
R
ep

ro
du

ce
d 

fr
om

 J
ou

rn
al

 o
f E

nv
iro

nm
en

ta
l Q

ua
lit

y.
 P

ub
lis

he
d 

by
 A

S
A

, C
S

S
A

, a
nd

 S
S

S
A

. A
ll 

co
py

rig
ht

s 
re

se
rv

ed
.

Ecosystem Function in Alluvial Tailings after Biosolids and Lime Addition

Sally Brown,* Mark Sprenger, Amanda Maxemchuk, and Harry Compton

ABSTRACT contaminants is to an ecosystem rather than human
health, this site requires an alternative assessment meth-Municipal biosolids and agricultural limestone were incorporated
odology. This paper discusses both the range of evalua-into the surface of alluvial highly acidic, metal-contaminated mine

tailings in Leadville, CO, in 1998. Amended sites were seeded and a tion techniques used and the performance of the in situ
plant cover was subsequently established. A range of chemical and amendment.
biological parameters were measured over time to determine if treat- The conventional remedial approach to metal-con-
ment was sufficient to restore ecosystem function. An uncontaminated taminated soils within the USEPA Superfund program
upstream control (UUC), a contaminated vegetated area (CVA), and involves removal and replacement of the soil with clean
soils collected from the tailings deposits before amendment addition material or capping the soil with an impermeable material
were used for comparison. Standard soil extracts showed decreases

to reduce potential exposure to the contaminants. Stan-in extractable Pb, Zn, and Cd in the amended soils. Increased CO2 dardized tests exist to evaluate the contaminated soilsevolution, reduced N2O, and elevated NO3
� in the amended tailings

as well as to measure the success of the remedial action,indicated an active microbial community. Levels of CO2 and NO3
�

but the tests are largely engineering based and do notwere elevated in comparison with the CVA and UUC. Ryegrass (Lol-
ium perenne L.) and earthworm (Eisenia foetida) survival and metal consider ecosystem function. Tests commonly used in-
uptake values were similar in amended tailings to a laboratory control clude measures of total metal concentrations and of the
soil. Ryegrass and worms in unamended tailings died. Field plant potential for metals to leach into ground water (i.e., toxic-
diversity was lower in amended areas than in CVA or UUC, with a ity characteristic leaching procedure and multiple extrac-
higher percentage of the vegetative cover consisting of grasses. Small tion procedure; USEPA, 1995c, 1995f). The tests gener-
mammal analysis showed a low potential for elevated body Cd and ally involve single or multiple extractions with different
Pb in the amended tailings. A re-entrainment study using fathead

molar acid solutions. Human exposure to contaminatedminnows (Pimephales promelas) showed no danger for resuspended
ground water is the driving factor both in identifyingamended tailings, as survival of fish was similar to the laboratory
contaminants of concern as well as in setting appropriatecontrol. Data suggest that ecosystem function has been restored to
concentration limits (National Research Council, 2003).the amended tailings, but that these systems are not yet in equilibrium.

Alternative remedial technologies are currently being
developed that involve leaving the contaminated mate-
rials in place and using soil amendments to reduce theLeadville, Colorado, was a site of historic metal min-
bioavailability of the contaminants in situ. One exampleing for close to 100 years. The last mining operation
involves the addition of P to soils to limit Pb bioavail-in the area closed in 2001. For most of the active mining
ability to humans (Brown et al., 2004; Ryan et al., 2004).period, there were no regulations in place concerning
Another involves amending soils with municipal bio-the treatment or disposal of mine wastes. Mine wastes
solids and lime to reduce the bioavailability of contami-were generally stockpiled or dumped directly into the
nants and to restore a vegetative cover to large-scaleUpper Arkansas River, resulting in concentrated depos-
metal-contaminated sites (Basta et al., 2001; Brown etits of mine tailings along a 22-km stretch of the river.
al., 2003a, 2003b)The tailings have low soil pH (2.0–4.5) and elevated con-

The use of municipal biosolids for restoration of dis-centrations of Pb (1550–3450 mg kg�1), Zn (1400–3400
turbed lands is well documented (e.g., Sopper, 1993).mg kg�1), and Cd (9–27 mg kg�1) and are phytotoxic
Recent work suggests that application of biosolids in(URS Operating Services, 1997). Without vegetation for
combination with limestone or other high calcium car-stabilization, tailings are prone to erosion and are fre-
bonate effectively restores ecological function to metal-quently re-entrained into the river following high water
contaminated soils (Brown et al., 2003a, 2003b; Conderevents. The alluvial tailings deposits are listed as part of
et al., 2001; Li et al., 2000).a removal action under the USEPA CERCLA National

While conventional extraction tests have been usedPriorities List (Superfund). The standard action for this
to evaluate the success of in situ technologies, additionaltype of material within the Superfund program is re-
assays are necessary to measure restoration of ecosys-moval of the contaminated tailings. At the Leadville site,
tem function. In particular, bioavailability has to be morean alternative technology that amends the tailings with
broadly considered to include a range of ecological re-municipal biosolids and biosolids compost � limestone
ceptors and relevant pathways (National Research Coun-is being evaluated. As the primary threat posed by the
cil, 2003).

Several procedures have been developed to measureS. Brown, College of Forest Resources, University of Washington,
Seattle, WA 98195. M. Sprenger and H. Compton, USEPA Environ- the bioavailable, rather than total, fraction of contami-
mental Response Team, Edison, NJ 08837. A. Maxemchuk, Lockheed nants in soils and sediments and these are generally
Martin, Edison, NJ 08837. Received 9 Jan. 2004. *Corresponding author based on the exposure pathway for the most sensitive(slb@u.washington.edu).

ecological receptor. In many cases, toxicity is the defined
Published in J. Environ. Qual. 34:139–148 (2005).
© ASA, CSSA, SSSA Abbreviations: CVA, contaminated vegetated area; UUC, uncontami-

nated upstream control.677 S. Segoe Rd., Madison, WI 53711 USA
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part of a USEPA CERCLA removal action in 1983 (URSendpoint. For example, soil extracts are routinely used
Operating Services, 1997). This portion of the river is situatedto determine the phytoavailable fraction of total nutrient
between the Mosquito Range to the east and the Sawatchconcentrations in soils (McLaughlin et al., 2000; Sparks,
Range to the west, and elevation ranges from 2790 to 2900 m1996). In cases of contaminated soils, extracts have been
(USGS, 1967, 1969, 1970). Tailings originated upriver in thealtered to better mimic the behavior of plants in these
historic mining district and were deposited downstream overenvironments. For example, more passive extracts or the course of several high water events during the last century

measures of soluble metals are used to assess the poten- (Levy, 1990). The tailings were included as a part of the Cali-
tial for phytotoxicity (Sauvé, 2002; Zhang et al., 2001). fornia Gulch Superfund Site, and the site was placed on the
Extracts have also been correlated with reductions in National Priorities List in 1983. Work on the site before
microbial activity, as measured by microbial lux biosen- amendment addition generally involved site characterization

and feasibility studies of standard removal actions (URS Op-sors (Shaw et al., 2000; Vulkan et al., 2000).
erating Services, 1997). The tailings deposits were surveyedDirect toxicity tests and animal feeding trials are also
before amendment addition. Samples were taken from eachused. Earthworm mortality has been used as a measure
deposit and total metals, depth of the tailings, and pH wereof the effectiveness of soil amendments to reduce bio-
measured on random samples from the contaminated areas.availability in mine tailings (Conder et al., 2001). Both
Each tailings deposit was also given an alphabetic name (URSin vivo and in vitro extracts have been used to predict
Operating Services, 1997).the bioavailability of soil Pb to humans (Ruby et al.,

