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Bioaccessibility and Risk of Exposure to Metals and SVOCs
in Artificial Turf Field Fill Materials and Fibers

Brian T. Pavilonis,∗ Clifford P. Weisel, Brian Buckley, and Paul J. Lioy

To reduce maintenance costs, municipalities and schools are starting to replace natural grass
fields with a new generation synthetic turf. Unlike Astro-Turf, which was first introduced in
the 1960s, synthetic field turf provides more cushioning to athletes. Part of this cushioning
comes from materials like crumb rubber infill, which is manufactured from recycled tires and
may contain a variety of chemicals. The goal of this study was to evaluate potential exposures
from playing on artificial turf fields and associated risks to trace metals, semi-volatile organic
compounds (SVOCs), and polycyclic aromatic hydrocarbons (PAHs) by examining typical
artificial turf fibers (n = 8), different types of infill (n = 8), and samples from actual fields
(n = 7). Three artificial biofluids were prepared, which included: lung, sweat, and digestive
fluids. Artificial biofluids were hypothesized to yield a more representative estimation of dose
than the levels obtained from total extraction methods. PAHs were routinely below the limit
of detection across all three biofluids, precluding completion of a meaningful risk assessment.
No SVOCs were identified at quantifiable levels in any extracts based on a match of their
mass spectrum to compounds that are regulated in soil. The metals were measurable but at
concentrations for which human health risk was estimated to be low. The study demonstrated
that for the products and fields we tested, exposure to infill and artificial turf was generally
considered de minimus, with the possible exception of lead for some fields and materials.
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1. INTRODUCTION

In an effort to reduce costs and increase field
use, municipalities across the United States and Eu-
rope have been replacing natural grass with artificial
turf at parks and athletic fields.(1) However, a num-
ber of public health concerns have been raised re-
garding artificial turf fields,(2–5) including potential
exposure to toxic substances contained in the turf
fibers and crumb rubber infill.(6–10) Crumb rubber,
which is manufactured from recycled tires, is used to
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provide cushioning and extend the life of the field.
However, it can contain polycyclic aromatic hydro-
carbons (PAH), volatile organic chemicals (VOCs),
semi-volatile organic chemicals (SVOCs), and heavy
metals. The concentration of each contaminant can
vary depending on the basic composition and age of
the parent material used in the infill and turf.(11–14)

Previous studies completed in the United States
and Europe have provided insight into the com-
position and safety of primarily older turf mate-
rial. Levels of PAHs and other SVOCs in the
raw infill material have been reported to be above
health-based standards,(9,15) which is not surprising
given the infill is often composed of used shred-
ded tires that contain many hazardous organic com-
pounds. In one study, airborne measurements of
PAHs, PCBs, PCDDs, and PCDFs at actively used
artificial turf playing fields suggested in excess of
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one in a million lifetime cancer risk based on BaP
air concentrations.(16) Several other studies have
evaluated personal and stationary VOC, SVOC, and
PM10 air samples near synthetic turf fields without
seeing an elevated risk. In a study that collected air
samples across five synthetic turf fields (four outdoor
and one indoor) in Connecticut no elevated health
risk was found for either cancerous or noncancer-
ous endpoints.(13) A Norwegian study evaluating the
risk from exposure to a wide range of contaminants
concluded artificial turf fields do not cause any el-
evated health risk to children or adult athletes.(17)

Air and wipe samples were collected for PM2.5 and
PM10, VOCs, and SVOCs at artificial fields in New
York State. Again, no elevated health risks were
identified in air samples collected from on-field or
downwind locations.(18) In addition to organic com-
pounds, metals have been identified as a potential
contaminant of concern, particularly lead, which can
cause severe permanent neurological health effects
in children.(9,19–21) Lead-based coloring agents used
in fibers of some artificial turf can be released into
the environment as the field ages. Measured concen-
trations have exceeded the statutory lead limit for
consumer products intended for children and EPA
lead-dust standard for floors.(19)

A few studies have considered the bioaccessibil-
ity of measured contaminants in selected samples of
artificial turf fibers or crumb rubber infill. Bioacces-
sibility takes into consideration the maximum con-
centration of an analyte that is soluble in laboratory-
prepared synthetic biofluids. Biofluids simulate the
pH and composition of sweat, digestive juices, and
lung fluid and are more representative of an indi-
vidual’s overall potential dose than total extraction
alone. A study using artificial digestive fluid to ex-
tract metals and VOCs from crumb rubber found no
increased risk of acute or chronic health effects to
children.(10) Zhang et al. (2008) observed high total

levels of PAHs and some trace metal in the total
extracts. However, it was found that the PAHs had
a low bioaccessibility and only between one-quarter
and one-half of the lead and chromium in the turf
were bioaccessible.(9)

No published study has considered the bioac-
cessibility of SVOCs or metals via all three poten-
tial exposure routes: dermal, ingestion, and inhala-
tion. The goal of this study was to determine whether
the bioaccessible fraction of metals and SVOCs
found in artificial turf fields exceeded noncancer-
ous risk-based guidance values for children and adult
athletes.

