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Soil ingestion estimates were obtained from a stratified, simple
random sample of 64 children aged 1–4 years residing on a su-
perfund site in Montana. The study was conducted during the
month of September for 7 consecutive days. The study utilized a
mass-balance methodology in which eight naturally occurring soil
tracers (Al, Si, Ti, Ce, Nd, La, Y, and Zr) believed to be poorly
absorbed by the gastrointestinal tract were employed to provide
soil ingestion estimates. Food and fecal samples were analyzed on
a daily basis. Soil/dust samples representative of where the chil-
dren played during the study period were obtained. Very high
compliance among the participants was maintained throughout
the study. The identical methodology employed in the childrens’
study was used in an adult study of tracer recovery in 10 subjects
over 28 days of observation to provide validation that soil inges-
tion over the range of 20 to 500 mg/day could be detected. Soil
ingestion was estimated by each soil tracer via traditional meth-
ods as well as by an improved approach using five trace elements
(Al, Si, Ti, Y, and Zr), called the Best Tracer Method (BTM),
which substantially corrects for error due to misalignment of
tracer input and output as well as error occurring from ingestion
of tracers from nonfood, nonsoil sources, while being insensitive
to the particle size of the soil/dust ingested. According to the
BTM, the median soil ingestion was less than 1 mg/day while the
upper 95% was 160 mg/day. No significant age (1 year vs 2, vs 3)
or sex-related differences in soil ingestion were observed. These
estimates are lower than estimates observed in another study in
Massachusetts during September and October. Significant meth-
odological improvements in this study as compared to previously
conducted soil ingestion studies include the selection of a repre-
sentative sample of children, longer study duration, inclusion of
dietary recommendations to reduce food tracer input and vari-
ability, use of the BTM, and a stronger adult validation study with
respect to number of subjects, and duration and range of possible
soil ingestion rates. Despite these methodological improvements,
evidence exists that this study displays a net residual negative
error, suggesting that the above estimates are below the true soil
ingestion. The magnitude of this residual negative error cannot be
quantified with the BTM but is likely to not affect the median by
more than 40 mg/day, while the impact of such an error on the
upper end of the distribution is more uncertain. © 1997 Academic Press

INTRODUCTION

Soil ingestion estimates as an exposure input parameter have
frequently been driving forces affecting the final outcome of

risk assessments at contaminated sites (Paustenbach, 1989;
EPA, 1989; Gephartet al., 1992). Yet the data base on soil
ingestion for children is extremely limited. In addition, soil
ingestion estimates on a child are widely recognized as inher-
ently uncertain as a result of significant positive and negative
error resulting in a profound lack of intertracer agreement (Ca-
labrese and Stanek, 1995). The present report addresses for the
first time how much soil children ingest while residing on a
contaminated site using a mass-balance methodology that in-
corporated significant methodological advances designed to
reduce both positive and negative error, and improve precision
of tracer recovery. Also reported are results of an adult study to
validate the capacity of the methodology to quantify soil in-
gestion over a broad range of possible exposures.

The study was composed of two principal components: (1)
An adult ‘‘validation’’ study to assess the capacity of the study
design to detect soil ingestion over a broad range (20–500 mg
soil/day) using the identical methodology as the subsequent
children’s investigation. (2) An investigation of soil ingestion
among a stratified simple random sample of 64 children aged
1–4 years in a free-living population for 7 consecutive days at
a contaminated site in Anaconda, Montana.

MATERIALS AND METHODS

Study Designs

Adult validation study. Participants in the validation study
were 10 healthy volunteer adults (5 males, 5 females), 25–41
years old, residing in Western Massachusetts. Each of the vol-
unteers ingested at breakfast for 7 consecutive days (Monday–
Sunday): (1) one empty gelatin capsule during the first week of
the study, (2) one gelatin capsule containing 20 mg of sterilized
soil during Week 2, (3) one gelatin capsule containing 100 mg
sterilized soil at breakfast during Week 3, and (4) one gelatin
capsule containing 500 mg of sterilized soil at breakfast over
the 7 consecutive days during Week 4. Duplicate food samples
were collected on Monday through Sunday in each of the study
weeks and total fecal excretion was collected from Tuesday
through the following Monday. Each study week was alter-
nated with a week off in order to avoid possible carry-over of
eight tracers (Al, Si, Ti, Ce, La, Nd, Y, and Zr) due to possible
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prolonged transit time. The tracer elements were used in a
mass-balance equation to estimate soil ingestion.

Soil for the adult validation study was selected from a soil
library maintained by the Department of Plant and Soil Sci-
ences at the University of Massachusetts. The soil was previ-
ously characterized and subsequently reconfirmed as microbio-
logically and chemically noncontaminated. The tracer elements
were of sufficient concentration to be detected during analysis
of the volunteer’s excretory materials (Calabreseet al.,1989).
A formal security system was employed following the selec-
tion of this soil to prevent tampering with the soil and soil-
filled capsules.

Children’s soil ingestion study.A stratified simple random
sample of children was selected from a defined area in and
around Anaconda, Montana. Initially, 258 children between the
ages of 1 and 4 (birth dates between 9/15/88–9/14/91, inclu-
sive) were identified via door to door interviews in the study
area. Families were excluded if they had moved out of the area
(n 4 3), if children were under split custody (n 4 9), if there
had been problems with keeping appointments (n 4 7), if the
family had refused a previous urine collection survey (n 4 2),
or if families refused to submit urine samples (n 4 2). A total
of 23 families with 25 children were excluded based on these
criteria (8.9%).

A total of 283 children between the ages of 1 and 4 were
identified in the 235 remaining families. Additional children
were excluded from participation if they had a disability (n 4
2), the child refused to give urine (n 4 4), or the children
attended day care (n 4 57). This resulted in 63 additional
children excluded (22%). As a result, a total of 220 children in
188 families served as the population for sample selection in
this study. Of these 220 children, 29 were in an ‘‘at-home’’ day
care setting.

A stratified simple random sample was selected from this
pool of children after dividing the community into six geo-
graphic areas to guarantee coverage of each area. A random
sample of 64 families (34%) was selected from the 188 fami-
lies in the population. When more than one child was eligible
in a selected family, a constrained random selection was used
to pick a single child so as to most closely balance the sample
size in age groupings 12–23, 24–35, and 36–47 months, with
21 or 22 children selected in each age group.