1999). In each case, the test was developed to focus on a
Amendment Additionparticular endpoint or receptor. None of the tests attempts

to evaluate the collective ecosystem function. An amendment mixture was applied to portions of the
Methods to assess ecosystem function are rare. Tech- tailings deposits as part of a remedial action in the summer

niques have been developed to assess the health of the of 1998. The amendment consisted of 224 Mg ha�1 municipal
biosolids from the Denver wastewater treatment facility andsoil microbial population, including measures of soil
224 Mg ha�1 agricultural limestone (Calco, Salida, CO). Thefunction through respiration, N cycling, and ability to
biosolids were anaerobic digested cake with a solids contentutilize added substrates (Chang and Broadbent, 1982;
of approximately 17% and met Class B criteria for pathogenCela and Sumner, 2002; McGrath, 2002; Sauvé et al.,
reduction (USEPA, 1993). Materials were mixed on a volume1998). One example is the Biolog extraction (Kelly and
basis using a front-end loader before application. The amend-Tate, 1998), which attempts to evaluate the functionality ment mixture was surface-applied using a rear throw spreader

of the soil microbial population through its ability to with floatation tires and incorporated to a depth of 20 cm
utilize a range of carbon sources. The procedure has using a ripper.
been criticized for difficulty of interpretation, and the Samples were collected from four areas that received biosol-
ability of certain groups of microbes to utilize a range of ids and lime addition in 1998. The areas ranged in size from
substrates (National Research Council, 2003). Organism 72 000 to 123 400 m2. Samples were collected before amend-

ment addition in 1998 and for two years (1999 and 2000)presence can falsely suggest a robust microbial commu-
following amendment addition. Samples were also taken fromnity. Other tests assess bioavailability of contaminants
unvegetated tailings deposits in 1999 that ranged in size fromby measuring the reactions of single types of organisms
3400 to 79 700 m2. In 2000, all tailings sites except one hadto exposure to remediated soils (Geebelen et al., 2003)
been amended with biosolids mixtures, so baseline measure-For the amended tailings in Leadville, an alternative
ments were only taken from the single unamended tailingstesting protocol was developed. In addition to conven- deposit. Samples taken from two nearby vegetated areas servedtional engineering criteria, standard principles of ecolog- as a measure of typical ecosystems in this environment; sam-

ical risk were used to develop a series of tests to assess ples were collected in 1999 and 2000 from an upstream uncon-
amendment effects on ecosystem function. For example, taminated control (UUC) north of Leadville and upstream
the ability of the system to decompose organic matter from the Mine Waste Treatment Plant. The areas were heavily
and recycle nutrients can indicate the stability of the vegetated with grasses and willows. Samples were also col-

lected from a contaminated vegetated area (CVA) that hadrestored system. In addition, examining the health of,
elevated total metal content, but supported a dense vegetativeand contaminant uptake by, a select range of receptors
stand with grasses and willows.can assess of the potential for transfer of contaminants

from the amended soil through the food chain.
We hypothesized that results from conventional tests, Sampling Procedure

as well as those used to measure ecosystem function
Surface soil samples for physical and chemical characteriza-and the potential for contaminant transfer through the

tion and soil community measures were collected accordingfood chain, are appropriate to evaluate the ability of in to procedures outlined in the ERTC/Response, Engineering,
situ amendment to restore ecosystem function to metal- and Analytical Contract (REAC) Standard Operating Proce-
contaminated mine tailings. This study measured the dure (SOP) #2012, Soil Sampling. Unless otherwise noted, all
function of the amended tailings in Leadville, CO, using samples were shipped within 24 h of collection to REAC in
a range of indices and potential receptors. Edison, NJ, by overnight courier and stored at 4�C before

analysis. Four liters of soil was collected from each location in
1998 from random locations in the plot area. Soil was collectedMATERIALS AND METHODS
from each site in 1999 and 2000 from a minimum of threeSite Characterization separate areas within each location. A minimum of one 4-L
bucket of soil was collected from each area within the plot.Alluvial tailings deposits along the Upper Arkansas River

in Lake County, outside of Leadville, CO, were identified as These samples were used for chemical and physical property
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analysis and for toxicity testing. Samples for soil function anal- In addition to soil samples, plant tissue samples and small
mammals were collected from both reference locations (UUCysis were collected simultaneously and were packed in ice

before shipping to McGill University for analysis. and CVA) and one treated area in 2000 and 2001. Collection
procedures followed the protocol outlined in ERTC/REACSoil samples were analyzed to evaluate changes in chemical

and physical properties, biological activity, and toxicity. Changes SOP #2037, Terrestrial Plant Community Sampling and #2029,
Small Mammal Sampling and Processing. Fifty traps were setin chemical properties of the soil were evaluated using a range

of assays. These included total metals (USEPA, 1995a), water- at each sampling location. Traps were checked in both the
morning and evening after setting, and any animals were re-extractable metals (Council on Soil Testing and Plant Analysis,

1992), exchangeable metals (Suarez, 1996) and weak acid– moved for processing. Mammal body samples were placed on
dry ice and shipped within 24 h after collection for analysis.extractable metals (Wolf and Beegle, 1995), toxicity characteris-

tics leaching procedure (TCLP) (USEPA, 1995f), multiple ex- Whole-body analysis was performed on the animals (USEPA,
1995a). A minimum of three plant samples of a grass and antraction procedure (MEP) metals (USEPA, 1995c), and pH

(USEPA, 1995d). Measured physical properties of the soils herb species were also collected in 2000. These were packed on
ice and sent for analysis within 24 h after collection (USEPA,included texture and water-holding capacity (Gee and Bauder,

1986; American Society for Testing and Materials, 1996). Fertil- 1995a). Plant community was evaluated as follows. Fourteen
20- � 20-cm quadrats were randomly placed at one of theity of the soil was measured using total organic carbon (USEPA,

1995e), nitrogen as total Kjeldahl N, Mehlich 3–available P treated areas and both reference areas. There was no vegeta-
tion in untreated tailings. Plant species were keyed on site.(Mehlich, 1984), and cation exchange capacity (CEC) (USEPA,

