1.5 25.6* 29
75-100 313 0.4 30.2 2.8 25.5 3.7
100-150 23.8 3.2 284 0.3 23.3 42
P 0-10 711 38 4200* 61 6359* 1631
10-25 603 14 5779* 492 6752* 1787
25-50 370 19 1288* 58 555 400
50-75 448 9 526* 15 431 58
75-100 542 35 454 58 458 51
100-150 487 78 580 10 487 65
Pb 0-10 177 14 325+ 14 365* 47
10-25 147 11 336* 50 337+ 54
25-50 37.7 53 127* 7 53.6 42.4
50-75 23.7 0.4 29.5 — 21.9 8.9
75-100 23.1 1.7 22.1 3.1 18.1 7.3
100-150 19.1 0.1 20.4 — 18.8 4.5
Zn 0-10 86.0 7.5 1582* 53.5 1374* 195
10-25 68.3 0.4 1802* 531 1551* 383
25-50 53.8 0.7 395* 28 160 128
50-75 63.0 2.5 88.8* 8.4 64.6 14.7
75-100 62.4 2.8 63.2 5.6 61.5 13.1
100-150 48.1 2.6 62.1 38 59.0 14.4

* Significant difference from control plot (p=0.05).
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Table 4

Mean and standard deviation of HNOs-extractable soil metals concentrations from sludge plot blue dye study: dyed soil (representing flowpaths) and
non-dyed soil

Element Depth Dyed soil Non-dyed soil
(cm)
Mean SD Mean SD
Ca 0-10 11584 2662 10818 2171
10-25 12 866* 1499 10274 2532
25-50 1447* 295 1112 139
50-75 2010 224 1979 21
75-100 4498 3064 3854 1287
100-150 27696 7882 48299 15440
Cd 0-10 40.2 9.5 384 4.3
10-25 422 7.6 35.2 9.3
25-50 3.62 1.23 2.45 0.48
50-75 2.54* 0.26 1.72 0.09
75-100 2.36 0.44 1.76 0.39
100-150 2.69 0.08 2.04 0.12
Cr 0-10 617 160 595 100
10-25 647 142 523 168
25-50 27.7 10.2 20.8 2.7
50-75 20.3* 23 16.0 1.7
75-100 18.4* 22 14.1 1.0
100-150 17.2 3.7 7.3 3.8
Cu 0-10 492 128 470 77
10-25 529 107 426 130
25-50 273 10.7 17.6 34
50-75 22.1* 20 184 1.4
75-100 22.1 3.1 17.6 1.7
100-150 23.0* 1.7 17.3 1.6
Mg 0-10 4599 283 4514 237
10-25 5249 996 4636 175
25-50 4056 139 3992 308
50-75 3995 276 3575 370
75-100 4638 1026 4257 958
100-150 9814 2173 14110 3132
Ni 0-10 90.3 114 92.2 8.6
10-25 924 8.0 86.9 6.4
25-50 26.7 4.5 23.1 23
50-75 25.3 1.8 232 1.8
75-100 25.5 2.8 22.3 1.6
100-150 24.1 24 19.3 2.7
P 0-10 7182 1622 6427 486
10-25 7524 1574 6763 2461
25-50 442+ 187 255 54
50-75 416 39 391 24
75-100 480 50 424 13
100-150 488 32 425 20
Pb 0-10 364 57 393 11
10-25 336 70 341 19
25-50 43.7 25.0 21.2 93
50-75 27.4* 2.9 10.0 2.8
75-100 19.6 8.1 13.0 4.5
100-150 20.1 53 16.9 3.5
Zn 0-10 1304 219 1352 89
10-25 1472 200 1348 101
25-50 123 60 65.2 15.5
50-75 63.9* 5.0 49.6 3.6
75-100 69.3* 12.2 47.4 1.5
100-150 72.4* 10.0 43.4 40

* Significant difference from non-dyed soil (p =0.05).
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Several of the dark marbled ‘veins’ observed in the
sludge plot soil collected during sampler installation
were found to have metals concentrations as much as
double those in the soil at depths of 0-25cm, confirm-
ing them as areas of high residual sludge content. The
mean (+SD) concentrations in four samples of this
material were Cu 930+290mgkg=!, Cd 917+28, Pb
474+28, Ni 142+13, and Zn 3680+ 1036. Another
interesting characteristic of the sludge plot discovered
during wick sampler excavation and again during the
preferential flow test was the complete absence of
earthworms in the soil, presumably due to the combined
effects of sludge application and orchard fungicide
regimen.