The field portion of the children’s study was conducted by a
study team from UMass in Montana. Due to time and travel
constraints, study subjects were enrolled in a 3-day period just
prior to the study start. Principally as a result of the short study
start-up time, 17 of the 64 children were not able to be con-
tacted, or not able to participate in the study. A stratified
supplemental sample of children was selected to complete the
complement of 64 children in the study.

Parents of participants were trained in the study protocol and
their children enrolled in the study after obtaining informed
parental consent. Data collected from the parents included date

of birth, education level, occupation, marital status, and other
demographic information. Parents reported any missing or lost
samples of food, medicine, or fecal material along with their
children’s outdoor and indoor activities and daily health status
changes during the data collection period. Duplicate meal
samples and beverages were collected for all children on Mon-
day through Sunday, while fecal samples were collected on
Tuesday through Monday of the corresponding 7 consecutive
days. Soil and dust samples were also collected in each child’s
home and play areas during the study period. Over-the-counter
medications and vitamins ingested by the children were in-
cluded in the duplicate meals.

The children were supplied with toothpaste that contained
nondetectable levels of the tracer elements with the exception
of silica which was present in trace quantities. The children’s
duplicate meals representing all food consumed were placed
into clean, 1-liter polyethylene containers, then enclosed in
ziplock bags and transported in an insulated cooler bag with a
reusable refrigerant.

A similar methodology for food collection and storage was
followed for the adult study.

Diaper and Commode Collection, Storage, and Transport

Baby cornstarch, diaper rash cream, and soap which had
been evaluated for and found to be low in tracer content were
provided for infant hygiene. The parents were supplied with
cotton cloth diapers and waterproof pants and advised to use a
standardized procedure to reduce stool and urine contamination
and sample variability. The parents were instructed to collect
diapers and commodes starting Tuesday morning and ending
with the last void on Monday evening. Wipes and toilet paper
used on the child’s bottom were not included in the diaper or
the commode and not collected by the research team. Used
diapers and commodes were collected daily, enclosed in zip-
lock plastic bags, and placed into the insulated bags containing
portable refrigerants.

Soil and Dust Sampling

Soil and dust samples were taken from each child’s and
adult’s home. Up to three areas (i.e., sites) outside the house,
where subjects spent the most time during the study, were
identified.

Once the site was located, a composite sample was drawn
using the eight major compass points. A stainless steel soil
sampling corer was placed on the ground at each indicated
sampling compass point and driven 3 inches into the soil. The
composite samples were combined at each site. A single
sample was obtained for each subject by pooling samples at the
sites using equal dry weights.

Dust samples were collected using a specially modified
commercial vacuum cleaner from those indoor floor surfaces
contacted by the subjects during the study. A single dust
sample was obtained for each subject.
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Chemical Analysis Procedures

A summary of the chemical analysis methods for the eight
trace elements (Al, Si, Ti, Ce, La, Nd, Y, and Zr) and the
quality assurance–quality control protocol developed and
implemented are described below for each sample type and for
both inductively coupled plasma atomic emission spectrometry
(ICP-AES) and inductively coupled plasma-mass spectrometry
(ICP-MS). A detailed report on the chemical analysis methods
is given by Calabreseet al. (1996).

Sample Preparation and Handling

Food samples. The food samples were frozen, freeze-dried
in a commercial bulk freeze dryer, weighed, and stored frozen
until analysis. Food samples for all meals per day for each
child were homogenized in a food processor with a stainless-
steel blade. Ten grams of the homogenized food samples was
weighed into a platinum or quartz crucible (100 ml) and ashed
in a programmable furnace.

The ashed samples were transferred into a 60-ml Teflon
digestion vessel (CEM Corp.) for dissolution in 5 ml of 1:1
HNO3 and 5 ml of 500 mg/ml Sc at room temperature. Heat

(100°C) was used to enhance predigestion if the decomposition
of organic material was incomplete (black residue could be
seen) during the muffle furnace ashing. The solution was
cooled to room temperature and transferred into a 50-ml volu-
metric flask. If the resulting solution was not clear, HF was
added, or the fusion repeated with lithium metaborate.

Fecal samples. Fecal samples were freeze-dried and stored
frozen until analysis. The frozen commode samples were
pooled into a large quartz dish (250 ml) in a clean room (class
100). Frozen diaper samples were separated from the diapers.
Specimens were pooled into one sample over a 24-hr period.
Commode samples were ground to a uniform powder, and 10
g of the sample was used in further processing. The complete
diaper samples and the 10-g commode samples were ashed
subsequently in a programmable oven. The ash percentage of
feces was measured and calculated against the freeze-dried
weight. A 0.35-g sample of the ash was fused with lithium
metaborate in a programmable furnace.

After cooling, the fused solid was dissolved in 5% nitric acid
and transferred into a 100-ml volumetric flask, and the solution
was diluted to volume.

TABLE 1
Average Daily Soil Ingestion (mg Soil per Day) by Week Estimated Based on Capsule Concentration for 10 Adults after

Subtracting Food

Protocol
week Al Ce La Nd Si Ti Y Zr

None
Mean 8.1 96.3 958.4 169.6 −19.6 −3.0 49.1 −11.4
Median 2.6 84.4 691.1 127.3 −24.8 82.3 −10.5 −21.5
SD 20.5 87.0 837.3 200.8 37.0 797.6 181.7 40.3
CV 251.8 90.3 87.4 118.4 −188.6 −26617.5 370.4 −353.9
Min −15.0 2.1 77.3 −77.2 −61.6 −2052.0 −116.9 −52.7
Max 44.1 269.7 2832.4 545.3 64.0 951.9 520.1 90.0

20 mg/day
Mean 33.5 86.4 341.4 131.6 14.0 548.9 76.7 −9.6
Median 30.4 38.4 201.1 48.3 17.1 246.4 42.2 −21.0
SD 26.2 91.8 333.4 177.5 31.4 638.1 94.9 43.0
CV 78.1 106.2 97.7 135.0 224.8 116.3 123.7 −447.9
Min −0.6 4.6 27.1 −41.4 −49.4 2.8 −9.3 −86.1
Max 83.4 250.0 827.4 420.2 64.3 1788.1 282.3 41.8