1995b) as indices. The potential for amended tailings to damage the river
system on re-entrainment was also evaluated. Soils from four
sites that had been amended with biosolids and lime, the UUC,Soil Community Analysis the CVA, and untreated tailings were used. Tailings samples
were shaken with site water in a 1:4 ratio for 30 min, theSoil function was assessed using several indices. For N,
suspension was allowed to settle for 1 h and the eluate wasthese included NH4–N, NO3–N, and microbial biomass N. For
tested for toxicity to fathead minnows in a 7-d assay (AmericanC, these included microbial biomass C and CO2–C analysis.
Society for Testing and Materials, 2003a). The endpoints as-These analyses were performed by Dr. J. Whalen, Department
sessed were mortality and fish growth.of Natural Resource Science, McGill University, Quebec, Can-

ada, as outlined below.
For NH4–N and NO3–N, field-moist soils were sieved to Statistical Analysis

�2 mm and 10 g of the sieved soil was extracted with 40 mL
Data were analyzed using SPSS Version 11 (SPSS, 2001).of 0.5 M K2SO4 for 45 min. Samples were then filtered through

Following analysis of treatment effects using a general linearWhatman (Maidstone, UK) 42 filter paper and the filtrate
model, means were separated using the Duncan–Waller meanswas stored at 4�C until analysis. Values were determined color-
separation procedure. For soil extractions, statistics were per-imetrically using phenate for NH4–N and cadmium reduction
formed on the log-transformed data.for NO3–N (Mulvaney, 1996) using a Quik Chem AE flow-

injection auto-analyzer (Lachat Instruments, Milwaukee, WI).
Microbial biomass carbon and nitrogen were determined using RESULTS
the chloroform fumigation–direct extraction method (Brookes

Soil Chemical Propertieset al., 1985). Chloroform was added to a desicator in a 50-mL
beaker. Ten grams of field-moist soil was placed in a separate As is characteristic of mine tailings deposits, total
beaker in the same desicator and the chloroform was distrib- metal concentrations were variable across the sites. Av-
uted by evacuating the desicator until the chloroform bubbled erage metal concentrations after amendment addition
vigorously. This was repeated once per day for 4 d and then are reported in Table 1. Total metals in the CVA werethe soils were extracted with 40 mL of 0.5 M K2SO4. Microbial

similar to those in the treated areas, whereas concentra-biomass N was determined as the difference between extract-
tions in the UUC were significantly lower than in theable NO3 before fumigation and following fumigation (Brookes
treated areas.et al., 1985).

Extracts were done on the soils for samples collectedCarbon mineralization was determined by measuring CO2

evolution from moist incubating soils, once per week during in 1998 (pre-treatment) as well as on samples collected
the course of a 42-d incubation (Zibilske, 1994). The incuba- in 1999 and 2000 (post-treatment) (Fig. 1). For all ex-
tion was performed on 20 g of field-moist soil. A 12-mL sample

Table 1. Total metals and pH of tailings deposits along the Upperof gas was collected from the headspace of the jar containing
Arkansas River, Leadville, CO, that were amended with athe soil and the jar was left open for 15 min to assure adequate
mixture of municipal biosolids (224 Mg ha�1) and agriculturalaeration (Zibilske, 1994). Carbon dioxide in the sample was
limestone (224 Mg ha�1) in 1998. Also included are an upstreamdetermined using a Hewlett-Packard (Palo Alto, CA) 5890 uncontaminated control (UUC) and a contaminated vegetated

Series II gas chromatograph equipped with a thermal conduc- area (CVA).
tivity detector. Results are expressed as the average value for

Area Cd Pb Zn pH†each treatment minus the control value for all sampling times.
Toxicity was evaluated using ryegrass and earthworm assays; mg kg�1

both lethal and sublethal endpoints were measured. Assays 1 9.5 � 2.9‡ 2490 � 640 1950 � 610 6.75
2 24.3 � 12 2730 � 370 2520 � 580 6.7were conducted according to protocols established by the Ameri-
3 16.9 � 9.1 1560 � 285 1440 � 310 6.65can Society for Testing and Materials. Plant germination, height
4 12.1 � 2.8 1390 � 610 1400 � 425 6.84

and biomass, and metal concentration in aboveground biomass Tailings 15.9 � 3.1 3170 � 490 1730 � 350 3.53
were measured (American Society for Testing and Materials, UUC 2.3 � 0.1 100 � 13 210 � 40 7.05

CVA 27 � 5.7 3450 � 2050 3400 � 1415 7.472003c). Earthworm survival, biomass, and metal accumulation
in expurgated tissue were analyzed (American Society for Test- † Before amendment addition, pH in all tailings deposits averaged 3.44.

‡ Means � standard error for samples collected annually from 1998–2000.ing and Materials, 2003b).
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Fig. 1. Water-extractable, exchangeable, weak acid–extractable, and toxicity characteristic leaching procedure (TCLP) Cd, Pb, and Zn from
alluvial tailings deposits along the Upper Arkansas River, Leadville, CO, before and for two years after amendment with municipal biosolids
(224 Mg ha�1) and agricultural limestone (224 Mg ha�1). Bars represent standard error of the means.

tracts, amendment addition significantly reduced extract- generally done to predict leachability of metals to ground
able Cd, Pb, and Zn over unamended soils. Reduction water, also showed decreases for Cd, Zn, and Pb in
was most pronounced for the samples where extractable amended versus unamended tailings (Fig. 1). Repeated
metal before amendment addition was highest. Water- extractions (done only on samples collected 8 and 14
leachable metals were measured to assess changes in mo following amendment addition) showed decreasing
the portion of total metal that is immediately available extractability for Zn and Cd over time. The TCLP-
for biological action. Cadmium by this measure was re- extractable Cd was 1.32 � 0.63 mg kg�1 before amend-
duced from 0.4–25 to 0.01–0.1 mg kg�1 following amend- ment addition and 0.06 � 0.03 mg kg�1 two years after
ment addition. Similar amendment affects were observed addition. Similar trends were observed for Pb (4.3 �
on water-leachable Zn and Pb, although the decrease 0.43 versus 0.06 � 0.01 mg kg�1) and for Zn (190 � 108
for Pb was less pronounced (Fig. 1). Water-leachable versus 5 � 3.5 mg kg�1). Values for Cd and Pb exceeded
metal concentrations in the treated tailings were similar regulatory limits (1 and 5 mg kg�1, respectively) before
to those found in the CVA and were similar (Cd, Pb) amendment addition (USEPA, 1993).
or higher (Zn) than those in the UUC (Fig. 1).

Changes in exchangeable metal concentrations fol- Soil Properties
lowed a similar pattern as changes in water-leachable

Total metal concentrations in the amended areas weremetals for Cd, Pb, and Zn (Fig. 1). This is a more aggres-
similar to the untreated areas and the CVA (Table 1).sive extract and is used by the USEPA to measure metals
Soil pH increased from 3.5 � 0.3 in the untreated tailingsthat may be phytoavailable over a growing season. Weak
to 6.75 � 0.1 in the amended tailings (Table 1). Textureacid–extractable metals (thought to be indicative of the
was not changed after amendment addition with the siltportion of total metals that may be available to biota
fraction of the soil ranging from 15 to 30%, sand fromas a result of natural processes such as ingestion [weak
63 to 80%, and clay from 5 to 7%. Total organic carbonstomach acids] or rhizosphere acidification) also de-
increased from 17 to 26 g kg�1 before treatment tocreased with amendment addition. Values for the CVA
42 to 76 g kg�1 following treatment. Organic matterwere higher than for all amended areas, and values for
concentrations in the UUC were 102 g kg�1. Potentially,the UUC were lower than those observed in the amended
as a result of added organic matter from the biosolids,areas.