2. METHODS

2.1. Turf Fibers, Crumb Rubber Infill, and
Field Samples

New crumb infill (n = 9) and new turf fiber prod-
ucts (n = 8) were obtained from an architectural firm
that specialized in artificial turf installation. Actual
field samples were collected from seven New Jer-
sey area communities that use crumb rubber infill
products for athletic fields. This was accomplished
by sweeping the infill material into a clean plastic
shovel using new brushes and storing the crumb rub-
ber collected in new Ziploc bags at room tempera-
ture until subsampled for analysis. For the selected
fields, information was obtained on the manufac-
turer, age of the field, and general use of the field.
All samples underwent the same biofluid extraction
for SVOCs and metals. The “total” extractable frac-
tion was measured by direct solid phase microextrac-
tion (DI-SPME) for SVOCs and nitric acid extrac-
tion digestion for metals and used as the basis for the
bioaccessibility comparisons.

Table I. Composition of the Synthetic Biofluids

Synthetic Biofluid Composition

Ingestion–digestive fluid Saliva: 4 mM calcium chloride dehydrate, 0.4%w/v mucin, 5 mM potassium chloride,7 mM sodium
chloride, 4 mM sodium phosphate dibasic, and 17 mM urea

Gastric: 30 mM sodium chloride, 84 mM hydrochloric acid, and 0.32%(w/v) pepsin
Intestinal: 200 mM sodium bicarbonate

Dermal–sweat 340 mM sodium chloride, 330 mM ammonium chloride, 83 mM urea, 170 mM lactic acid, and 42 mM
glacial acetic acid

Inhalation–lung 10 mM magnesium chloride, 150 mM sodium chloride, 4 mM potassium chloride, 1 mM disodium
phosphate, 5 mM sodium sulfate, 25 mM calcium chloride, 7 mM sodium acetate, 24 mM sodium
bicarbonate, 3 mM sodium citrate, and 0.20%9(w/v) dipalmitoyl lecitin
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2.2. Biofluid Extractions

Using prepared synthetic solutions (Table I),
bioaccessibility analyses for metals and SVOCs were
performed for the following three of exposure: diges-
tive system, respiratory system, and dermal. The ar-
tificial fluids used in these extracts have been docu-
mented to be functional analogs of actual biological
fluids in previous studies.(22–26) Briefly, for the diges-
tive system, 200 mg of infill or a 4 cm × 4 cm piece
of turf was extracted with 8 mL of the artificial saliva
and 100 mL of gastric fluid (pH = 1.4 ± 0.2) for two
hours at 37 ◦C while being shaken at 30 rpm. Half
the extract was then shaken again for two hours after
adding 100 mL of intestinal fluid, adjusted to a pH
of 6.5 ± 0.1, and then the two digestive extracts were
recombined and shaken for two more hours to sim-
ulate the digestive process. For the dermal pathway,
approximately 200 mg of infill or a 4 cm × 4 cm piece
of turf was extracted with 20 mL of the sweat solu-
tion by shaking at 30 rpm in a water bath at 37 ◦C for
one hour. For the respiratory system, approximately
100 mg of infill or a 4 cm × 4 cm piece of turf was ex-
tracted with 10 mL of the synthetic lung solution by
shaking at 30 rpm at 37 ◦C for 24 hours. The metals
were extracted using a nitric acid microwave diges-
tion procedure and analyzed by inductively coupled
plasma/mass spectroscopy (ICP/MS).(26) Mixed stan-
dards were prepared in nitric acid daily for the target
metals selected based on their prevalence in the turf
materials determined by qualitative scans and poten-
tial adverse health effect. Quality assurance checks
were run routinely.

The SVOCs were analyzed using a DI-SPME to
concentrate the semi-volatile organic analytes from
10 mL of the biofluid extract followed by GC/MS.
The GC/MS ion trap was operated in the EI positive
mode and scanned between 40 and 600 amu to obtain
maximum information about each peak. Quantifica-
tion of the PAHs was done by comparison to com-
mercially purchased standards. For the SVOC char-
acterization, the mass spectrum acquired from each
analyte was matched to a mass spectrum from the
NIST/EPA/NIH 2008 mass spectral library database
of more than 64,000 compounds, with a >70% fit re-
quired for a positive identification. Approximately
half the peaks were found to match an entry in the
NIST library. The peaks with the top 10% area abun-
dances were compared to the compounds listed in a
series of toxicological databases (U.S. EPA PALs,
ATSDR Toxicology Profiles, ATSDR MRL 2010,
CERCLA Priority Hazardous List 2007, EPA Final

AEGLs, EPA Drinking Water Advisory, and Envi-
ronment, Health and Safety Online Carcinogens) to
identify potential compounds of concern. Of the sev-
eral hundred compounds identified in the top 10%
area abundances the only compound identified that
was listed in any of the toxicological databases was
toluene. Listings of the compounds in the various
biofluids are given in the Supplementary Material. It
includes a large number and variety of organic ma-
terials identified at very low concentrations but for
which no hazard data are currently in toxicological
databases used for regulatory purposes.

The nitric acid extraction was conducted by di-
gesting the acid soluble fraction of approximately
0.2 g of sample in a microwave pressure vessel con-
taining 2 mL of concentrated nitric acid under high
temperature and pressure for 30 minutes. A total
SVOC analysis was done by directly analyzing sev-
eral grams of turf or infill by SPME coupled to
GC/MS analysis.

2.3. Blanks for QA/QC

A single blank was run with each set of sample
extracts. Because the salts used to prepare the artifi-
cial biofluids contained trace levels of metals, several
of the blanks had detectable metal concentrations.
To evaluate whether a blank correction was needed
for any metal above the limit of detection (LOD)
the following criteria was used: if the sample value
was less than twice the blank value then the sample
concentration was replaced by twice the blank value,
otherwise the blank value was subtracted from the
sample extract concentration (see the Supplemen-
tary Material for the blank levels in the different
extracts).