100 mg/day
Mean 118.2 184.7 753.6 237.7 132.1 1012.0 214.4 103.3
Median 124.5 136.9 338.2 149.9 98.1 345.6 149.5 69.3
SD 106.3 129.9 925.7 262.4 97.5 2040.7 227.0 117.6
CV 89.9 70.4 122.8 110.4 73.8 201.7 105.9 113.8
Min −120.7 44.6 169.2 17.2 40.4 −73.1 −4.0 −18.1
Max 302.5 422.3 3099.8 887.5 373.5 6721.4 714.1 367.4

500 mg/day
Mean 423.2 477.3 1032.1 577.5 375.9 609.3 525.3 231.6
Median 435.5 451.0 866.6 454.3 386.5 525.5 549.4 226.4
SD 103.7 197.2 582.7 299.5 104.4 277.4 170.7 116.6
CV 24.5 41.3 56.5 51.9 27.8 45.5 32.5 50.3
Min 198.8 199.2 462.7 301.0 204.5 298.5 215.6 24.9
Max 552.5 805.9 1950.9 1203.6 542.3 1133.7 834.9 421.0

Note.Source: ANC48.sas.
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Dust samples. The house dust samples were air-dried,
combined, and sieved to separate fine dust from larger pieces.
The two parts were weighed, and the larger-sized sample was
ashed. The resulting ash was mixed with the fine dust and
ground in a mixer-mill for 10 min. The final dust sample size
was less than 65 mesh. A 0.2-g aliquot of the ground dust
sample was dissolved with the lithium metaborate fusion
method. The fused samples were dissolved in 80 ml of 5%
HNO3. Fifty milliliters of the solution and 5.0 ml of 1000 ppm
Sc solution were added to a 100-ml flask, and the solution was
diluted to volume with 5% HNO3 solution.

Soil samples. Samples were air-dried and thoroughly
mixed by tumbling for 1 min. The soil sample was separated
into particles larger than 2 mm and those less than 2 mm,
because the investigators assume that children are unlikely to
ingest particles of this size or larger (Calabreseet al., 1989).
The sample was split by coning, and half the sample was
passed through a 2-mm nylon sieve. An approximately 30-g
subsample was obtained from the thoroughly mixed nylon-
sieved sample and ground for 5 min on a Spex Shatterbox

producing a powder passing a 200-mesh sieve. The lithium
metaborate fusion method was used for soil sample dissolution.
The final dilution factor for the soil samples was 5000.

Methodology for Estimating Soil Ingestion

Soil ingestion estimates have been presented in a tracer-
specific manner. For example, if Al, Si, and Ti are used as
tracers, then three different estimates of soil ingestion are pro-
vided, one for each tracer for each subject. Since each tracer is
estimating the same behavior (i.e., soil ingestion), high inter-
tracer consistency in soil ingestion values would be expected if
each tracer reliably estimated soil ingestion. However, all
tracer-based soil ingestion studies published to date (Binderet
al., 1986; Calabreseet al.,1989; Daviset al.,1990; Van Win-
jen et al., 1990) display high intertracer variability in soil in-
gestion estimates. Important sources of such intertracer varia-
tion are the lack of proper coordination of tracer input/output
resulting from limitations in study design as well as ingestion
of tracers from nonfood and soil sources (Calabrese and
Stanek, 1995). The lack of high intertracer consistency presents

TABLE 2
Element Concentrations in Outdoor Home Soil and Indoor Home Dust for 64 Children

Al (mg/g) Ce (mg/g) La (mg/g) Nd (mg/g) Si (mg/g) Ti (mg/g) Y (mg/g) Zr (mg/g)

Home soil conc.
Mean 50.5 21.0 12.6 9.7 233.6 1.9 15.7 140.4
SD 12.2 6.5 4.1 2.5 52.3 0.4 3.3 42.0
CV 24.1 30.8 32.5 25.9 22.4 22.8 21.2 29.9
Min 19.1 7.9 4.8 3.9 104.5 0.8 9.7 32.2
Max 75.6 39.6 25.2 15.9 367.0 3.3 25.0 244.2

Home Dust Conc.
Mean 22.2 11.1 4.9 4.8 99.4 1.9 4.5 116.0
SD 11.1 15.0 3.4 5.9 49.7 1.2 7.8 71.1
CV 50.2 134.5 69.6 123.6 50.0 60.7 171.7 61.3
Min 1.9 1.8 0.9 0.7 8.8 0.2 0.5 18.7
Max 63.4 121.3 17.3 47.6 214.2 7.5 62.2 401.0
Soil z dust

Correlation
p value 0.105 −0.114 0.075 −0.106 0.034 −0.036 −0.057 0.109

0.407 0.370 0.553 0.405 0.729 0.776 0.657 0.390
Average soil/dust

ratio 2.27 1.89 2.57 2.02 2.34 1.00 3.49 1.21

Note.Source: ANC58.sas.

TABLE 3
Total Element Ingested from Food per Day for 64 Children (448 Subject-Days)

Al (mg) Ce (mg) La (mg) Nd (mg) Si (mg) Ti (mg) Y (mg) Zr (mg)

Percentage LT detection 0.0 20.8 42.2 37.5 0.0 4.9 29.2 0.2
Mean 3.2 1.2 1.8 1.1 15.4 3.0 1.1 14.2
SD 6.0 1.5 10.1 1.5 14.3 9.3 3.0 8.3
CV 186.4 129.3 571.6 133.4 92.5 309.8 284.3 58.4
Min 0.0 0.0 0.0 0.0 0.9 0.0 0.0 0.0
Max 54.0 18.7 104.7 7.2 156.3 105.0 54.8 62.5

Note.Source: ANC72.sas.
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a significant interpretational problem concerning what is the
most accurate soil ingestion estimate. As a result of the sub-
stantive intertracer variation in the present study, two ap-
proaches are pursued here in the presentation and interpretation
of the findings. First, tracer-specific soil ingestion estimates are
provided in a manner consistent with past soil ingestion stud-
ies. Second, a new methodology entitled the Best Tracer
Method (BTM) is used (Staneck and Calabrese, 1995b) that is
designed to markedly reduce misalignment (i.e., input/output)
error, and significantly improve the estimated precision of
tracer recovery.