The toxicity characteristic leaching procedure (TCLP), water-holding capacity increased after amendment ad-
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Table 2. Measures of soil function in remediated (n � 4) and control (n � 6) tailings deposits along the Upper Arkansas River, Leadville,
CO, for samples collected in 1999 and 2000 following amendment addition in 1998. Measurements are also presented for soils collected
from an upstream uncontaminated control (UUC) and a contaminated vegetated area (CVA) along the Arkansas River.

Treatment Biomass C Biomass N CO2–C respiration NH4–N NO3–N NH4 to NO3 ratio

mg kg�1

1999
Tailings 233c† 2.52c 454c 45.8b 5.33b 8.3
Amended tailings 1224a 172a 4533a 174a 271a 0.9
UUC 935ab 97b 1073b 0.7c 0.8c 0.9
CVA 562b 61.3b 930b 0.1c 3c 0.03

2000
Tailings 42.7c 46.3c 4.7b 16b 0.2c 100
Amended tailings 120b 373a 28.2a 41a 519a 0.08
UUC 418a 147b 16.9a 4.2c 4.5b 0.9
CVA 195ab 100b 19a 0.3c 13bc 0.23

† Means within year followed by the same letter are not significantly different at the 0.05 probability level.

dition. Average water-holding capacity before treat- contaminated soils (Sauvé et al., 1998) and metal spiked
soils (Chang and Broadbent, 1982; Cela and Sumner,ment ranged from 11.9 to 24.5% and was 43.1 to 73.3%
2002). An accumulation of NH4 in soils indicates the(by volume) following amendment addition.
inability of soil microorganisms to oxidize N and thatTotal Kjeldahl N increased from 1 to 1.6 g kg�1 in
soil biota are incapable of carrying out the N transforma-the untreated tailings to 4.6 to 8.9 g kg�1 in the amended
tions required for an ecosystem to be self sustaining. Inareas. This was similar to the N concentrations in the
the unamended tailings, the ratio of NH4 to NO3–NUUC (4.5 g kg�1) and higher than those in the CVA
exceeded 1 for both years (range � 8.3 to 100:1), sug-(2.9 g kg�1). Available P was also increased by amend-
gesting that the soil microorganisms had been compro-ment addition. Tailings contained 1 to 12 mg kg�1 avail-
mised by the elevated soil metal concentrations or theable P before amendment, which is similar to the con-
acidic pH (Ibekwe et al., 1995). In the amended soils,centrations in the UUC (23 mg P kg�1); both sites would
the NH4 to NO3–N ratio was �1. This was also the casebe considered potentially deficient in P for plant growth
in both the UUC and the CVA, both of which have(Pote et al., 1996). After amendment, available P in-
self-sustaining plant covers (Table 2). In addition, thecreased to 333 to 433 mg kg�1. Cation exchange capacity
biomass C and N measures in the amended soils were(CEC) of the soils did not change after amendment
greater than the unamended tailings, the CVA, and theaddition with values ranging from 12.4 to 24.7 cmol
UUC. The soil function measures indicate that a func-kg�1 soils after amendment addition. However, percent
tioning microbial community has been restored to thesaturation of exchange sites increased for Ca, Mg, and K.
amended tailings.

Soil Function Measures Earthworm Bioaccumulation Assay
Soil microbial toxicology is a relatively new field and Soil samples were collected for earthworm bioaccu-no standardized measures exist to evaluate soil health mulation assays from four untreated tailings deposits in(McGrath, 2002). Soil organisms, as they are in direct 1998 and from the same areas after amendment additioncontact with contaminants, may be the most sensitive in 1999 and 2000. Mortality in the untreated tailingsto changes in contaminant bioavailability (Giller et al., collected in 1998 was 100%; all worms died within 48 h1998). For this study, function measures included ex- of exposure to the soils. After amendment addition,tractable NH4 and NO3–N, biomass N and C, and CO2 replicate assays were conducted on soils collected fromproduction. The ability of the soil microorganisms to the same areas in both 1999 and 2000 (Table 3). Earth-

utilize added carbon and to recycle nutrients may pro-
Table 3. Earthworm survival and biomass for worms placed invide insights into the ability of the restored system to

tailings before (1998) biosolids and limestone amendment andbe self sustaining. at one and two years after amendment addition (1999 and
Carbon mineralization or basal respiration (CO2–C; Ta- 2000). Measurements are also presented for worms in an up-

ble 2) has been used to evaluate the health of the microbial stream uncontaminated control (UUC) and a contaminated
vegetated area (CVA), and a laboratory control soil.community in metal-contaminated soils (Chander et al.,

2001; Scott-Fordsmand and Pedersen, 1995). Evolution Survival Biomass
of CO2 was reduced 50% in 1999 and 75% in 2000 in

Site 1998 1999 2000 1999
the unamended tailings compared with both the CVA

% mg wet weightand UUC, indicating that microbial activity was reduced
1 0b† 100a 83b 11ain the tailings. In contrast, CO2 evolution was increased 2 0b 99a 92a 10.9a

in the amended tailings compared with the CVA and 3 0b 90b 80b 13.9a
4 0b 10c 78b —UUC, probably a response to added organic matter in
CVA 98a 83b 8.3bthe biosolids. The increased CO2 evolution suggests that UUC 97a 98a 6.8b
Lab control 100a 100a 98a 8.6ba microbial population has been restored to the tailings.

The rate of conversion of NH4 to NO3 has also been † Means followed by the same letter are not significantly different at the
0.05 probability level.used as a measure of microbial health in Pb- and Cu-
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Table 5. Metal concentrations in aboveground tissue of ryegrassTable 4. Metal concentrations in earthworms exposed to amended
mine tailings for 28 d in toxicity tests conducted in 1999 and grown in a greenhouse in pots containing soils collected in

the field from biosolids- and limestone-amended soils and an2000 in Leadville, CO. Worms were also exposed to a labora-
tory control soil and soils from upstream uncontaminated con- upstream uncontaminated control (UUC) and a contaminated

vegetated area (CVA) in 1999 and 2000.†trol (UUC) and a contaminated vegetated area (CVA).