Blank samples of each biofluid were also ana-
lyzed for SVOCs using the same protocol as those
used to extract turf samples. Compounds found to
be present in the blank were not included in the list
of compounds evaluated for toxicological properties.
Standards spiked into blank samples were measured
along with other figures of merit when the method
was developed. The coefficient of variance (CV) was
compound dependent as expected but ranged from
2.3 to 12%. The linearity for the compounds that
were quantified were almost all 1–50 ppb and the
method detection limits ranged from 0.3 to 1 ppb,
all well below the quantitation of analyte when re-
ported. Benzo(a) pyrene had a much higher detec-
tion limit (40 ppb) as it was not retained well on
the fiber. Although the expectation of homogeneity
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of a manufactured product may have been greater
than observed, the measurement of a lower level an-
alyte under very inhomogeneous extraction condi-
tions was not unexpected. The CV for the method
demonstrated that it was within expected analytical
reproducibility.

2.4. Risk Assessment

Based upon the analytical results below, a risk as-
sessment for potential metal exposure was conducted
in accordance with standard EPA risk assessment
guidance for noncancerous health endpoints.(27,28)

No risk assessment was conducted for the SVOCs
because no regulated SVOCs were detected in the
bioextracts and in most circumstances the values
were not quantifiable. Routes of exposure that were
considered in this assessment included dermal, in-
gestion, and inhalation pathways. Values were calcu-
lated for field samples only because they were con-
sidered the most representative estimate of exposure.
Male and female exposure values were averaged. Ex-
posure was assumed to occur three hours per day, 130
days a year, and across five age groups (age ≥ 6 to <

11 years; age ≥ 11 to < 16 years; age ≥ 16 to < 19
years; age ≥ 19 years to < 39 years). For the lead
risk assessment we considered two age groups: ≥ 2
to < 6 years and age ≥ 6 to < 7 years. To be as con-
servative as possible, the largest measured concen-
trations of each analyte were used for the screening
values. If all samples were below the LOD the largest
LOD value for that compound was used. EPA rec-
ommended age-specific body weights were applied to
each group to determine dermal, ingestion, and in-
halation doses (age ≥ 6 to < 11 years, 31.8 kg; age ≥
11 to < 16 years, 56.8 kg; age ≥ 16 to < 19 years 71.6
kg; age ≥ 19 years to < 39 years, 80 kg).(28)

Skin contact with the turf from sliding or run-
ning on the field was considered as the primary
route of dermal exposure. Because dermal expo-
sure can differ by the sport and the amount of
equipment and clothing worn by athletes, soccer
was considered as a worst-case scenario for der-
mal exposure. Skin adherence factors used in this
study were 0.04 mg/cm2 (children playing) and 0.012
mg/cm2 (adult soccer players).(27) The following sur-
face area to body weight averages were used: chil-
dren age ≥ 6 to < 11 years 352 cm2/kg; children
age ≥ 11 to < 16 years 288 cm2/kg; children age ≥
16 to < 19 years 257 cm2/kg; and adults age ≥
19 years 246 cm2/kg.(28) Chemical-specific skin ab-
sorption fractions used were: 0.01 for beryllium,

chromium, copper, lead, magnesium, titanium, se-
lenium, silver, and vanadium; 0.03 for arsenic; and
0.001 for cadmium.(27) Dermal reference doses were
calculated by the product of the ingestion reference
dose and the gastrointestinal absorption factor (ar-
senic 100%; cadmium 2.5%; chromium 2.5%; copper
67.5%; lead 35%; vanadium 2.6%).(27,29,30)

Ingestion could be an important route of expo-
sure to children because they have a greater propen-
sity for hand-to-mouth contact and pica behavior
compared to adults, although incidental ingestion by
adults during sport-related activities cannot be ig-
nored. Ingestion rates used in this risk assessment
were 50 mg/day for children and 20 mg/day for
adults.(28)

Based upon the study objectives and available
resources, air samples were not collected in the
laboratory or the field. Therefore, we relied on
air measurements collected at artificial turf fields
from previous studies to estimate the bioaccessi-
ble concentrations of metals for the risk assess-
ment. Two studies were identified that published
PM10 (particles with an aerodynamic size <10 µm)
concentrations.(14,31) One field in North Carolina
was sampled for PM10 at four different locations
on two separate days. Concentrations ranged from
14.2 µg/m3 to 33.4 µg/m3 depending on the field lo-
cation and day.(31) Five fields in Connecticut were
sampled and concentrations ranged from 4.5 µg/m3

to 16.5 µg/m3.(14) To be conservative, we used the
largest PM10 concentration for the risk assessment
(33.4 µg/m3). This value was then multiplied by the
maximum concentration that was found in the lung
biofluid extract for each metal, which in most cases
was the LOD. The 95th percentile male and fe-
male combined inhalation rate was used for each age
strata: children age ≥ 6 to < 11 years 17.0 m3/day;
children age ≥ 11 to < 16 years 19.3 m3/day; children
age ≥ 16 to < 19 years 20.8 m3/day; and adults age ≥
19 years 22.4 m3/day.(28) Inhalation reference doses
were calculated from inhalation reference concentra-
tions using standard EPA equations.(32)

The EPA does not publish a reference dose for
lead because toxicological effects can occur at low
concentrations in children. To protect against per-
manent neurological effects the Centers for Disease
Control and Prevention (CDC) recommends that
children’s (age one- to five-years old) blood-lead lev-
els (BLL) not exceed 5 µg/dL.(33) To predict BLL we
used the EPA’s Integrated Exposure Uptake Bioki-
netic Model for Lead in Children (IEUBK) Ver-
sion 1.1. The model only predicts BLL in children
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younger than seven-years old. We evaluated two ex-
posure scenarios in this risk assessment: children po-
tentially using artificial turf fields for soccer and other
sports (six- to seven-years old); and younger chil-
dren who may also use the field for nonsporting ac-
tivities (two- to six-years old). To calculate BLLs,
we used the maximum measured bioavailable lead
concentration of 260 mg/kg, a PM10 concentration of
33.4 µg/m3, exposure duration of three hours, and a
soil ingestion rate of 50 mg/day for both age groups.
No other sources of lead exposures were considered
and default age-specific ventilation rates were used.