RESULTS

Adult Validation Study

There were two lost food samples of 280 daily samples, and
three samples were only analyzed for three elements (Al, Si,
and Ti). Values were imputed for the missed samples, using
average daily values for the subject during the same study
week. The imputed values for known missing samples repre-
sented less than 1% of the daily samples. With respect to feces,
one sample for subject 6 was destroyed, and one sample for
subject 2 was only analyzed for Al, Si, and Ti. The missing
fecal values were imputed for missing samples using average
daily values for the subject during the same week.

Baseline evaluations during the first week of the adult study
revealed considerable variation in soil ingestion estimates
among subjects and among tracers (Table 1). Three tracers
(i.e., Si, Y, Zr) provided modest negative median estimates of
soil ingestion (−10.5 to −24.5 mg/day) while Al, Ni, Ce, and
Nd provided estimates of modest daily soil ingestion in the
same 10 subject-weeks of 2.6, 82.3, 84.4, and 127.3 mg/day,
respectively. The median daily estimate of soil ingestion for
the 10 subject-weeks in the baseline evaluation by La was
considerably higher (i.e., 691.1 mg/day).

During the second week 20 mg/day of soil was ingested via
the capsule. The daily median soil ingestion values for the 10
subjects ranged from a low of −21.0 (Zr) to a high of 201.1

mg/day (La). The median soil ingestion estimated by the trac-
ers Al, Ce, Nd, Si, and Y was generally consistent with the
range of median estimates (17.1 to 42.2 mg/day).

During Week 3, 100 mg/day of soil was ingested via the
capsule. The soil ingestion median values ranged from 69.3
(Zr) to 338.2 (La) mg/day. As in Week 2, high intertracer
consistency was seen for median estimates based on Al, Ce,
Nd, Si, and Y, with a range from 98.1 mg/day for Si to 149.9
mg/day for Nd.

During Week 4, 500 mg/day of soil was ingested via the
capsule. The soil ingestion median values ranged from 226.4
mg/day for Zr to 866.6 mg/day for La. Relatively strong in-
tertracer agreement was observed for Al, Ce, Nd, Si, and Y
with estimates ranging from 386.5 mg/day (Si) to 549.4 mg/
day for Y.

The overall findings indicate that the progressively increas-
ing quantity of soil ingested by capsule is reflected in the soil
ingestion estimates of the 10 subjects. For the 20 and 100

TABLE 4
Total Home Soil and Home Dust Equivalent (mg) of Element Ingested from Food per Day for 64 children (448 Subject-Days)

(a) Home soil equivalent
Al Ce La Nd Si Ti Y Zr

Mean 70.3 61.3 215.5 120.4 68.8 1,576.0 68.1 111.1
SD 146.6 76.5 1,399.9 157.0 63.8 4,896.1 174.9 79.5
CV 208.6 124.7 649.5 130.5 92.7 310.7 256.7 71.6
Min 0.9 0.0 0.0 0.0 4.3 0.0 0.0 0.0
Max 1258.1 722.4 14,444.9 930.0 627.9 54,436.1 2991.0 721.9

(b) Home dust equivalent
Mean 196.2 146.0 583.8 307.3 230.8 2,095.8 387.0 173.8
SD 408.3 194.7 3,739.8 419.1 302.6 7,069.6 709.4 157.8
CV 208.1 133.4 640.4 136.4 131.1 337.3 183.3 90.8
Min 2.1 0.1 0.0 0.0 7.4 0.0 0.0 0.0
Max 4139.5 2130.2 38,599.2 2257.2 3079.9 80,068.0 6350.5 1486.3

TABLE 5
Components of Variance for Trace Element Daily Food Ingestion

among 64 Children in Anaconda for 448 Subject-Days

Al Ce La Nd Si Ti Y Zr

Variance components [in squared
mg (mg)/day]

Subject 1.8 0.8 94 1.52 30.7 24.1 2.89 16.1
Day 34.8 1.5 11 0.62 173.2 65.8 8.35 52.7

Variance components (SD)
(equiv mg home soil)

Subject 51 49 1336 132 28 2399 57 54
Day 137 59 444 86 57 4277 166 59

% of Var. Comp.
[mg (mg) element in food/day]

Subject 5 33 90 71 15 28 10 23
Day 95 67 10 29 85 72 90 77

% of Var. Comp. for home soil
equivalent from food

Subject 12 40 90 70 19 24 11 45
Day 88 60 10 30 81 76 89 55

CALABRESE ET AL.262



mg/day capsule weeks the soil ingestion estimates (i.e., recov-
ery) based on tracers displaying the high intertracer consis-
tency in median ingestion estimates were greater by 20–40
mg/day than that ingested from the capsules themselves. This
suggests not only that the capsule dose was recovered but also
that some degree of ambient soil ingestion activity was occur-
ring beyond that of administered dose.

The recovery in Week 4 for the more consistent tracers
ranged from about 20% below to 10% above the daily admin-
istered dose (500 mg). The somewhat lower recovery in Week
4 than Weeks 2 and 3 is attributed principally to the fact that
several subjects did not deliver fecal samples on the terminal
days of the study.

The intent of this adult validation study was to determine if
the study design and analytical methodology would be able to
detect the impact of soil tracers ingested on fecal tracers by
children in an identical study design. These collective findings
indicate that ingestion of soil from 20 to 500 mg/day will
significantly and consistently increase fecal tracers in a manner
that is able to differentiate quantitatively low (20 mg/day) ver-

sus high (500 mg/day) soil ingestion in a reliable manner. The
observations of greater than 100% recovery occurring for the
majority of tracers indicates not only high recovery but also the
likelihood of ambient soil ingestion in the 20–40 mg/day range
for adults.

The tracer Zr provided estimates that were consistently be-
low those of other tracers, while the estimates of La were
consistently far greater than other tracers. The differences in
estimates for these elements are most likely due to negative
analytical error for Zr and positive error for La, possibly due to
consumption of La from a nonfood, nonsoil source (Calabrese
and Stanek, 1995).

