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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.

Keywords: Sewage sludge; Trace metals; Preferential flow; Metal mobility; Leaching

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

* Corresponding author. Tel.: 607-255-2463; fax: 607-255-4080;
e-mail: bkr2@cornell.edu.

0269-7491/98/$19.00 © 1998 Elsevier Science Ltd. All rights reserved.

PII: 80269-7491(98)00011-6

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