4.2. Water analysis

Mean percolation collection rates were 42.8 £0.3cm
year—! for the sludge plot samplers and 41.1+2.2cm
year~! for the control plot. These rates were greater
than the 30cmyear~! recharge typical for this region
and indicate collection of percolate flow converging
towards the samplers. The total precipitation for the
2.5-year sampling period was 224cm, typical for this
region. Percolation rates typically were highest from
mid-fall until late spring (Fig. 4), although the dry
summer of 1995 resulted in no percolation until
November, and unusually wet conditions the following
summer resulted in substantial percolation continuing
until July 1996. Disparities between plots were greatest
during or following cold weather, particularly the April
1996 sampling, which followed a substantial snowmelt
and rainfall event. Percolate pH typically decreased
during each percolation season, although the degree of

Sampling date
06/ 124 08/85 12006 0896 12606 087
1 Recharge —e— Siudge plot
2 O Control plot

Water depth collected (cm)
-1

pH

084 12104 0em5 1295 066 12/96 06/97
Sampling date

Fig. 4. Percolate water depth collected and mean percolate pH.

variation over time was more pronounced for the con-
trol plot (Fig. 4). Percolate from the sludge plot was
characteristically light amber in color, in contrast to the
clear control plot percolate.

Percolate metal concentrations varied over time and
within each plot. Typical data—mass-weighted mean
concentrations of Cu, Ni and Zn—are shown in Fig. 5.
Error bars in the figure represent the variation in con-
centration among collection bottles in the samplers,
which was often substantial for sludge plot samples.
Over time, concentrations tended to vary inversely with
percolate volume. As shown in Table 5 (mass-weighted
mean concentrations) the difference between sludge and
control plot percolate concentrations was substantial
and significant for all analytes except S and Pb. A test of
copper speciation in several percolate samples (McBride
et al., 1997) showed that less than 0.1% was in the ionic
Cu?* form detectable by ion-selective electrode. The
bulk of Cu was thus presumably in less adsorptive (and
substantially more mobile) complexed forms. This
observation was confirmed for Cu by pulse voltammetry,
and similar results were seen for Cd and, to a lesser
extent, Zn (McBride et al., 1997).

Filtration of three samples of sludge plot leachate
with membranes (0.45, 0.20, and 0.10 um) had no effect
on most metal concentrations (data not shown). Con-
centrations of Al, Fe and Mn—components of the soil

Sampling date

0604 12/04 08/95 1285 os/se 12/08 0687
" s L L L

0.3

0.2 4

0.1 1

0.0

03 4

0.2

Concentration (mg L)

0.1 4

0.0

0.8

0.6

0.4

0.2

00 et (O O Q) éY e Qe o ;o
06/54 12/64 06/05 1295 08/ 1206 0897
Sampling date

Fig. 5. Mass-weighted mean percolate Cu, Ni, and Zn concentrations.
Error bars represent variation among all wick sampler collection
bottles in each plot.
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matrix—were reduced 20-70% by filtration with the
0.45-um membrane. Cr was reduced to 54+11% of
the level in the unfiltered samples. Filtration with finer
membranes had no further effect.

4.3. Plant analysis

There was no difference in metals concentrations in
apple fruit and leaves grown in the sludge and control
plots (data not shown). Grass tops from the sludge plot
had substantially elevated Cd and Ni levels (Table 6),
and smaller but significant increases in Cu and Zn
compared to control plot levels. Root concentrations in
the sludge plot tended to be greater for all analytes
shown in Table 5 but the increase was significant only
for Cd. The litter layer was composed of partially
decayed grass and was notably thicker in the sludge
plot, likely due to the elevated Cu concentration
(Chander and Brooks, 1991). Concentrations of all
analytes were significantly greater in the sludge plot lit-

Table 5

ter, and were 10-20 times greater than the concentra-
tions in the grass tops, in some cases approaching the
topsoil concentrations. This suggests contamination of
the litter by soil (despite repeated washings) and/or
substantial concentration of metals in the litter by the
degradation and loss of organic matter.

5. Discussion

Because of a number of factors—including prior lead
arsenate pesticide use, a single extremely heavy sludge
application, and loading rates of several metals in excess
of USEPA cumulative loading limits—this site cannot
be considered representative of application sites where
sludge that meets regulatory limits is applied at agro-
nomic rates. This site instead is a special case which
nonetheless may give insights into the potential for
metal mobility and the effects of metal mobility on the
soil profile. The grass composition data and presence of

Mean mass-weighted percolate concentrations (standard deviation represents variation between samplers in each plot)

Element Mean concentration (mg liter—2)
Sludge plot Control plot

Mean SD Mean SD
B 1.391* 0.557 0.871 0.004
Ca 177* 43 414 6.0
Cd 0.0078* 0.0002 0.0011 0.0001
Cr 0.033* 0.008 0.015 0.0002
Cu 0.132* 0.013 0.017 0.003
Mg 43.0* 5.7 20.4 43
Ni 0.199* 0.008 0.006 0.001
P 0.398* 0.158 0.062 0.012
Pb 0.004 0.001 0.009 0.001
S 150 43 70.9 17.3
Zn 0.444* 0.034 0.027 0.009

* Significant difference between sludge and control plot (p=0.05).