Anaconda Children Soil Ingestion Study

Soil and dust concentrations.The distribution of trace el-
ement concentrations in outdoor home soil and indoor home
dust is given in Table 2. Mean concentrations of trace elements
in outdoor soil had modest variability between subjects for
most elements, with coefficients of variation ranging between
20 and 30% for all elements. The ratio of the average concen-

TABLE 6
Total Element from Fecal Samples per Day for 64 Children and up to 339 Subject-Days

Al
(mg)

Ce
(mg)

La
(mg)

Nd
(mg)

Si
(mg)

Ti
(mg)

Y
(mg)

Zr
(mg)

N 339.0 331.0 329.0 330.0 339.0 339.0 331.0 336.0
Average fecal element (totals per day)

Mean 4.6 4.5 3.5 4.8 15.3 2.5 2.3 15.8
SD 10.6 7.8 6.3 4.9 22.2 4.5 2.8 21.3
CV 231.6 172.0 180.9 100.9 145.1 183.0 123.9 134.3
Min 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.0
Max 129.1 87.9 58.3 30.5 179.2 28.3 24.7 198.0

Home soil equivalent in fecal sample per day
Mean 96.4 241.2 305.2 529.5 69.2 1,363.3 149.5 122.0
SD 236.0 421.6 533.2 530.8 106.7 2,644.6 181.3 167.2
CV 244.8 174.8 174.7 100.2 154.3 194.0 121.3 137.0
Min 0.1 0.1 0.9 4.6 0.2 0.0 0.3 0.3
Max 3170.3 3,921.9 4,204.1 1,281.8 960.1 19,584.1 1838.5 1601.0

Home dust equivalent in fecal sample per day
Mean 254.3 691.8 1,290.6 1,650.7 213.9 1,549.5 948.6 215.0
SD 473.7 2,725.9 4,620.1 2,596.1 309.5 3,148.7 1438.8 420.9
CV 186.3 394.0 358.0 157.3 144.7 203.2 151.7 195.8
Min 0.3 0.3 3.4 11.9 0.6 0.0 1.0 0.7
Max 3942.9 47,524.6 61,715.7 25,279.0 2209.2 23,258.9 9865.9 4049.8

Note.Source: ANC60.sas.

TABLE 7
Average (over 7 Days) Fecal, Food, and Soil Estimates with Home Soil Equivalent

Al Ce La Nd Si Ti Y Zr

N 64.0 64.0 64.0 64.0 64.0 64.0 64.0 64.0
Food: Mean soil equiv. 70.3 61.3 215.5 120.4 68.8 1576.0 68.1 111.1
Fecal: Mean soil equiv. 72.9 178.2 224.1 390.0 52.3 1031.6 110.4 91.5
Mean soil ingestion 2.7 116.9 8.6 269.6 −16.5 −544.4 42.3 −19.6

Note.Source: ANC73.sas.
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tration in soil to the average concentration of trace elements in
dust varied from 1.00 for Ti to 3.49 for Y. For five trace
elements, the average ratio varied from 1.89 to 2.57. Although
these trace elements had a relatively narrow range of variation
in the soil/dust average ratios, correlations between outdoor
soil and indoor dust concentrations were very low (less than
0.15 for all elements). The concentrations of trace elements in
dust were unusually large for three elements (Ce, Nd, Y) for
one subject (AID4 19). Elimination of this subject markedly
reduced the coefficient of variation for dust in the remaining 63
subjects, with the coefficients corresponding to dust in Table 2
for 63 subjects becoming 56.9, 57.6, and 74.2 for Ce, Nd, and
Y, respectively.

Ingestion of Trace Elements in Food

The average daily ingestion from food is summarized for
each trace element in Table 3. For three subjects, food samples
were not obtained for 1 study day. The subsequent (for ID 45
or 123) or previous day’s sample (for ID 141) was used as an
estimate of food tracer intake. For several trace elements (Ce,
La, Nd, Ti, Y, and Zr), there were some subject-days in which
trace element intake from food was less than the detection limit
(Table 3). The lack of trace elements in food occurred for
42.2% of the study days for La. Trace element ingestion was
replaced on such days with 0 for calculations of average trace
element intake, and for calculations in the mass-balance equa-
tion. Ingestion of trace elements in food was highly skewed for
most trace elements. Coefficients of variation ranged from
58% for Zr to over 400% for La. Particularly high variability in
food ingestion was noted for La, Ti, and Y.

The soil and dust equivalent daily ingestion from food is
summarized in Table 4. For most elements (Al, Ce, Nd, Si, Y,
Zr), the average daily soil ingestion equivalent from food was
between 61 and 120 mg/day. These values are obtained by
dividing the amount of the element ingested per day by the
concentration of the element in home soil. The average daily
dust ingestion equivalent from food was 174 to 232 mg/day for
Al, Ce, Si, and Zr. Higher dust equivalent intake was reported
for Y, with very high soil and dust food equivalent intake for

Nd and La, and particularly for Ti. The extent of soil equivalent
food ingestion for Ti makes this element of questionable utility
as a tracer for mass-balance analysis.

Table 5 presents the variance components for food ingestion
for each of the trace elements. The first panel presents variance
components in terms of mg ingested day, and in addition the
standard deviation for the equivalent component when evalu-
ated in terms of a soil equivalent amount is given. The values
of the daily standard deviation in soil equivalent are valuable to
review, since they indicate the extent of the variability from
day to day for a child. Such variability (when high) can lead to
large discrepancies in the mass-balance equation when food
and fecal samples are not adequately aligned. For example, if
the aluminum amount in food differed on the last day in the
study by 1 standard deviation (4137 mg/day equivalent soil),
and that day was not included in the fecal sample, the average
daily food ingestion for the week would be over- (or under)-
estimated by 137/74 20 mg. If the final 2 day’s food inges-
tions were each high by 2 standard deviations, and neither day
was present in the fecal sampling period, the average daily
food ingestion for the week would be off by 4z 137/7 4 80

TABLE 8
Element-Specific Daily Soil Ingestion Estimates (mg/Day)