3. ANALYTICAL RESULTS

3.1. SVOCs

There were some differences in the LOD based
on the mass of material extracted and the volume
used of each artificial fluid. A larger volume was used
for the digestive fluid because that is more represen-
tative of actual digestive tract conditions. In general,
the detection limits for the various SVOCs and PAHs
measured were between <0.1 mg/kg and <5 mg/kg,
<0.01 mg/kg and <0.5 mg/kg, and <0.1 mg/kg and <5
mg/kg for the sweat, lung, and saliva/gastric/intestinal
fluid, respectively. The full listings of the SVOC com-
pounds identified in each of the extracts of the turf
samples based on our search for library matches of
the mass spectra are given in supplemental materials.

For comparison with previous studies, 16 PAHs
were specifically targeted (Table II). With the ex-
ception of acenaphthylene and naphthalene, which
were just above their detection limits in a small num-
ber of samples, all PAHs quantified in this study
were below the LOD. In addition, several SVOCs,
which had previously been observed in other turf
studies and reported to be hazardous but not regu-
lated in soil, were specifically searched for (benzoth-
iazole, butylated hydroxyanisole, n-hexadecane, and
4-[tert-octyl] phenol).(12,34) Benzothiazole and 4-tert-
octyl phenol were found in the total extraction at 1.0
mg/kg and 0.2 mg/kg, respectively. The compound 4-
tert-ocyl phenol was present in the lung (0.2 mg/kg)
and sweat (1.0 mg/kg) biofluids. Although benzoth-
iazole was not detected in any the biofluids, 2.2
benzothiazole, a dimer of benzothiazole, was iden-
tified at the 10 mg/kg in the digestive fluid. In
addition, a similar compound Phenol, 2,5-bis(1,1-
dimethylethyl)—which is used as a UV stabilizer and

Table II. Maximum Concentration (mg/kg) of PAHs Specifically
Quantified in the Study

Compound Sweat Lung Digestive Total Extract

Acenaphthene <0.11 <0.05 <0.56 <0.03
Acenaphthylene <0.17 <0.09 <0.68 2.48
Anthracene <0.08 <0.04 <0.42 <0.02
Azobenzene <0.49 <0.24 <2.5 <0.12
Benzo[a] anthracene <0.31 <0.16 <1.7 <0.08
Benzo[a]pyrene <1.4 <0.74 <7.6 <0.37
Benzo[b] fluoranthene <1.2 <0.56 <6.4 <0.31
Benzo[k] fluoranthene <1.9 <0.69 <7.2 <0.34
Carbazole <0.35 <0.18 <1.9 <0.09
Chrysene <1.1 <0.54 <5.5 <0.27
Dibenzo[a,h] anthracene <2.0 <0.98 <10 <0.49
Fluoranthene <0.11 <0.06 <0.62 <0.03
Fluorene <.07 <0.03 <0.35 <0.02
Naphthalene <0.03 <0.02 <0.12 0.27
Phenanthrene <0.10 <0.05 <0.52 <0.02
Pyrene <0.10 <0.05 <0.52 <0.02

has environmental but no reported human toxicity—
was also present in the total extract at 10 mg/kg.

The total extraction protocol released more
organic compounds than were extracted by any in-
dividual biofluids. However, the amount of organic
material extracted varied greatly across the different
compounds. Of the three artificial biofluids, the arti-
ficial sweat fluid extracted more compounds, whereas
the least number of organic compounds were present
in the digestive fluid. This may be a result of the
digestive fluid’s acidic nature, though it did contain
the organic compounds mucin, urea, and pepsin. The
transfer between the different pHs, which was meant
to replicate the digestive process, could also precip-
itate some larger organic compounds or cause them
to adsorb to surfaces.

3.2. Metals

The range of metal concentrations (mg/kg) and
the number of samples below the LOD are shown in
Table III. The majority of the target metals in most
samples were below the LOD (63%) with field sam-
ples having a larger percentage of censored observa-
tions (71%) compared to the new infill (60%) and
new fiber samples (57%). Arsenic, beryllium, cad-
mium, selenium, and silver were below the LOD in
all or nearly all the samples for the artificial bioflu-
ids and the nitric acid digestion. Lead had the small-
est percentage of censored measurements (23%), fol-
lowed by titanium (32%), and vanadium (38%).
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Table III. Number and Range (mg/kg) of Metal Concentrations by Extract

New Infill New Fiber Field Sample

Metal n (< LOD) Range (mg/kg) n (< LOD) Range (mg/kg) n (< LOD) Range (mg/kg)

