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a b s t r a c t

Waste molding and core sands from the foundry industry are successfully being used around the world
in geotechnical and soil-related applications. Although waste foundry sands (WFSs) are generally not
hazardous in nature, relevant data is currently not available in Argentina. This study aimed to quantify
metals in waste molding and core sands from foundries using a variety of metalebinder combinations.
Metal concentrations in WFSs were compared to those in virgin silica sands (VSSs), surface soils and soil
guidance levels. A total analysis for Ag, Al, Ba, Be, Cd, Co, Cr, Cu, Fe, Mg, Mn, Mo, Ni, Pb, Sb, Te, Tl, V, and
Zn was conducted on 96 WFSs and 14 VSSs collected from 17 small and medium-sized foundries. The
majority of WFSs analyzed, regardless of metal cast and binder type, contained metal concentrations
similar to those found in VSSs and native soils. In several cases where alkyd urethane binder was used,
Co and Pb concentrations were elevated in the waste sands. Elevated Cr, Mo, Ni, and Tl concentrations
associated with VSSs should not be an issue since these metals are bound within the silica sand matrix.
Because of the naturally low metal concentrations found in most WFSs examined in this study,
they should not be considered hazardous waste, thus making them available for encapsulated and
unencapsulated beneficial use applications.

Published by Elsevier Ltd.
1. Introduction

Foundries around the world use vast quantities of sand to make
metalcasting molds and cores (used to make cavities in molds). The
molding sands are created by combining virgin sands with binding
agents such as bentonite clay or organic resins. When bentonite
clays (e.g. sodium or calcium bentonite) are used as the primary
binding agent, the molding sands are then known as green sands.
Additional agents are often added to the green sand mixtures such
as bituminous coal and cellulosic materials to help produce
a reducing atmosphere during casting and prevent casting defects.
While green sands are the most commonly used molding system,
organic resin binders are almost exclusively used tomakemolds for
non-ferrous castings and cores. Commonly used resins are the
phenolic urethane, furan, and Novolac (Dungan and Reeves, 2005),
although natural binders such as protein-based (e.g. GMBOND), oils
: þ1 208 423 6555.
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(e.g. flaxseed, soybean), and polysaccharides (e.g. starch) are also
available (Carey, 2002; Roa, 2003; Yu et al., 2009).

Once a mold has been produced, molten metal is poured into it,
and after cooling the mold is broken apart to retrieve the casting.
Depending upon the foundry, the sands can be reclaimed and used
to make new molds and cores; however, at some point sand is
removed from the system to allow for replacement with new sand.
The waste sands are then often disposed of in uncontrolled land-
fills, sometimes at the foundries, or sent to controlled landfills. Due
to high tipping fees, the disposal of sands in controlled landfills is
an economic burden to foundries, especially as landfills reach the
end of their life expectancy. While there is economic advantage to
dispose of waste foundry sands (WFSs) in uncontrolled landfills,
this practice could potentially contribute to groundwater pollution
(Ham et al., 1987; Riediker et al., 2000; Miguel et al., 2009).

Although disposal regulations for WFSs do vary among coun-
tries, the majority of molding sands are not considered to be
hazardous in nature (Deng, 2009; Dungan and Dees, 2009;
Siddique et al., 2010). As a result, there are efforts underway in
countries like Argentina, Brazil, South Africa, and the United States
to beneficially use WFSs in geotechnical (e.g. concrete, asphalt,
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Table 2
Summary of the total metal concentrations in the virgin silica and waste foundry
sands.