Statistic Al Ce La Nd Si Ti Y Zr

Mean 2.7 116.9 8.6 269.6 −16.5 −544.4 42.3 −19.6
SD 95.8 186.1 1,377.2 304.8 57.3 2,509.0 113.7 92.5
N 64.0 64.0 64.0 64.0 64.0 64.0 64.0 64.0
P1 −202.8 −219.8 −10,673 −387.2 −128.8 −15,736 −441.3 −298.3
P5 −95.0 −27.7 −10.7 −117.8 −109.3 −3,673.5 −100.6 −170.5
P25 −34.4 10.9 29.3 64.7 −42.9 −581.6 −11.1 −65.7
Median −3.3 44.9 84.5 220.1 −18.2 11.9 32.1 −30.8
P75 17.7 164.6 247.9 410.5 1.4 398.2 85.0 17.7
P90 66.6 424.7 460.8 812.6 36.9 1,237.9 200.6 94.6
P95 94.3 455.8 639.0 875.2 68.9 1,377.8 242.6 122.8
Max 461.1 862.2 1,089.7 993.5 262.3 4,066.6 299.3 376.1

TABLE 9
Contribution of Individual Trace Elements to Ranked Food/Soil

Ratios for Al, Si, Ti, Y, and Zr

Frequency

Rank food/soil ratio order

Total1 2 3 4 5

Al 22 18 11 10 3 64
(34%) (28%) (17%) (16%) (5%)

Si 4 26 24 9 1 64
(6%) (41%) (37%) (14%) (2%)

Ti 7 7 2 3 45 64
(11%) (11%) (3%) (5%) (70%)

Y 31 11 12 5 5 64
(48%) (17%) (19%) (8%) (8%)

Zr 0 2 15 37 10 64
(0%) (3%) (23%) (58%) (16%)

Total 64 64 64 64 64 320
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mg. Thus, trace elements with high daily standard deviations
are more sensitive to transit time errors.

The subject component of variance describes the extent to
which trace element ingestion from food differs systematically
between subjects. High values (and percentages) for this vari-
ance component indicate consumption of foods with different
concentrations of trace elements. This component of variance
is particularly high for La and Nd.

Fecal Output of Trace Elements for Children

A summary of the fecal sample trace element totals per day
(and their soil equivalent) is given in Table 6.

Simple Comparison of Food and Fecal Soil Equivalents

It is valuable to make comparisons between the soil equiva-
lent average amounts in food and in fecal samples. Each of
these averages was considered as over an entire 7-day period,
and was formed by adding the total amounts over all days and
dividing by 7. Average results using this strategy are summa-
rized for soil in Table 7. Mean soil ingestion estimates range
from less than 0 to 269.6 mg/day when based on home soil
concentrations. The trace elements differ dramatically in their
respective soil ingestion estimates. These differences are not
due to food ingestion, nor to different soil ingestion, since the
same food samples were used for all elements and the same
time period applied. The major implication from Table 6 is that
sources exist that make individual trace elements unreliable.
As a result, the judgment as to which trace element provides
the best estimate is crucial to the soil ingestion estimation. A
more complete summary of the estimates element specific is
given in Table 8.

Multiple estimates are provided in Tables 7 and 8. A single
‘‘best’’ estimate can be constructed using the food/soil ratios,

as outlined by Stanek and Calabrese (1995a). This strategy of
ranking trace elements by the food/soil ratios was followed,
and the elements were ordered from lowest to highest ratios.
This ordering produces estimates that should have minimal
input/output error.

Recently (see Calabreseet al.,1996), trace element concen-
trations in soil have been found to vary markedly by particle
size for some elements (Ce, La, and Nd). Such variability
directly affects the soil ingestion estimate (by as much as a
factor of 3). For these trace elements, the ‘‘correct’’ estimate of
soil ingestion estimate depends on knowledge of the particle
size of soil ingested. Since the particle size of soil ingested is
unknown, it is desirable to base an estimate of soil ingestion on
a trace element whose concentration in soil is relatively homo-
geneous across different particle sizes. Trace elements that
satisfy this criteria include Al, Si, Ti, Y, and Zr. For this
reason, only these five elements were used in subsequent es-
timation.

A summary of the contributions of various elements (from
among the elements Al, Si, Ti, Y, and Zr) to the food/soil ratio
ordering is given in Table 9. The actual food/soil ratios corre-
sponding to these orderings are given in Table 10, with esti-
mates of soil ingestion based on these ratios given in Table 11.

Soil ingestion estimates based on the median of the best four
estimates from the soil ingestion distribution are given in Table
12. The best estimate is calculated by taking the median of the
best four trace element estimates. Similar results based on in-
door dust concentrations are given in Table 13.

Description of Soil Ingestion Estimates by Household and
Children’s Characteristics
Soil ingestion estimates were examined based on the best

tracer method for children based on demographic characteris-

TABLE 10
Distribution of Food/Soil Ratios by Rank Order: Anaconda Children’s Study for Al, Si, Ti, Y, and Zr

Order Min P1 P5 P10 P25 P50 P75 P90 P95 P99 Max Average SD

1 4.0 4.0 5.8 7.2 14.2 25.0 40.7 62.3 69.0 101.5 101.5 30.2 21.7
2 5.6 5.6 12.5 16.9 31.7 48.8 70.8 92.8 102.3 171.2 171.2 54.7 31.4
3 17.7 17.7 30.7 37.3 49.3 63.1 101.6 147.7 178.2 204.7 204.7 79.9 44.9
4 26.2 26.2 45.6 50.8 69.4 101.9 152.3 213.0 227.0 469.5 469.5 124.0 81.5
5 47.1 47.1 60.9 84.7 141.8 632.8 1730.0 3798.7 6344.0 18,032 18,032 1605.5 2877.7

Note.Source: ANC96.sas.