Sweat Biofluid Extract
Arsenic 9 (9) <0.50 7 (7) <0.10 7 (1) 1.4–1.7
Beryllium 9 (9) <0.20 7 (7) <0.20 7 (7) <0.20
Cadmium 9 (8) <0.090–0.11 7 (7) <0.030 7 (7) <0.20
Chromium 9 (0) 0.70–1.2 7 (0) 0.10–1.3 7 (1) 2.1–2.7
Copper 9 (5) <0.080–0.54 7 (0) 0.030–1.6 7 (1) 1.8–2.2
Lead 9 (0) 0.090–1.6 7 (0) 0.030–12 7 (1) <0.20–1.5
Magnesium 9 (2) <7.0–980 7 (0) 3.3–18 7 (7) <10
Selenium 9 (9) <1.9 7 (7) <0.60 7 (7) <0.70
Silver 9 (9) <0.10 7 (7) <0.060 7 (7) <0.70
Titanium 9 (0) 0.60–1.3 7 (0) 0.10–1.1 7 (0) 3.2–4.0
Vanadium 9 (0) 6.0–21 7 (0) 0.50–1.6 7 (0) 15–18

Digestive Biofluid Extract
Arsenic 6 (3) <0.10–0.48 7 (7) <0.040 7 (7) <3.0
Beryllium 6 (6) <0.40 7 (7) <0.40 7 (7) <0.40
Cadmium 6 (6) <4.0 7 (7) <0.30 7 (0) 2.5–11
Chromium 6 (6) <7.0 7 (6) <0.60–0.74 7 (7) <6.0
Copper 6 (2) <20–32 7 (6) <1.0–1.6 7 (7) <20
Lead 6 (0) 5.3–66 7 (3) <0.30–4.7 7 (0) 2.5–260
Magnesium 6 (5) <1000–4600 7 (7) <90 7 (7) <900
Selenium 6 (5) <0.90–1.5 7 (7) <0.10 7 (7) <2.0
Silver 6 (3) <0.20–0.23 7 (7) <0.20 7 (6) <0.40–0.90
Titanium 6 (6) <10 7 (7) <0.10 7 (7) <10
Vanadium 6 (6) <1.0 7 (3) <0.10–0.12 7 (7) <1.0

Lung Biofluid Extract
Arsenic 9 (9) <0.50 4 (4) <0.20 7 (7) <0.050
Beryllium 9 (9) <0.50 4 (4) <0.20 7 (7) <0.030
Cadmium 9 (9) <0.20 4 (4) <0.090 7 (7) <0.090
Chromium 9 (7) <0.20–0.66 4 (1) <0.090–0.12 7 (7) <0.050
Copper 9 (7) <0.40–0.58 4 (3) <0.2–2.0 7 (7) <0.20
Lead 9 (7) <0.20–0.26 4 (2) <0.02–0.61 7 (5) <0.020–0.023
Magnesium 9 (0) 650–970 4 (0) 77–300 7 (7) <100
Selenium 9 (9) <2.0 4 (4) <0.90 7 (7) <0.10
Silver 9 (9) <0.50 4 (4) <0.20 7 (7) <0.10
Titanium 9 (0) 1.5–6.7 4 (0) 0.20–0.96 7 (7) <0.40
Vanadium 9 (0) 0.65- 3.0 4 (0) 0.39–1.5 7 (7) <0.70

Nitric Acid Digestion
Arsenic 9 (8) <0.70–0.80 8 (5) <0.040–4.0 7 (7) <0.70
Beryllium 9 (9) <0.70 8 (6) <0.040–0.51 7 (7) <0.70
Cadmium 9 (7) <0.70–1.1 8 (8) <0.50 7 (7) <0.70
Chromium 9 (2) <0.70–16 8 (0) 0.34–820 7 (5) <0.70–0.92
Copper 9 (1) <0.70–36 8 (0) 0.69–110 7 (0) 8.8–59
Lead 9 (3) <0.010–17 8 (0) 0.53–4400 7 (0) 4.1–140
Magnesium 9 (2) <7.0–7800 8 (2) <30–12000 7 (3) <70–160
Selenium 9 (9) <1.0 8 (6) <0.10–2.9 7 (6) <0.60–1.3
Silver 9 (9) <10 8 (8) <8.0 7 (7) <10
Titanium 9 (1) <0.70–18 8 (0) 0.81–820 7 (0) 1.9–9.6
Vanadium 9 (3) <0.10–2.1 8 (8) <40 7 (1) <0.80–0.74
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Table IV. Repeated Measurements of Field Sample (mg/kg)

Nitric Acid Destructive
(50%) Extract Nitric Acid

Metal A B C A B C

Arsenic 0.800* 0.800* 0.800* 1.40 1.86 1.57
Beryllium 0.200* 0.200* 0.200* 0.100* 0.100* 0.100*
Cadmium 0.100* 0.144 0.22 0.446 0.455 0.452
Chromium 0.503 1.15 0.832 1.84 1.85 1.16
Copper 5.87 7.58 8.73 9.48 15.8 5.66
Lead 0.362 19.1 2.29 6.68 16.2 7.52
Magnesium 50.0 56.6 60.1 17.9 17.5 13.8
Selenium 0.800* 0.800* 0.800* 5.72 8.34 6.1
Silver 0.300* 0.300* 0.300* 0.200* 0.200* 0.200*
Titanium 4.12 6.07 3.09 16.7 15.1 19.2
Vanadium 0.338 0.387 0.300* 1.62 1.71 1.44

*Below the LOD.