Site Cd Pb Zn Location, year Cadmium Copper Lead Manganese Zinc

mg kg�1mg kg�1 dry wt.
Amended tailingsAmended tailings 18.1b† 270b 432b

UUC 12.1c 152b 244b 1999 3.4 � 1.4‡ 75 � 31 313 � 247 2028 � 1800 670 � 290
2000 1.9 � 0.5 49.3 � 5.8 88 � 37 360 � 113 385 � 96CVA 30.6a 786a 782a

Laboratory control 2.87d 1.36c 95.7c UUC
1999 1.5 20 17 100 150

† Means followed by the same letter are not significantly different at the 2000 0.5 12.5 3.3 34.2 62.5
0.05 probability level. CVA

1999 8.9 30.8 343 161 920
2000 4.1 28 390 200 630

worm tissue was also analyzed for metal accumulation
† Plants in the untreated control soils did not germinate.after 28 d of exposure to the soils (Table 4). Metal ‡ Means followed by standard error (n � 6).

concentrations (Cd, Pb, and Zn) in the worms in the
treated soils were elevated in comparison with those in exceeded that in the CVA (12.8 mg dry wt. per pot)
the UUC, but were lower than those in the CVA for and the UUC (24.4 mg dry wt. per pot).
all elements. Bioaccumulation factors (BAF: ratio of Metal concentrations in aboveground biomass were
metal in the organism to metal in the soil) were also also measured (Table 5). Both plant Zn and Pb concen-
calculated for worms in the amended tailings and the trations were elevated in plants grown in soils collected
UUC and CVA soils (data not shown). The BAF values in 1999, indicating high bioavailability of metals in the
for Cd, Pb, and Zn for worms in the amended areas amended soils. In one sample from the 1999 study, Zn
were similar to BAF values in the CVA and lower than (1400 mg Zn kg�1) and Pb (930 mg Pb kg�1) concentra-
those observed in the UUC. Thus, amendment addition tions in plant tissue were sufficient to indicate phytotox-
apparently reduced the bioavailability of contaminants icity (Chaney, 1993), but growth was not suppressed.
in the tailings. Studies have shown that the pH in the Tissue metal concentrations decreased for plants grown
earthworm intestines mediates uptake, and that soil ad- in soils collected in 2000, suggesting stabilization of the
sorption is more important than soil pH in limiting Cd amendment. Plant uptake of metals in soils receiving
uptake (Oste et al., 2001a, 2001b). Similar results on high rates of biosolids is often greatest in the first year after
biosolids-amended mine wastes have also been reported amendment addition and decreases thereafter (Brown et
by Conder et al. (2001). It is unlikely that earthworms al., 1998).
are naturally occurring in Leadville (due to the high
altitude and low soil temperature). Nevertheless, this Field Samplesassay suggests that the amended tailings are capable of

Field plant and small mammal samples were collectedsupporting an earthworm population, which is an impor-
from the treated areas after amendment addition. Planttant component of many self-sustaining ecosystems.
sample collection was limited to two of the treated areas,
as two of the amended areas were used as pasture after aPlant Growth
plant cover had been restored. The landowner harvested

Soil samples were collected before amendment addi- hay from the field and allowed cows to graze directly on
tion from two tailings deposits and refrigerated until the grass, limiting the plant material available for sampling.
use. Seedlings of perennial ryegrass were planted and Plant species diversity and metal concentrations in above-
germination and growth were measured. Amended tail- ground tissue were measured. The treated areas had a
ings were also collected from the same areas in 1999 higher occurrence of grass species and lower diversity
and 2000, one and two years after amendment addition. than the CVA and the UUC (Fig. 2). The greater N
The same assay was performed. Before amendment ad- content of amended soils may have permitted grasses
dition, no germination was observed in the tailings mate- to out-compete forbs. Species evolution and changes
rials compared with 87% germination in a laboratory in plant community are important variables that may
control soil. After amendment addition, the germination change over time. Future land use and populations in
rate was 71.4% in 1999 and 88% in 2000 (data not neighboring areas will influence species diversity on the
presented). Both rates were statistically similar to the sites over time.
germination rate attained in the laboratory control soil Metal concentrations in plants from the amended tail-
and the CVA and UUC materials. For the tests con- ings were greater in 2000 than 2001 (Table 6). Both Zn
ducted in 1999 and 2000, both shoot length and biomass and Pb tissue concentrations in the 2000 sampling were
were measured. Shoot length in the amended tailings sufficiently high to suggest potential phytotoxicity. Data
was similar to that observed in all other treatments for variability in 2000 was greater than in 2001 suggesting
both years (data not presented). However, aboveground uneven amendment addition or sampling in more con-
biomass in the amended tailings was approximately taminated areas. For both years, Zn, Cd, and Pb tissue
twice that observed in the lab control (84 versus 42 mg concentrations were higher in the amended tailings than

in the UUC. In 2001, tissue Cd and Pb concentrationsdry wt. per pot). Biomass in the amended soils also
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Fig. 2. Family and number of species of plants collected from the upstream uncontaminated control (UUC), contaminated vegetated area (CVA),
and a biosolids- and lime-amended tailings deposit in 2000, Leadville, CO.

of plants from the amended tailings were similar to vertently ingest soil. Consumption patterns also differ over
the course of a year and with the age and reproductivevalues for plants in the CVA. In 2001, tissue Zn concen-

trations were greater in the treated tailings than in the cycle of the animal (Hunter et al., 1987). The mammal
kidney and liver are usually targeted for metal analysisCVA but below levels associated with phytotoxicity for

most species (Chaney, 1993). to assess if function has been impaired as a result of
elevated metal burden (Beyer, 2000).

The elevated Zn at the site was not reflected in in-Small Mammals
creased Zn body burden, because animals do not retain

As with the other field sampling portions of the study, significant fractions of excess Zn in diets (Andrews et
no mammal samples were collected from the un- al., 1989; Cooke et al., 1990). Increased body burden of
amended tailings. There was no plant cover on these both Cd and Pb was observed in the amended and CVA
areas and no habitat for small mammals. Any mammals

Table 6. Means (�standard errors) of Cd, Pb, and Zn inthat might have been captured in these sections would
aboveground tissue of grass samples collected in 2000 and 2001have been passing through the area, and measures made
from uncontaminated (UUC), contaminated vegetated (CVA),on these animals would not reflect metal availability at and amended areas in Leadville, CO. Each collection included

the site. Mammals captured at the UUC, CVA, and the a range of grass species potentially including bluegrass (Poa
amended areas included voles (Microtus spp.), shrew compressa L.), tufted hairgrass [Deschampsia cespitosa (L.)