TABLE 11
Distribution of Children’s Soil Ingestion Estimates (mg/Day) by Rank Order: Anaconda Children’s Study for Al, Si, Ti, Y, and Zr

Order Min P1 P5 P10 P25 P50 P75 P90 P95 P99 Max Average SD

1 −53.4 −53.4 −24.4 −14.4 2.2 20.1 68.9 223.6 282.4 609.9 609.9 65.5 120.3
2 −115.9 −115.9 −62.1 −48.6 −26.6 1.5 38.4 119.5 262.3 928.5 928.5 33.2 144.8
3 −170.5 −170.5 −88.9 −67.0 −52.0 −18.8 25.6 154.7 376.1 1293.5 1293.5 31.2 199.6
4 −298.3 −298.3 −171.0 −131.9 −74.7 −29.3 0.2 74.8 116.8 139.1 139.1 −34.6 79.7
5 −15,736 −15,736 −3673 −3034 −581.6 −59.1 127.3 1048.9 1377.8 4066.6 4066.6 −630.9 2477.7

Note.Source: ANC96.sas.
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tics of children and their households. Of the 64 children, 36
(56%) were male. The children ranged in age from 1 to 3 years,
with approximately equal numbers of children in each age
group (20, 24, and 20, respectively). Soil (and dust) ingestion
estimates in mg/day and log (mg/day) were compared between
age and gender groupings of children. When ingestion esti-
mates were negative, an estimate of 0.5 mg/day was used on
the log scale. Estimates are presented for respective groups
using the mean, the median, and test statistics based on the
Wilcoxon rank sum test (for the arithmetic scale) and ANOVA
methods for estimates based on the log scale. Separate variance
t tests were used when the test for equal variances had aP
value less than 0.5.

Table 14 presents mean and median soil ingestion estimates
by characteristics of the child and their parents. There was no
evidence of a difference in soil ingestion estimates by gender
or age. Higher estimates of soil ingestion were observed by
birth order, with children of higher birth order having lower
estimates of soil ingestion, but the difference was not statisti-
cally significant. Average estimates of soil ingestion were also
higher for children from families where parents were employed
as laborers or in service professions, or were homemakers or
unemployed (P < 0.05 based on Kruskal-Wallis test).

Table 15 presents estimates of soil ingestion by housing and
yard characteristics. There was no statistically significant dif-
ference in soil ingestion by any characteristic. Table 16
presents soil ingestion estimates by presence of a pet. There
was no evidence of statistically significant differences in soil
ingestion between children with or without pets. However,
estimates of soil ingestion were higher in general for children

with pets, and particularly so for children with cats in the
household.

DISCUSSION

The present investigation incorporates several significant
improvements over an earlier study conducted by this research
group (Calabreseet al., 1989). In the study a representative
sample of children was evaluated. The children were assessed
over 7 consecutive days, rather than two periods of 3–4 days,
to minimize misalignment error. Eight tracers were used, drop-
ping the use of several poor performing tracers (e.g., Ba, Mn,
V). A dietary education program was incorporated to minimize
tracer ingestion in food prior to and during the study in order
to enhance precision of recovery for tracers ingested from soil.
The study had an expanded adult validation component involv-
ing 10 rather than 6 subjects and assessing tracer recovery over
a range from 20 to 500 mg/day as compared to 100–500 mg/
day. In addition, this study was able to incorporate a novel and
improved methodology (i.e., BTM) for estimating soil inges-
tion (Stanek and Calabrese, 1995b) rather than relying on a
range of tracer-based soil ingestion estimates that provides
little insight nor attempts to correct for positive and negative
error.

While the findings are obtained from a study that incorpo-
rated multiple improvements over previous studies, it should
be noted that these data represent only a single 7-day period for
the 64 children in the fall. Whether these findings reflect or
over- or underestimate soil ingestion rates for other months and
seasons is not known.

TABLE 12
Soil Ingestion Estimates for Median of Best Four Trace Elements Based on Food/Soil Ratios for 64 Anaconda Children (mg/Day)

Using Al, Si, Ti, Y, and Zr

V Min P5 P10 SP25 P50 SP75 P90 P95 Max Mean SD

Median of best 4 −101.3 −91.0 −53.8 −38.0 −2.4 26.8 73.1 159.8 380.2 6.8 74.5
Best tracer −53.4 −24.4 −14.4 2.2 20.1 68.9 223.6 282.4 609.9 65.5 120.3
2nd best −115.9 −62.1 −48.6 −26.6 1.5 38.4 119.5 262.3 928.5 33.2 144.8
3rd best −170.5 −88.9 −67.0 −52.0 −18.8 25.6 154.7 376.1 1293.5 31.2 199.6
4th best −298.3 −171.0 −131.9 −74.7 −29.3 0.2 74.8 116.8 139.1 −34.6 79.7

Note.Source: ANC96.sas.

TABLE 13
Dust Ingestion Estimates for Median of Best Four Trace Elements Based on Food/Dust Ratios for 64 Anaconda Children (mg/Day)

using Al, Si, Ti, Y, and Zr

Min P5 P10 SP25 P50 SP75 P90 P95 Max Mean SD

Median of best 4 −261.5 −186.2 −152.7 −69.5 −5.5 62.8 209.2 353.0 683.9 16.5 160.9
Best tracer −377.0 −193.8 −91.0 −20.8 26.8 198.1 558.6 613.6 1499.4 127.2 299.1
2nd best −239.8 −147.2 −137.1 −59.1 7.6 153.1 356.4 409.5 1685.1 82.7 283.6
3rd best −375.7 −247.5 −203.1 −81.7 −14.4 49.4 406.5 500.5 913.2 25.5 235.9
4th best −542.7 −365.6 −277.7 −161.5 −55.1 52.4 277.3 348.8 6120.5 81.8 840.3

Note.Source: ANC97.sas.
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The use of the BTM in place of tracer based estimates is a
major change in the analysis of soil ingestion studies. Reliance
on tracer-specific estimates, given the high degree of inter-
tracer variability, is not a tenable option. The BTM provides a
biologically based and statistically appropriate methodology to
overcome limitations of the multiple-tracer-based approach.
While the BTM is superior to the tracer-based approach, it
likewise can be susceptible to both positive and negative error,
although this would be less likely and of less magnitude than
the multiple-tracer-based approach. Stanek and Calabrese
(1995a) have developed a complementary methodology that
estimates daily soil ingestion and identifies, quantifies, and
corrects for error. The daily method corrects for error via a
different technique than the BTM and has been used to estab-
lish independent verification of BTM estimates for the Cala-
breseet al. (1989) data (Stanek and Calabrese, 1995b). Daily
estimates of soil ingestion using this methodology are planned
and will be used to provide subsequent evaluation of the BTM
as applied to the Montana data.