Table 6

Plant tissue and litter layer metals concentrations (mg kg~! dry matter)

Element Plot Grass tops Grass roots Litter layer
Mean SD Mean SD Mean SD
Cd sludge 0.87* 0.12 15.41* 3.01 16.93* 0.17
control 0.03 0.03 0.36 0.08 0.23 0.22
Cr sludge 2.12 0.46 42.39 18.97 114.1* 9.90
control 1.42 0.08 8.68 334 472 2.62
Cu sludge 12.7* 0.7 138.8 36.9 280.4* 10.4
control 7.4 0.0 349 7.2 429 33.7
Ni sludge 4.68* 0.05 19.7 9.2 45.5* 1.1
control 0.56 0.13 6.26 2.54 2.90 1.61
Zn sludge 67.1 43 373 246 822* 5
control 31.5 1.2 68.2 1.4 929 61.5

* Significant difference between sludge and control plots (p =0.05).
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Table 7
Residual metals present in sludge plot soil profile, and percolate metals flux as kg ha~! year~! and as per cent of residual metals in profile
Element Residual metals present Mean annual flux Sludge plot annual
in the sludge plot profile in percolate metals flux as per cent
(0-50cm depth) of metals present
(kgha™!)
Sludge plot Control plot
(kgha~!year!) (kgha~!year™1) (%)
Ca 31025 755 170 2.43
Cd 130 0.033 0.005 0.026
Cr 1770 0.15 0.06 0.008
Cu 1380 0.57 0.07 0.042
Mg 2380 184 84 7.72
Ni 213 0.85 0.03 0.40
P 13090 1.7 0.26 0.013
Pb 624 0.02 0.04 0.003
Zn 4590 1.90 0.11 0.041

detectable metals in percolate indicate significant mobi-
lity of sludge-applied metals.

The variation in measured percolate concentrations
among wick sampler collection bottles (as represented
by the error bars in Fig. 5) is typical of preferential flow
phenomena (Boll et al., 1997). Nevertheless, there was
good agreement on mass-weighted mean concentrations
between the samplers in each plot, as evidenced by the
low standard deviations in Table 5.

The mean percolate water concentrations from the
sludge plot (Table 5) exceeded Federal drinking water
standards (as summarized in USEPA, 1992) for Cd
(maximum limit of 0.005mgliter~!) and Ni (0.10mg
liter—!). New York State Class GA potable groundwater
standards (NYSDEC, 1994) were also exceeded for B
(1.0 mgliter—! limit) and Zn (0.30 mg liter ™).

The annual flux for most analytes (expressed as
kgha~!year—!) shown in Table 7 was small relative to
the mass of sludge-borne metals in the sludge plot soil
profile. (This residual metal mass was calculated using
assumed soil bulk densities of 1.2 gem™3 [0-25cm] and
l.4gecm=3 [25-50cm] and the differential between
pooled sludge plot and control plot soil concentrations.
A depth of 50 cm was used to include all original topsoil
that may have been deep-plowed into the 25-50cm
layer.) Aside from Mg and Ca, which were present in
larger relative amounts, annual percolate metal fluxes
represented only 0.003-0.40% of metals remaining in
the profile. The low percolate flux relative to the soil
metals content suggests that soil metals may persist at
sufficient concentrations to affect long-term water qual-
ity at this site.

The present percolate fluxes cannot account for the
large apparent losses from the sludge plot soil (43% Cu,
23% Cd and 38% Zn) calculated by McBride et al.
(1997) using Cr ratios. Percolate concentrations had to
be substantially larger in the past if both (1) the large
apparent metals losses indeed occurred, and (2) leaching

was the primary mechanism of that loss. The brief
filtration test suggested that most metals present in the
percolate are not associated with colloids or other
materials larger than 0.10 um .

The sludge plot soil organic matter content remained
substantially elevated in the zone of incorporation 15
years after application, as evidenced by large LOI values.
It is possible that the elevated soil metal concentrations,
particularly Cu, may be retarding the rate of organic
matter mineralization (Chander and Brooks, 1991).

The variability in metals concentrations among the
different sludge plot soil profiles (dyed, non-dyed,
sampler profile soils) is not surprising in view of the
reported uneven application of sludge at the site, as also
evidenced by the still-visible marbling of the soil by
residual sludge material.

Comparisons of the flowpaths and the bulk soil
(comparing dyed and non-dyed sludge plot soils)
showed that enhancement of soil metals in and along
flowpaths in the subsoil below the zone of incorporation
is slight where detectable at all. When all siudge profiles
are pooled (which provides a better integrated sampling
of the sludge plot for comparison with the control plot),
enhancement of metals in the subsoil relative to the
control plot cannot be demonstrated. This finding is
interesting, since this site—with heavy loadings, current
percolate metals concentrations that exceed potable
groundwater standards, substantial apparent past
leaching losses, and significant soil pH increases at
depth due to a calcareous layer—should present, in the
classical view, an ideal situation for redeposition.
However, metals moving in preferential flow paths as
non-adsorptive metal/organic complexes limits the
potential for interaction and adsorption in the subsoil,
thus facilitating mobility (Camobreco et al., 1996). As a
result, the lack of significant metal deposition in the
subsoil may thus not be reliable evidence of immobility
of sludge-applied metals.
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