P. Beauv.], horsetail (Equisetum arvense L.), and crested(Sorex, unidentified species), short-tailed shrew (Blarina
wheatgrass [Agropyron cristatum (L.) Gaertn.].brevicauda), western jumping mouse (Zapus princeps),

Location, year Cadmium Lead Zincand deer mouse (Peromyscus maniculatus). Whole bod-
ies of the animals were digested and analyzed for Zn, mg kg�1

Pb, and Cd (Table 7). Food consumption patterns of the UUC
2000† 0.1 � 0.1 1.4 � 0.7 23 � 7.6animals collected in this study differ: a higher portion of
2001‡ 0.07 � 0.03 0.3 � 0.15 8.8 � 1.4the diet of the shrews consists of insects, whereas the CVA

majority of the vole diet is plant based (Anderson et 2000 0.6 � 0.2 3.3 � 3.3 77 � 12
2001 1.2 � 0.4 2.2 � 0.8 69 � 20al., 1982; Andrews et al., 1984; Beardsley et al., 1978;

Amended tailingsChurchfield, 1982). Shrew diets frequently consist, in 2000 4.5 � 2.4 400 � 282 546 � 264
2001 0.9 � 0.3 3.1 � 0.6 121 � 42large part, of earthworms (Pankakoski et al., 1994; Read

and Martin, 1993). As earthworms in the field contain † In 2000, n 	 2.
‡ In 2001, n 	 7.large amounts of soil, shrews feeding on worms will inad-
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Table 7. Small mammal number and whole-body Cd, Pb, and Zn concentrations from animals trapped in the upstream uncontaminated
control (UUC), contaminated vegetated area (CVA), and biosolids- and limestone-amended tailings in Leadville, CO, in 2001.

Species Location n Cadmium Lead Zinc

mg kg�1

Vole UUC 1 0.26 BD† 75
CVA 1 2.1 12 130
amended tailings 3 0.64 � 0.01‡ 7.87 � 3.3 109 � 13

Shrew (unidentified species) UUC 3 0.67 � 0.3 2.1 � 0.4 94 � 8
CVA 3 3 � 1.5 4.7 � 1.4 113 � 9

Short-tailed shrew UUC 2 0.68 � 0.4 1.27 � 0.6 92.5 � 9
CVA 2 2.35 � 0.35 6.1 � 0.4 104 � 8.5
amended tailings 1 3 7.4 110

Western jumping mouse UUC 3 0.1 2.4 � 0.8 102 � 29
amended tailings 2 0.55 � 0.06 12.5 � 2.1 104 � 9

Deer mouse UUC 1 BD 6.5 97
amended tailings 8 0.53 � 0.06 17 � 3 105 � 4

† Below detection.
‡ Means � standard errors.

sites. However, the increase was generally below thresh- Re-Entrainment Study
olds associated with injury or other compromised func- Survival of fathead minnows in water derived from
tion (Beyer, 2000; Hunter et al., 1983; Larison et al., 2000; the amended sites was similar to survival in water de-
Ma, 1989). Target organ concentration is often used as rived from all other treatments, except the unamended
an indication of whether animals have been exposed to tailings (Table 8). All fish in the water from the un-
potentially harmful concentrations of Cd and Pb. Ide- amended tailings died. Survival in all other treatments
ally, evidence of injury to these organs is used to verify was greater than 90%. Growth was not impaired in
compromised function (Beyer, 2000; Larison et al., the amended tailings. Fathead minnows are a standard
2000). There have also been studies where both total species for this type of aquatic toxicity testing. The be-
body burden and specific organ concentrations of Cd havior of native trout in the Arkansas River in Leadville
and Pb have been measured (Andrews et al., 1984; may or may not be comparable with the minnow used
Cooke et al., 1990). In these studies the ratio of kidney in this assay. However, these results suggest that the
to total body Cd generally ranged from 2:1 to 3:1 for likelihood of resuspension of the amended tailings caus-
voles, mice, and shrews. If a 3:1 ratio is used to calculate ing harm to aquatic organisms is low. Previous studies
potential kidney Cd for the animals collected in the have linked the inorganic components of biosolids (e.g.,
CVA and biosolids- and limestone-amended soils, the Fe and Mn oxides) with observed metal-binding capac-highest observed burden would be about 9 mg kg�1

ity (Hettiarachchi et al., 2003). In an anaerobic environ-kidney Cd for both species of shrews collected. This ment, metal oxides can dissolve and release complexedis below values generally associated with damage, but metals that potentially cause aquatic toxicity. The Ar-precise concentrations associated with impaired func- kansas is a well-aerated stream, so reduction of Fe andtion are a matter of debate (Beyer, 2000). Mn oxides in the suspended sediment is not likely.Shrews collected from Leadville do not include earth-
worms as a staple in their diets as earthworm survival
at this altitude is limited. Thus, the total body burden CONCLUSIONS
of Cd and Pb for shrews in Leadville may not reflect

The untreated tailings have high metal availabilitythe potential accumulation at other biosolids-remedi-
and reduced function for the soil community. Toxicityated sites where earthworm populations have been re-
tests on these tailings showed 100% mortality for allstored (Ma et al., 1991).
toxicity endpoints measured. Field sampling for plant
and small mammal analysis was not performed on un-Table 8. Survival and mean growth of fathead minnows kept in
treated tailings as there was no plant cover and, there-water for 7 d from an eluate of a 4:1 water to soil ratio to assess

potential toxicity associated with re-entrained tailings material. fore, no habitat for small mammals. Clearly, the metals
A lab control, water collected from the Arkansas River, water and acidity from the tailings are sufficient to severely
incubated with soil from the upstream uncontaminated control disrupt ecosystem function on the untreated sites.(UUC), control vegetated area (CVA), biosolids- and lime-

Biosolids and lime amendment reduced metal avail-amended tailings, and control tailings were included in the incu-
bation. ability and increased soil fertility sufficiently to restore

function to the ecosystem. Ecosystem function measuresLocation Mean survival Mean growth
on the amended tailings were generally comparable with

% mg those from the CVA and, in many cases, were similar
Laboratory control 95a† 0.41a

to measures made on both laboratory control soils andArkansas River water 100a 0.42a
UUC 92.5a 0.36a the UUC. Soil function measures indicated greater mi-
CVA 92.5a 0.35a crobial activity in the amended tailings than in eitherAmended tailings 93.8a 0.38a

the CVA or the UUC. As the organic matter added inTailings 0b –
the biosolids is stabilized, rates of microbial activity may† Means followed by the same letter are not significantly different at the

0.05 probability level. become similar to the CVA and UUC. Toxicity test
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als to restore metal-contaminated mining areas. Plant Soil 249:203–results using ryegrass, earthworms, and fathead min-
215.nows of the amended tailings were similar to results

Brown, S.L., W. Berti, R.L. Chaney, J. Halfrisch, Q. Xue, and J. Ryan.
in CVA, UUC, and lab controls. Field sampling data 2004. In situ use of soil amendments to reduce the bioaccessibility
suggests that the plant community in the amended sites and phytoavailability of soil lead. J. Environ. Qual. 33:522–531.