Element Sanda Concentration (mg kg�1)b

Min Max Mean 50 %-ile 95 %-ile

Ag VSS0/14 <0.70 e 0.35 e e

WFS0/96 <0.70 e 0.35 e e

Al VSS14/14 310 807 571 569 802
WFS96/96 281 15,074 1611 805 6112

Ba VSS14/14 10.1 18.2 14.9 15.4 17.9
WFS96/96 7.14 115 17.6 13.8 40.2

Be VSS2/14 <0.07 0.20 0.05 0.04 0.16
WFS5/96 <0.07 0.64 0.05 0.04 0.08

Cd VSS5/14 <0.20 0.30 0.16 0.10 0.29
WFS40/96 <0.20 0.97 0.22 0.10 0.55

Co VSS13/14 <0.70 2.02 1.20 1.13 1.91
WFS92/96 <0.70 77.1 6.69 1.78 27.7

Cr VSS14/14 605 873 666 641 781
WFS96/96 297 931 613 600 818

Cu VSS14/14 2.03 8.61 6.06 6.27 8.03
WFS94/96 <0.5 303 13.9 5.62 37.7

Fe VSS14/14 5058 6940 5881 5922 6628
WFS96/96 4769 18,217 8038 6984 15,636

Mg VSS0/14 <0.20 e 0.10 e e

WFS31/96 <0.20 4002 190 0.10 1207
Mn VSS14/14 38.6 67.3 51.7 50.8 61.4

WFS96/96 34.2 202 68.7 60.2 131
Mo VSS14/14 5.57 13.2 9.15 8.75 13.1

WFS96/96 0.99 20.8 8.49 8.04 13.4
Ni VSS14/14 133 197 147 143 181

WFS96/96 40.8 260 137 138 175
Pb VSS0/14 <4.20 e 2.10 e e

WFS46/96 <4.20 647 51.4 2.10 265
Sb VSS7/14 <3.20 4.23 2.64 2.48 4.23

WFS45/96 <3.20 4.39 2.64 1.60 4.22
Te VSS0/14 <4.00 e 2.00 e e

WFS0/96 <4.00 e 2.00 e e

Tl VSS0/14 <12.0 e 6.00 e e

WFS0/96 <12.0 e 6.00 e e

V VSS14/14 4.06 7.32 5.87 5.87 7.16
WFS96/96 3.49 25.7 7.89 6.63 16.5

Zn VSS14/14 8.62 17.4 10.5 9.82 15.3
WFS96/96 6.06 171 21.2 13.1 57.9

a VSS, virgin silica sand; WFS, waste foundry sand; the numbers following the
abbreviations represent the number of detects above the MDL.

b Calculations based on setting sample concentrations < MDL at one half that
value.
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road-subbase) and agricultural (e.g. manufactured soils) applica-
tions (Lindsay and Logan, 2005; Siddique et al., 2009). Beneficial
use of WFSs preserves natural resources by decreasing the demand
for virgin materials, conserves energy and reduces greenhouse gas
emissions through reduced mining activities, and decreases the
economic and environmental burdens of disposal. Despite these
potential benefits, many regulators are reluctant to issue beneficial
use permits due to limited information about constituent concen-
trations in WFSs.

Because data are currently limited in Argentina, the purpose of
this study was to quantify total metals in waste molding and core
sands from foundries using a variety of metalebinder combinations.
To bring perspective to the results, the metal concentrations in the
WFSs were also compared to concentrations found in virgin silica
sands (VSSs) and surface soils and soil guidance levels. A specific
focus was placed on examining the metal concentrations in the
WFSs as related to the binder type, as some binder components are
suspected of causing elevated metals concentrations in the waste
sands. The information from this study will be useful to environ-
mental agencies as they develop beneficial use regulations forWFSs.

2. Materials and methods

2.1. Foundry sands

A total of 110 sand samples were collected from 17 small and
medium size iron, steel, aluminum, and bronze foundries located in
the province of Buenos Aires, Argentina. Of the total number of
samples, 96 were waste molding or core sands originally prepared
using either clay or chemical binders (Table 1) and were associated
with either iron, steel, aluminum, or bronze castings. For compar-
ative purposes, 14 VSSs were also obtained from the foundries
feedstock without further treatment other than drying. From the
sand piles, approximately 200 kg were initially obtained, which
was then reduced in size to 0.1 kg using a quartering method
(IRAM, 2003). The samples were then placed into acid-washed 60-
mL polypropylene containers and shipped to the USDA-ARS
Northwest Irrigation & Soils Research Laboratory in Kimberly,
Idaho, for subsequent analysis.