Lead was detected in almost all field samples for
digestive, sweat, and total extraction fluids with di-
gestive fluid extract of one field sample as high as
260 mg/kg. Metal concentrations were not markedly
different across the three different sample types (new
infill, new fiber, field sample). However, one of the
new turf fiber samples contained relatively large con-
centrations of chromium (820 mg/kg) and lead (4400
mg/kg) compared to the other samples tested. In gen-
eral, chromium was not detected in the field samples,
with the majority of measurements below the LOD
(71%) across all three biofluids and total extracts.

Concentrations found in the different biofluids
extracts varied and were dependent on the individ-
ual metal and sample type. It was found that the ni-
tric acid (50%) extraction yielded lower amounts of
lead and cadmium than the digestive biofluids extract
for several samples. To investigate whether these dif-
ferences might be because of heterogeneity in the
infill and turf material, one field sample, which had
a two-fold discrepancy in lead loading between the
two methods, was analyzed in triplicate. Two differ-
ent extraction solutions were used—a 50% nitric acid
solution and a more rigorous, destructive nitric acid
method in which the infill material was completely
digested. The results are given in Table IV and indi-
cate that the variability of lead contained in the infill
material is large and can span more than two orders
of magnitude.

3.3. Risk Analyses

Based upon the above analytical results, risks
were calculated for metals that were detected in at

least 90% of the samples tested and had a refer-
ence dose. The estimated dermal (Table V), inges-
tion (Table VI), and inhalation (Table VII) dose for
each age strata was calculated and compared to the
reference dose. The quotient of estimated dose di-
vided by the reference dose was calculated and is
shown as the hazard quotient (HQ; Table VIII). A
HQ greater than 1 indicates the potential for an ad-
verse noncancerous health outcome. In general, for
each exposure route, the estimated dose was orders
of magnitude smaller than the reference dose. Across
all routes of exposure the greatest risk was for chil-
dren in the lowest age strata. Risk decreased as age
increased, with adults having a very small risk com-
pared to youngest age group evaluated.

Of all the exposure routes, dermal was gener-
ally found to be primary route of metal exposure.
However, all dermal HQs were three orders of mag-
nitudes less than 1. The inhalation route of expo-
sure was found to be inconsequential for all metals
because of poor solubility in lung fluid. The HQs
for dermal, ingestion, and inhalation exposures were
summed and presented in Table VI as the hazard in-
dex (HI). Like the HQ, a HI above 1 represents a po-
tential for adverse health outcomes. No metals quan-
tified in this study had a HI that approached 1 for any
age group.

Fig. 1 show the probability of a child having a
BLL ≥5 µg/dL at different lung and gastrointesti-
nal absorption rates using the maximum lead values
measured in any biofluid. At a 100% absorption rate
the probability of a child having a BLL ≥5 µg/dL
was 22.5% (six- to seven-years old) and 34% (two-
to seven-years old). At the EPA recommended gas-
trointestinal absorption rate (30%) and lung absorp-
tion rate (32%) there was less than a 0.5% chance of
child’s BLL exceeding 5 µg/dL.

4. DISCUSSION

The major driving force for this study was con-
cern over metal and SVOC exposures to adult ath-
letes and children using artificial turf fields. The ex-
traction procedures we used indicated that little of
the PAHs and SVOCs present in the new infill ma-
terial or field samples we collected were bioaccessi-
ble across the three biofluids used in this study. Al-
most every sample we tested was found to be below
the LOD for PAHs and none of the levels found in
the biofluids or the SPME total analysis exceeded the
New Jersey Department of Environmental Protec-
tion’s (NJDEP) soil cleanup criteria.(35) Therefore,



Bioaccessibility and Risk of Exposure to Metals and SVOCs 51

Table V. Dermal Reference Dose (RfD), Dermal Average Daily Dose, and Hazard Quotient (HQ) by Metal and Age Group

Age ≥6 to <11Years Age ≥11 to <16 Years Age ≥16 to <19 Years Age ≥19 Years

RfD* Dose Dose Dose Dose
Metal mg/kg-day mg/kg-day HQ mg/kg-day HQ mg/kg-day HQ mg/kg-day HQ

Arsenic 3.00E-04a 2.56E-07 8.53E-04 2.09E-07 6.97E-04 1.86E-07 6.20E-04 5.37E-08 1.79E-04
Cadmium 5.00E-05a 1.00E-09 2.00E-05 8.21E-10 1.64E-05 7.30E-10 1.46E-05 2.10E-10 4.21E-06
Chromium 7.80E-05a 1.35E-07 1.73E-03 1.11E-07 1.42E-03 9.86E-08 1.26E-03 2.84E-08 3.64E-04
Copper 2.70E-02b 1.10E-07 4.07E-06 9.03E-08 3.34E-06 8.03E-08 2.97E-06 2.32E-08 8.58E-07
Vanadium 2.60E-04c 9.02E-07 3.47E-03 7.39E-07 2.84E-03 6.57E-07 2.53E-03 1.89E-07 7.29E-04

*Dermal reference doses were derived from the product of the oral reference dose and the gastrointestinal absorption fraction.
aEPA Integrated Risk Information System chronic oral reference dose.
bEPA health effects assessment summary tables chronic oral reference dose.
cAgency for Toxic Substances and Disease Registry minimal risk levels intermediate oral dose.