Brown, S.L., R.L. Chaney, J.S. Angle, and J.A. Ryan. 1998. Organicis not as diverse as the CVA and UUA and has a higher
carbon and the phytoavailability of cadmium to lettuce in longfrequency of grass species. This is potentially the result
term biosolids amended soils. J. Environ. Qual. 27:1071–1078.of the high N loading rates associated with the biosolids Cela, S., and M.E. Sumner. 2002. Critical concentrations of copper,

application. Metal concentrations in plant tissue col- nickel, lead, and cadmium in soils based on nitrification. Commun.
Soil Sci. Plant Anal. 33:19–30.lected from the amended tailings were greater than the

Chander, K., J. Dyckmans, R.G. Joergensen, B. Meyer, and M. Rau-UUC for both years, and greater than the CVA for the
buch. 2001. Different sources of heavy metals and their long-termfirst year. Small mammal whole-body metal concentra-
effects on soil microbial properties. Biol. Fertil. Soils 34:241–247.

tions from amended tailings sites were similar to those Chaney, R. 1993. Zinc phytotoxicity. p. 135–150. In A.D. Robson
of the CVA and do not suggest negative effect on func- (ed.) Zinc in soils and plants. Kluwer Academic Publ., Dordrecht,

the Netherlands.tion as a result of elevated metal concentration
Chang, F.H., and F.E. Broadbent. 1982. Influence of trace metals onThe combined data suggest that biosolids and lime

some soil nitrogen transformations. J. Environ. Qual. 11:1–4.amendment has restored function to the alluvial tailings Churchfield, J.S. 1982. Food availability and the diet of the common
deposits, but that the systems are not yet in equilibrium. shrew, Sorex araneus, in Britain. J. Anim. Ecol. 51:15–28.
By many measures, the amended tailings were indistin- Conder, J.M., R.P. Lanno, and N.T. Basta. 2001. Assessment of metal

availability in smelter soil using earthworms and chemical extrac-guishable from the UUC. However, other measures in-
tions. J. Environ. Qual. 30:1231–1237.dicate increased function over the UUC soils, and cer-

Cooke, J.A., S.M. Andrews, and M.S. Johnson. 1990. Lead, zinc,tain measures suggest elevated metal availability over cadmium and fluoride in small mammals from contaminated grass-
both the UUC and the CVA. Continued monitoring over land established on fluorspar tailings. Water Air Soil Pollut. 51:
time is necessary to determine if the restored system is 43–54.

Council on Soil Testing and Plant Analysis. 1992. Determination ofsustainable.
potassium, calcium, magnesium, and sodium by water extraction.
p. 162–166. In Handbook on reference methods for soil analysis.

REFERENCES Soil and Plant Analysis Council, Athens, GA.
Gee, G.W., and J.W. Bauder. 1986. Particle-size analysis. p. 383–412.American Society for Testing and Materials. 1996. Method D2980-

In A. Klute (ed.) Methods of soil analysis. Part 1. 2nd ed. Agron.71. Standard test method for volume weights, water-holding capac-
Monogr. 9. ASA and SSSA, Madison, WI.ity, and air capacity of water saturated peat materials. ASTM, West

Geebelen, W., D.C. Adriano, D. van der Lelie, M. Mench, R. Carleer,Conshohocken, PA.
H. Clijsters, and J. Vangronsveld. 2003. Selected bioavailabilityAmerican Society for Testing and Materials. 2003a. Method E1241-
assays to test the efficacy of amendment-induced immobilization98. Standard guide for conducting early life-stage toxicity tests with
of lead in soils. Plant Soil 249:217–228.fishes tests. ASTM, West Conshohocken, PA.

Giller, K.E., E. Witter, and S.P. McGrath. 1998. Toxicity of heavyAmerican Society for Testing and Materials. 2003b. Method E1676-
metals to microorganisms and microbial processes in agricultural97. Standard guide for conducting laboratory soil toxicity or bio-
soils: A review. Soil Biol. Biochem. 30:1389–1414.accumulation tests with the lumbricid earthworm Eisenia fetida.

Hettiarachchi, G.M., J.A. Ryan, R.L. Chaney, and C.M. LaFleur.ASTM, West Conshohocken, PA.
2003. Sorption and desorption of cadmium by different fractionsAmerican Society for Testing and Materials. 2003c. Method E1963-
of biosolids-amended soils. J. Environ. Qual. 32:1790–1801.02. Standard guide for conducting terrestrial plant toxicity tests.

Hunter, B.A., M.S. Johnson, and D.J. Thompson. 1983. ToxicologicalASTM, West Conshohocken, PA.
significance of metal burdens in wildlife. Trace Subst. Environ.Anderson, T.J., G.W. Barrett, C.S. Clark, V.J. Elia, and V.A. Majeti.
Health 17:42–49.1982. Metal concentrations in tissues of meadow voles from sewage

Hunter, B.A., M.S. Johnson, and D.J. Thompson. 1987. Ecotoxicologysludge-treated fields. J. Environ. Qual. 11:272–277.
of copper and cadmium in a contaminated grassland ecosystem.Andrews, S.M., M.S. Johnson, and J.A. Cooke. 1984. Cadmium in
III. Small mammals. J. Appl. Ecol. 24:601–614.small mammals from grassland established on metalliferous mine

Ibekwe, A.M., J.S. Angle, R.L. Chaney, and P. van Berkum. 1995.wastes. Environ. Pollut. Ser. A 33:153–162.
Sewage sludge and heavy metal effects on nodulation and nitrogenAndrews, S.M., M.S. Johnson, and J.A. Cooke. 1989. Distribution of
fixation of legumes. J. Environ. Qual. 24:1199–1204.trace element pollutants in a contaminated grassland ecosystem

Kelly, J.J., and R.L. Tate. 1998. Use of BIOLOG for the analysis ofestablished on metalliferous fluorspar tailings. 2: Zinc. Environ.
microbial communities from zinc-contaminated soils. J. Environ.Pollut. 59:241–252.
Qual. 27:600–608.Basta, N.T., R. Gradwohl, K.L. Snethen, and J.L. Schroder. 2001.

Larison, J.R., G.E. Likens, J.W. Fitzpatrick, and J.G. Crock. 2000.Chemical immobilization of lead, zinc, and cadmium in smelter-
Cadmium toxicity among wildlife in the Colorado Rocky Moun-contaminated soils using biosolids and rock phosphate. J. Environ.
tains. Nature (London) 406:181–183.Qual. 30:1222–1230.

Levy, D.B. 1990. Heavy metal contamination in the soils and plantBeardsley, A., M.J. Vagg, P.H.T. Beckett, and B.F. Sansom. 1978.
species of the Arkansas River valley near Leadville, Colorado.Use of the field vole for monitoring harmful elements in the envi-
M.S. thesis. Colorado State Univ., Fort Collins.ronment. Environ. Pollut. (1970–1979) 16:65–71.