2.2. Total metal analyses

The sands were crushed in a ball mill (Model 2601, Cianflone
Scientific Instruments Corp., Pittsburgh, PA, USA) for 2 min to
reduce the particle size and promote sample digestion. Then, 0.25 g
of crushed sample was added to Teflon vessels along with 9 mL of
concentrated HNO3 and 3 mL of concentrated HCl for microwave-
assisted digestion (U.S. EPA, 2007) using a MARS 5 Microwave
Table 1
Binder systems associated with the waste foundry sands analyzed in this study.a

Binder system Binder components

Alkyd Urethane Linseed oil based alkyd urethane. Some proprietary binder comp
octanoates to enhance the curing velocity

Phenolic Phenolic containing resins included resole and furan. Resoles are
excess formaldehyde with phenol and the addition of a base catal
based resin made with an acid catalyst and either phenol-formal
additives depending upon the formula

Shell Phenol-formaldehyde based resin consisting of Novolac oligomer
heated in the presence of hexamethylenetetramine

Green Sand A mixture of sodium and/or calcium bentonite is used as the bin
include bituminous coal, cellulose, and water

Natural Binders Aqueous emulsion with a mixture of soybean oil, polysaccharide
Unknown Miscellaneous comingled waste sands

a 72 iron, 9 steel, 12 aluminum, and 3 bronze samples were collected.
b Only 2 of 23 sands were furan based.
Accelerated Reaction System (CEM Corp., Matthews, NC, USA). After
digestion, the samples were brought to 25 mL in volumetric flasks
with deionized water and then filtered using 0.45 mm poly-
propylene syringe filters. The filtrate was stored in 15 mL poly-
propylene tubes (Corning, Lowell, MA, USA) at 4 �C until analyzed
by inductively coupled plasma-optical emission spectroscopy for
Sand (%) Binder (%) No. of samples

onents contain Pb and Co 98e 99.2 0.8e2 28

prepared by a reaction of
yst. Furan is a furfuryl alcohol
dehyde and other chemical

98.5e98.8 1.2e1.5 23b

s that cross-polymerize when 97e98 2e3 17

der, but additional additives 85e90 10e15 14

s, reducing sugars, and water 97 3 9
e e 5
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the following metals: Ag, Al, Ba, Be, Cd, Co, Cr, Cu, Fe, Mg, Mn, Mo,
Ni, Pb, Sb, Te, Tl, V, and Zn. Quality control operations included the
digestion and analysis of blanks and standard reference material
2709 (San Joaquin Soil, National Institute of Standards and Tech-
nology, Gaithersburg, MD, USA).

3. Results and discussion

In this study, waste sands from ferrous and non-ferrous
foundries were analyzed for total metal concentrations to assess
Table 3
Breakdown of the total metal concentrations in the waste foundry sands by binder type

Element Sanda Concentration (mg kg�1)b

Min Max Mean 50 %-ile

Al VSS14/14 310 807 572 569
AU28/28 286 2973 863 721
PHL23/23 281 1823 622 554
SHL17/17 542 1870 1043 1014
GS14/14 864 15,074 5898 5840
NAT9/9 329 1689 871 898
UKN5/5 331 3270 1625 1267

Ba VSS14/14 10.1 18.2 14.9 15.4
AU28/28 7.14 23.8 13.9 14.2
PHL23/23 9.86 25.5 13.2 11.7
SHL17/17 8.47 23.6 13.4 13.1
GS14/14 9.89 115 39.3 33.8
NAT9/9 9.09 17.5 13.5 12.6
UNK5/5 11.7 30.7 18.1 17.1

Be VSS2/14 <0.07 0.20 0.05 0.04
AU0/28 <0.07 e 0.04 e

PHL5/23 <0.07 0.64 0.11 0.04
SHL0/17 <0.07 e 0.04 e

GS0/14 <0.07 e 0.04 e

NAT0/9 <0.07 e 0.04 e

UNK0/5 <0.07 e 0.04 e

Cd VSS5/14 <0.20 0.30 0.16 0.10
AU5/28 <0.20 0.45 0.13 0.10
PHL9/23 <0.20 0.35 0.18 0.10
SHL11/17 <0.20 0.60 0.31 0.26
GS10/14 <0.20 0.97 0.43 0.49
NAT1/9 <0.20 0.27 0.12 0.10
UNK4/5 <0.20 0.41 0.27 0.28

Co VSS13/14 <0.70 2.02 1.20 1.13
AU28/28 3.03 77.1 19.0 8.41
PHL22/23 <0.70 2.64 1.26 1.24
SHL15/17 <0.70 2.08 1.31 1.43
GS13/14 <0.70 3.90 2.23 1.97
NAT9/9 0.81 3.60 1.96 1.73
UNK5/5 0.77 5.22 1.88 1.13