Table VI. Ingestion Reference Dose (RfD), Ingestion Average Daily Dose, and Hazard Quotient (HQ) by Metal and Age Group

Age ≥6 to <11 Years Age ≥11 to <16 Years Age ≥16 to <19 Years Age ≥19 Years

RfD* Dose Dose Dose Dose
Metal mg/kg-day mg/kg-day HQ mg/kg-day HQ mg/kg-day HQ mg/kg-day HQ

Arsenic 3.00E-04a 2.10E-07 7.00E-04 1.18E-07 3.93E-04 9.33E-08 3.11E-04 3.34E-08 1.11E-04
Cadmium 1.00E-03a 7.70E-07 7.70E-04 4.31E-07 4.31E-04 3.42E-07 3.42E-04 1.22E-07 1.22E-04
Chromium 3.00E-03a 4.20E-07 1.40E-04 2.35E-07 7.83E-05 1.87E-07 6.23E-05 6.68E-08 2.23E-05
Copper 4.00E-02b 1.40E-06 3.50E-05 7.84E-07 1.96E-05 6.22E-07 1.56E-05 2.23E-07 5.58E-06
Vanadium 1.00E-02c 1.40E-07 1.40E-05 7.84E-08 7.84E-06 6.22E-08 6.22E-06 2.23E-08 2.23E-06

*Oral reference doses are from the following sources:
aEPA Integrated Risk Information System chronic oral reference dose.
bEPA health effects assessment summary tables chronic oral reference dose.
cAgency for Toxic Substances and Disease Registry minimal risk levels intermediate oral dose.

Table VII. Inhalation Reference Dose (RfD), Inhalation Average Daily Dose, and Hazard Quotient (HQ) by Metal and Age Group

Age ≥6 to <11 Years Age ≥11 to <16 Years Age ≥16 to <19 Years Age ≥19 Years

RfD* Dose Dose Dose Dose
Metal mg/kg-day mg/kg-day HQ mg/kg-day HQ mg/kg-day HQ mg/kg-day HQ

Arsenic 4.29E-06a 3.98E-11 9.29E-06 2.53E-11 5.90E-06 1.20E-11 2.81E-06 2.08E-11 4.86E-06
Cadmium 2.86E-06b 7.17E-11 2.51E-05 4.55E-11 1.59E-05 2.17E-11 7.58E-06 5.16E-13 1.81E-07
Chromium 2.86E-05c 3.98E-11 1.39E-06 2.53E-11 8.85E-07 1.20E-11 4.21E-07 2.87E-13 1.00E-08
Copper 2.86E-02d 1.59E-10 5.57E-09 1.01E-10 3.54E-09 4.81E-11 1.68E-09 1.15E-12 4.02E-11
Vanadium 2.86E-05b 5.57E-10 1.95E-05 3.54E-10 1.24E-05 1.68E-10 5.90E-06 4.02E-12 1.41E-07

*Inhalation reference doses were derived from the following reference concentrations:
aCalifornia EPA chronic inhalation reference concentration.
bATSDR chronic inhalation reference concentration.
cEPA reference concentration for chronic inhalation exposure.
dCalifornia EPA acute inhalation reference concentration.

the risk from long-term exposure would be consid-
ered insignificant for PAHs.

Two SVOCs, 4-tert-ocyl phenol and butylated
hydroxytoluene (BHT), were readily found in the
lung and sweat extracts. BHT has few reported ad-
verse toxicological effects and is used as a common

component of cosmetics and as a food additive.(36)

BHT and 4-tert-ocyl phenol are high volume produc-
tion compounds and are used in the formation of rub-
ber. They are currently not regulated or present in
the toxicological databases searched.(37,38) Therefore,
exposure to those compounds is not expected to be a



52 Pavilonis et al.

Table VIII. Hazard Index (HI) by Metal and Age Group

Age ≥ 6 to < 11 years Age ≥ 11 to < 16 years Age ≥ 16 to < 19 years Adult
Metal HI HI HI HI

Arsenic 1.56E-03 1.10E-03 9.34E-04 2.95E-04
Cadmium 8.15E-04 4.63E-04 3.64E-04 1.26E-04
Chromium 1.87E-03 1.50E-03 1.32E-03 3.87E-04
Copper 3.91E-05 2.29E-05 1.86E-05 6.44E-06
Vanadium 3.50E-03 2.86E-03 2.54E-03 7.31E-04
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Fig. 1. Lung and gastroinstestinal absorption percentage versus probablity of blood lead level (BLL) ≥5µg/dL for each age group.

hazardous above other common environmental ex-
posures.

Concentrations of the targeted SVOCs, includ-
ing PAHs, measured in the field samples in this study
were lower than levels that have been previously re-
ported for actual fields or artificial turf products.(9,39)

Zhang et al. (2008) quantified a similar group of
PAHs at eight turf fields across New York State.
They reported total PAH levels as high as 38.15
mg/kg in the total extract, whereas the highest total
PAH concentration in this study was 2.48 mg/kg.(9)

A second study investigating total PAH content in
unused crumb rubber material found concentrations
approximately an order of magnitude larger than our
study.(39) These differences in reported PAH concen-
trations may be because of the age of the fields sam-
pled, or differences in the new products that were
used in this study. In the New York State study,
the authors found a decrease in PAH concentrations
as the field age increased, with highest concentra-
tions found within a few months of the turf being
installed.(9) All fields sampled in this study were in-
stalled more than two years before sampling.