Li, Y.M., R.L. Chaney, G. Siebielec, and B.A. Kershner. 2000. Re-Beyer, W.N. 2000. Hazards to wildlife from soil-borne cadmium recon-
sponse of four turfgrass cultivars to limestone and biosolids com-sidered. J. Environ. Qual. 29:1380–1384.
post amendment of a zinc and cadmium contaminated soil at Palm-Brookes, P.C., A. Landman, G. Pruden, and D.S. Jenkinson. 1985.
erton, Pennsylvania. J. Environ. Qual. 29:1440–1447.Chloroform fumigation and the release of soil nitrogen: A rapid

Ma, W.C. 1989. Effect of soil pollution with metallic lead pellets ondirect extraction method to measure microbial biomass nitrogen
lead bioaccumulation and organ/body weight alterations in smallin soil. Soil Biol. Biochem. 17:837–842.
mammals. Arch. Environ. Contam. Toxicol. 18:617–622.Brown, S., R. Chaney, J. Halfrisch, and Q. Xue. 2003a. Effect of

Ma, W.C., W. Denneman, and J. Faber. 1991. Hazardous exposure ofbiosolids processing on lead bioavailability in an urban soil. J.
ground-living small mammals to cadmium and lead in contaminatedEnviron. Qual. 32:100–108.
terrestrial ecosystems. Arch. Environ. Contam. Toxicol. 20:266–Brown, S., C.L. Henry, R. Chaney, H. Compton, and P.S. DeVolder.

2003b. Using municipal biosolids in combination with other residu- 270.



R
ep

ro
du

ce
d 

fr
om

 J
ou

rn
al

 o
f E

nv
iro

nm
en

ta
l Q

ua
lit

y.
 P

ub
lis

he
d 

by
 A

S
A

, C
S

S
A

, a
nd

 S
S

S
A

. A
ll 

co
py

rig
ht

s 
re

se
rv

ed
.

148 J. ENVIRON. QUAL., VOL. 34, JANUARY–FEBRUARY 2005

McGrath, S.P. 2002. Bioavailability of metals to soil microbes p. 69–86. Sparks, D.L. (ed.) 1996. Methods of soil analysis. Part 3. SSSA Book
Ser. 5. SSSA, Madison, WI.In H. Allen (ed.) Bioavailability of metals in terrestrial ecosystems:

Importance of partitioning for bioavailability to invertebrates, mi- SPSS. 2001. SPSS Version 11 for Macintosh Operating System X.
SPSS, Chicago.crobes, and plants. SETAC Press, Pensacola, FL.

McLaughlin, M., B.A. Zarcinas, D.P. Stevens, and N. Cook. 2000. Suarez, D.L. 1996. Beryllium, magnesium, calcium, strontium and
barium. p. 575–601. In D.L. Sparks (ed.) Methods of soil analysis.Soil testing for heavy metals. Commun. Soil Sci. Plant Anal. 31:

1661–1700. Part 3. SSSA Book Ser. 5. SSSA, Madison, WI.
USEPA. 1993. Standards for the use or disposal of sewage sludge.Mehlich, A. 1984. Mehlich 3 soil test extractant: A modification of

Mehlich 2 extractant. Commun. Soil Sci. Plant Anal. 15:1409–1416. Fed. Regist. 58:9387–9415.
Mulvaney, R.L. 1996. Nitrogen—Inorganic Forms. p. 1123–1184. In USEPA. 1995a. Acid digestion of sediments, sludges, and soils. SW-

D.L. Sparks (ed.) Methods of soil analysis. Part 3. SSSA Book Ser. 846 EPA Method 3050B. In Test methods for evaluating solid
5. SSSA, Madison, WI. waste. 3rd ed., 3rd update. USEPA, Washington, DC.

National Research Council. 2003. Bioavailability of contaminants in USEPA. 1995b. Cation exchange capacity of soils (sodium acetate).
soils and sediments. Natl. Academy of Sci., Washington, DC. SW-846 EPA Method 9081. In Test methods for evaluating solid

Oste, L.A., J. Dolfing, W.-C. Ma, and T.M. Lexmond. 2001a. Cadmium waste. 3rd ed., 3rd update. USEPA, Washington, DC.
uptake by earthworms as related to the availability in the soil and USEPA. 1995c. Multiple extraction procedure. SW-846 EPA Method
the intestine. Environ. Toxicol. Chem. 20:1785–1791. 1320. In Test methods for evaluating solid waste. 3rd ed., 3rd

Oste, L.A., T.M. Lexmond, J. Dolfing, and W.C. Ma. 2001b. Effect update. USEPA, Washington, DC.
of beringite on cadmium and zinc uptake by plants and earthworms: USEPA. 1995d. Soil and waste pH. SW-846 EPA Method 9045C. In
More than a liming effect? Environ. Toxicol. Chem. 20:1339–1345. Test methods for evaluating solid waste. 3rd ed., 3rd update.

Pankakoski, E., I. Koivisto, H. Hyvarinen, J. Terhivuo, and K.M. USEPA, Washington, DC.
Tahka. 1994. Experimental accumulation of lead from soil through USEPA. 1995e. Total organic carbon. SW-846 EPA Method 9060. In
earthworms to common shrews. Chemosphere 29:1639–1649. Test methods for evaluating solid waste. 3rd ed., 3rd update.

Pote, D.H., T.C. Daniel, A.N. Sharpley, P.A. Moore, D.R. Edwards, USEPA, Washington, DC.
and D.J. Nichols. 1996. Relating soil extractable phosphorus to USEPA. 1995f. Toxicity characteristic leaching procedure. SW-846
phosphorus losses in runoff. Soil Sci. Soc. Am. J. 60:855–859. EPA Method 1311. In Test methods for evaluating solid waste.

Read, H.J., and M.H. Martin. 1993. The effect of heavy metals on 3rd ed., 3rd update. USEPA, Washington, DC.
populations of small mammals from woodlands in Avon (England); USGS. 1967. 1:24,000 Topographical map. Lake County. USGS, Res-
with particular emphasis on metal concentrations in Sorex araneus ton, VA.
L. and Sorex minutus L. Chemosphere 27:2197–2211. USGS. 1969. 1:24,000 Topographical map. Lake County. USGS, Res-

Ruby, M., R. Schoof, W. Brattin, M. Goldade, G. Post, M. Harnois, ton, VA.D.E. Mosby, S.W. Casteel, W. Berti, M. Carpenter, D. Edwards, USGS. 1970. 1:24,000 Topographical map. Lake County. USGS, Res-D. Cragin, and W. Chappell. 1999. Estimation of lead and arsenic ton, VA.bioavailability using a physiologically based extraction test. Envi-
URS Operating Services. 1997. Alternatives analysis—Upper Arkan-ron. Sci. Technol. 30:422–430.

sas River fluvial tailings, Lake County, Colorado. TDD no. 9702-Ryan, J.A., W.R. Berti, S.L. Brown, S.W. Casteel, R.L. Chaney, M.
0025. Contract no. 68-W5-0031. URS Operating Services, Super-Doolan, P. Grevatt, J. Hallfrisch, M. Maddaloni, D. Moseby, and
fund Technical Assistance Response Team, USEPA Region VIII,K. Scheckel. 2004. Reducing children’s risk to soil lead: Summary
Denver.of a field experiment. Environ. Sci. Technol. 38:19a–24a.

Vulkan, R., F.J. Zhao, V. Barbosa-Jefferson, S. Preston, G.I. Paton,Sauvé, S. 2002. Speciation of metals in soils. p. 7–38. In H. Allen (ed.)
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