Cr VSS14/14 605 873 666 641
AU28/28 480 931 630 609
PHL23/23 511 817 638 641
SHL17/17 468 851 640 657
GS14/14 297 695 505 515
NAT9/9 408 775 648 676
UNK5/5 423 664 543 553

Cu VSS14/14 2.03 8.61 6.06 6.27
AU26/28 <0.50 303 21.5 5.78
PHL22/23 <0.50 12.5 5.01 4.78
SHL17/17 3.22 43.7 8.75 5.35
GS14/14 4.70 45.9 18.5 13.2
NAT9/9 3.16 28.7 11.4 6.00
UNK5/5 1.52 62.0 21.5 18.6

Fe VSS14/14 5058 6940 5881 5922
AU28/28 4769 9416 6606 6331
PHL23/23 5371 11,262 7252 6617
SHL17/17 5707 17,075 8089 7259
GS14/14 5970 18,217 12,482 13,628
NAT9/9 5744 7582 6795 6878
UNK5/5 5609 12,592 9288 9419

a VSS, virgin silica sand; AU, alkyd urethane; PHL, phenolic; SHL, Shell; GS, green
abbreviations represent the number of detects above the MDL.

b Calculations based on setting sample concentrations < MDL at one half that value.
their potential for beneficial use. Most of the samples were
obtained from foundries that utilized either alkyd urethane (AU),
phenol-formaldehyde, or bentonite based binder systems. A
complete description of the binding agents associated with the
WFSs is listed in Table 1. During the casting process any added
organic additives and resins undergo thermal decomposition to
produce a number of volatile and non-volatile organic compounds
(Dungan and Reeves, 2005, 2007a). However, under most circum-
stances not all of the resin will undergo thermal decomposition;
thus, any original components of the resins will be retained by the
used.

Element Sand Concentration (mg kg�1)

Min Max Mean 50 %-ile

Mg VSS0/14 <0.20 e 0.10 e

AU7/28 <0.20 381 37.2 0.10
PHL1/23 <0.20 29.1 1.36 0.10
SHL5/17 <0.20 176 31.9 0.10
GS13/14 <0.20 4002 1131 1065
NAT4/9 <0.20 213 47.4 0.10
UNK1/5 <0.20 383 76.7 0.10

Mn VSS14/14 38.6 67.3 51.7 50.8
AU28/28 34.2 99.4 57.0 55.9
PHL23/23 41.8 110 62.5 54.1
SHL17/17 43.3 105 64.5 59.9
GS14/14 43.3 162 105 113
NAT9/9 45.3 66.3 55.0 53.6
UNK5/5 49.5 202 99.4 71.3

Mo VSS14/14 5.57 13.2 9.15 8.75
AU28/28 2.47 13.3 8.05 8.17
PHL23/23 3.37 14.6 8.81 9.58
SHL17/17 4.56 20.8 10.2 8.99
GS14/14 0.99 10.9 6.48 6.88
NAT9/9 5.61 12.1 8.50 8.07
UNK5/5 6.51 16.1 9.18 7.44

Ni VSS14/14 133 197 146 143
AU28/28 98.4 177 137 135
PHL23/23 121 257 152 146
SHL17/17 104 177 139 141
GS14/14 40.8 147 105 105
NAT9/9 105 177 144 148
UNK5/5 90.4 164 134 138

Pb VSS0/14 <4.20 e 2.10 2.10
AU28/28 35.6 647 163 66.1
PHL0/23 <4.20 e 2.10 e

SHL1/17 <4.20 7.22 2.40 2.10
GS10/14 <4.20 30.5 8.54 6.01
NAT6/9 <4.20 40.7 11.8 11.9
UNK1/5 <4.20 48.1 11.3 2.10

Sb VSS7/14 <3.20 4.23 2.64 2.48
AU8/28 <3.20 4.10 2.19 1.60
PHL14/23 <3.20 4.39 3.05 3.67
SHL6/17 <3.20 4.16 2.41 1.60
GS8/14 <3.20 4.26 2.92 3.50
NAT6/9 <3.20 4.32 3.12 3.64
UNK3/5 <3.20 4.02 2.51 1.60