Metals were detected in a large number of bioflu-
ids and total extracts. Nevertheless, for almost all the
metals we evaluated the risk from exposure was small
and below EPA criterion. Excluding lead, all hazard
indices were three order of magnitude smaller than 1
across all age strata. Assuming exposure was an ad-
ditive function, the hazard associated with metal ex-
posure would still be inconsequential. Although can-
cerous health endpoints were not the focus of this
study, cancer risk was calculated for metals that had
cancer slope factors (arsenic, cadmium, chromium,
and lead). The risk of cancer from exposure to
all carcinogenic metals compounds was less than 1
chance in 1,000,000 and therefore risk was considered
negligible.

One field sample did contain a high lead level
(260 mg/kg) that was on the same order of mag-
nitude as the NJ DEP cleanup value (400 mg/kg).
Based on the National Health and Nutrition Exam-
ination Survey (NHANES) only 2.5% of children
(age one- to five-years old) in the United States have
BLLs exceeding 5 µg/dL.(33) Using the maximum
lead values obtained from the field measurements,



Bioaccessibility and Risk of Exposure to Metals and SVOCs 53

there was 2.5% probability that child’s BLL would
exceed 5 µg/dL at a lung and gastrointestinal
absorption rate of 55% in children six- to seven-years
old and 46% in children two- to six-years old. Al-
though these values are larger than the EPA rec-
ommended absorption rate (32% and 30% lung and
gastrointestinal, respectively) our study used artifi-
cial biofluids, which more closely estimate the metal’s
solubility in the body compared to total extraction
methods. Excluding the single high lead measure-
ment and using the mean lead levels of the six other
fields, there was a near 0% probability of a child’s
BLL exceeding 5 µg/dL. However, in both exposure
scenarios other sources of lead were not considered.
Because it is possible that children may be exposed
to potentially high concentrations of lead while using
artificial turf fields we recommend at a minimum all
infill and fibers should be certified for low or no lead
content before purchase and installation.

We observed a large range in lead measure-
ments within and between fields we sampled. When
the high lead field was resampled, all measurements
were found to be an order of magnitude smaller
than the initial measurement. This is likely because
of large amounts of variability in the composition of
the crumb rubber and not because of the analytical
methods. Previous studies have also found a large de-
gree of variability in lead measurements from artifi-
cial turf fields.(9,31) In North Carolina, the U.S. En-
vironmental Protection Agency sampled three fields
for lead multiple times. Total extractable lead con-
centrations in the crumb rubber infill ranged from
11 mg/kg to 61 mg/kg between samples, with up to a
four-fold difference within samples.(31) In New York
State, concentrations of lead were less than 6 mg/kg
in four field samples; however, one field had lead con-
centrations in excess of 50 mg/kg.(9) Based on results
from this study and others, the heterogeneity of the
turf and crumb rubber infill can be large and multiple
samples from the same field may be needed to accu-
rately characterize lead exposure.

One new fiber sample did contain large con-
centration of lead (4400 mg/kg) and chromium (820
mg/kg) that exceeded the NJ DEP soil cleanup lev-
els (400 mg/kg and 20 mg/kg, respectively). This find-
ing is consistent with another study that sampled turf
fibers for lead and found concentrations as large as
700 mg/kg.(31) It is likely that lead-chromate was used
as the colorization agent in the turf material, though
the Pb/Cr ratio was 5.38, which exceeds the theoret-
ical ratio of lead chromate of 3.98, which may be
suggestive of additional lead compounds present in

the pigment. The presence of lead and chromium in
a new turf material reinforces the need to indepen-
dently check new fiber materials for the presence
of lead-chromate paint before purchase and instal-
lation. Further, use of that type of coloring agent
should be banned from use in turf/infill. As the turf
material degrades from weathering the lead could be
released, potentially exposing young children.

This study adds to the growing volume of lit-
erature regarding potential exposure to metals and
SVOCs from synthetic turf fields. We sampled seven
fields, with varying age throughout NJ, as well as
unused crumb rubber and fiber samples. Our study
is unique in that it considered the bioaccessibility
of PAHs, SVOCs, and metals for dermal, ingestion,
and inhalation exposure using artificial body fluids
for various samples. Results from our study are con-
sistent and expand upon previous studies that have
found small concentrations of SVOCs and metals in
the infill and fiber material. In addition to quanti-
tative measurements we qualified the risk to metals
from chronic exposure across different age strata.

Limitations to this study include possible selec-
tion bias and the small number of fields analyzed
for comparisons. Because weathering and temper-
ature has been shown to influence concentrations,
field measurements may only be generalizable to ar-
eas and ages of fields similar to our study. In addition,
a large amount of variability was found between field
samples and different locales may use older or an-
other version of crumb rubber infill that contains dif-
ferent concentrations of compounds that may still be
a concern.

5. CONCLUSIONS

A comprehensive study was conducted to exam-
ine what could be extracted in biofluids from infill
and turf products that have been placed on fields
and the associated risk from metal and SVOC ex-
posure to children and adult athletes. The extrac-
tion procedures included total extraction for met-
als and SVOCs as well as synthetic sweat, lung, and
digestive fluids. Concentrations of PAHs were gen-
erally below the LOD for all targeted compounds.
The SVOCs identified based on library matches of
their mass spectra were not present in toxicological
databases evaluated and many are ubiquitous part
of consumer products. Similarly, the metal concen-
trations measured in field samples indicate that the
risk would be de minimus among all populations ex-
pected to use artificial turf fields. However, because
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there were detectable levels of lead, it is prudent to
reemphasize the need to avoid lead-based pigments
in these materials as coloring agents and ensure that
lead is not in the turf before purchase and installa-
tion. In the future, the types of bioaccessibility stud-
ies conducted as part of these experiments should be
completed for all new turf/infill products.
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