While the BTM represents an important advance over the
tracer-specific methodology for soil ingestion estimation, it
still is susceptible to source error despite efforts (i.e., use of the
median of the four best tracers) made to minimize it. It is
believed that source error is still residually present in affecting
the soil ingestion estimates at the upper end of the distribution
after such adjustments. However, the decision to use a tracer
whose concentrations in soil are not affected by particle size
resulted in dropping the use of Ce, La, and Nd. These three
tracers tended to be very susceptible to major source errors and
also have relatively lowF/S ratio values. Consequently, their
(Ce, La, Nd) inclusion in the BTM would have markedly and

TABLE 14
Estimates of Soil Ingestion (mg/Day) by

Children’s Characteristics

N
Mean

(mg/day) SD
Median

(mg/day)

P Values

Kruskal-
Wallis ANOVA

Gender
Male 36 20 38 0 0.8997 0.9888
Female 28 35 81 0

Age (years)
1 20 26 40 8 0.2755 0.2285
2 24 17 42 0
3 20 39 91 0

Birth order
1 12 33 46 18 0.1796 0.2239
2 43 30 70
3 or 4 9 3 7

Occupation (family)
Laborer 18 57 94 31 0.0436* 0.1174
Skilled 23 12 33 0
Professional 23 18 40 0

Ht/wt2

Light 19 22 46 0 0.9492 0.9454
Medium 25 38 86 0
Heavy 13 18 26 0

Fecal sample days
<5 24 34 83 0 0.9208 0.8287
ù5 40 23 43 0

Note.Source: ANC99.sas. Labor includes unemployed, laborer, service, and
combinations of homemaker/student. Skilled included skilled laborer, sales,
and clerks. Professional includes manager/teachers, nurse/social workers, and
doctors/professionals. Light corresponded to subjects with 100z ht/wt z wt less
than 2.3. The mean index was 2.06 and the median index was 2.1. Medium
corresponded to subjects with 100z ht/wt z wt between 2.3 and 2.7. The mean
index was 2.46 and the median index was 2.4. Heavy corresponded to subjects
with 100 z ht/wt z wt greater than 2.7. The mean index was 3.29 and the median
index was 3.

TABLE 15
Estimates of Soil Ingestion (mg/Day) by Housing and Outdoor

Characteristics of Children

N
Mean

(mg/day) SD
Median

(mg/day)

P values

Kruskal–
Wallis ANOVA

Porch
No 14 28 46 0 0.6892 0.8730
Yes 47 26 66 0

Deck
No 54 29 65 0 0.4214 0.4329
Yes 7 12 27 0

Door mat
No 29 19 34 0 0.7123 0.5215
Yes 32 34 79 0

Drive
Paved 10 23 56 0 0.6134 0.4373
Dirt 23 26 52 0
None 25 14 21 0

Percentage grass cover
<34 10 39 63 0 0.8745 0.8652
34–75 17 38 96 0
>75 34 17 35 0

Note.Source: ANC99.sas.

TABLE 16
Estimates of Soil Ingestion (mg/Day) by Pets for Children

N
Mean

(mg/day) SD
Median

(mg/day)

P values

Kruskal–
Wallis ANOVA

Cat
No 49 17 37 0 0.1468 0.2597
Yes 15 57 104 14

Dog
No 37 23 44 4 0.3335 0.2173
Yes 27 31 79 0

Pets
None 28 18 36 2 0.3416 0.3185
1 25 19 40 0
2+ 11 66 119 14

Note.Source: ANC99.sas.
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improperly increased soil ingestion estimates, especially at the
upper end of the distribution. The use of concentration by
particle size as a factor affecting tracer selection acted to mark-
edly diminish possible source error in the current study. Thus,
although residual source error still remains to a certain extent,
it has been profoundly reduced.

Of perhaps more concern than residual positive error in the
present study is that of residual negative error. While the BTM
is designed to reduce misalignment error, negative error con-
cerns with the present data still exist with respect to a number
of subjects, especially for Al, Si, and Y. A preliminary assess-
ment of the apparent residual negative error based on simulta-
neous review of daily dietary tracer input and output data for
Al and Si after application of the BTM suggests that 35–37
subjects have negative residual error, while 3–4 subjects have
residual positive error. In the case of Y, 18 subject weeks
display residual negative error, while 7 show positive residual
error. Since these three tracers occupy a substantial presence in
the BTM, it is possible that the estimates provided in the pre-
sent paper are lower than the true value. Resolution of this
concern will require the application of a substantially more
sophisticated analysis which identifies, quantifies, and corrects
for various types of residual positive and negative error and
yields daily soil ingestion rates (Stanek and Calabrese, 1995a).

While the present statistical analysis was not designed to
provide estimates of soil ingestion behavior for each specific
day of the study, this type of more detailed analysis is possible
and has been published recently for other data (Stanek and
Calabrese, 1995a). Nonetheless, it is important to note that in
this study several of the children and adult subjects displayed
soil ingestion values greater than 1 g onparticular days. Rec-
ognition and refined quantification of such inter- and intrain-
dividual and daily variations are important public health issues
with obvious implications for the risk assessment process.

The present paper has not distinguished whether and to what
extent the residual fecal tracers were of soil or dust origin.
Initial reporting of soil ingestion rates attempted to apportion
the proportion of the residual fecal tracers according to the
number of waking hours spent outside vs inside (Calabreseet
al., 1989). More recently, Stanek and Calabrese (1992) devel-
oped a methodology to differentiate the source of the fecal
tracers. However, in order for this assessment to be achieved it
would be necessary to correct for positive and negative error
for each subject, as will be accomplished as part of providing
daily soil ingestion estimates. This analysis is under develop-
ment and will be published elsewhere.

Estimates of soil ingestion at Anaconda are generally lower
than estimates of soil ingestion from earlier studies (Calabrese
et al.,1989; Daviset al.,1990; Binderet al.,1986). At present,
no attempt has been made to compare the estimates between

the different studies on a statistical basis. Lower soil ingestion
by children at Anaconda is plausible since families were aware
that they lived on an EPA superfund site, and such knowledge
may have resulted in reduced exposure or altered behavior.
This explanation remains hypothetical and requires further in-
vestigation.

CONCLUSION

A 7-day soil tracer-based mass-balance soil ingestion study
was conducted on 64 children residing on a superfund site in
Montana during the fall season (September/October). The me-
dian soil ingestion value was less than 1 mg/day while the
upper 95% was 160 mg/day.
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