V VSS14/14 4.06 7.32 5.87 5.87
AU28/28 4.11 12.1 6.43 5.58
PHL23/23 3.49 11.9 5.94 5.64
SHL17/17 5.89 11.2 8.17 8.23
GS14/14 4.89 25.7 14.7 15.3
NAT9/9 4.72 8.80 6.29 5.52
UNK5/5 4.43 15.7 7.81 6.04

Zn VSS14/14 8.62 17.4 10.5 9.82
AU28/28 6.06 171 21.3 12.2
PHL23/23 6.40 81.9 17.6 12.5
SHL17/17 8.11 27.8 13.6 12.2
GS14/14 11.1 58.4 36.5 35.5
NAT9/9 8.39 30.6 14.4 11.9
UNK5/5 8.85 84.8 32.2 21.9

sand; NAT, natural binders; UKN, unknown binder; the numbers following the
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sands (Dungan and Reeves, 2007b). While most resin components
are organic in nature, some phenolic resins are manufactured using
divalent metal salts (e.g. based on Cd, Co, Cu, Mg, Ni, Pb, and Zn) to
increase ortho orientation (Gardziella et al., 1999). Unfortunately,
the presence of heavy metals in the resins can potentially lead to
elevated concentrations within the WFSs (Miguel et al., 2011).

The total metal concentrations in the VSSs and WFSs are pre-
sented in Table 2. In the WFSs, 16 of 19 metals (Al, Ba, Be, Cd, Co, Cr,
Cu, Fe, Mg, Mn, Mo, Ni, Pb, Sb, V, and Zn) were detected in at least
one sample above the method detection limit (MDL). All WFS
samples (and VSSs) though were found to contain Ag, Te, and Tl
below the MDLs of <0.70, <4.0, and <12.0 mg kg�1, respectively. In
general, the mean metal concentrations in the WFSs were greater
than or equivalent to those found in the VSSs. This result demon-
strates that metals are being added to the sands when the resin
binders are used to make the molds and cores and/or during the
casting process. The largest difference in mean metal concentra-
tions between the WFSs and VSSs was noted for Al and Fe, which
can be attributed to the fact that waste sands were obtained from
foundries that cast these metals. The respective mean Al and Fe
concentrations in the VSSs were 571 and 5881mg kg�1, while in the
WFSs they were 1611 and 8038 mg kg�1. Magnesium, an additive
used in some ferrous metals (e.g. ductile iron), was also elevated in
the WFSs with a mean concentration of 190 mg kg�1 as compared
to 0.10mg kg�1 in the VSSs. Themean Cu concentration in theWFSs
(i.e. 13.9 mg kg�1) was about twice that found in the VSSs because
a few of the samples were obtained from bronze foundries. Bronze
is an alloy consisting mainly of Cu, thus a transfer of Cu from the
casting to the sand can be expected. Kendall (2003) found that sand
from a brass (alloy high in Cu and similar to bronze)mold contained
elevated Cu concentrations. While the maximum Cu concentration
in the WFSs was relatively high at 303 mg kg�1, the 50th and 95th
percentile concentrations were 5.6 and 38 mg kg�1, respectively,
indicating that the majority of WFSs are low in Cu (Table 2). Lastly,
the maximum Co and Pb concentrations in the WFSs were very
high at 77 and 627 mg kg�1, compared to 2.0 and <4.2 in the VSSs,
respectively. However, the respective 50th percentile concentra-
tions of these metals in the WFSs were only 1.8 and 2.1 mg kg�1.
Overall, the total metal concentrations in the WFSs are comparable
to those found in other studies of ferrous and non-ferrous waste
sands (Dungan, 2006; Dungan and Dees, 2009).

Table 3 presents the metal concentrations in theWFSs by binder
type. The green sands contained the greatest mean concentrations
of Al, Ba, Fe, Mg, Mn, and Zn at 5898, 39, 12,482, 1131, 105, and
37 mg kg�1, respectively. These metals are commonly found within
Table 4
Comparison of the mean metal concentrations in the virgin silica and waste foundry san

Element Mean concentration (mg kg�1)

VSS WFSa AU PHL SHL GS NAT UKN

Ag 0.35 0.35 0.35 0.35 0.35 0.35 0.35 0.35
Ba 14.9 17.6 13.9 13.2 13.4 39.3 13.5 18.1
Be 0.05 0.05 0.04 0.11 0.04 0.04 0.04 0.04
Cd 0.16 0.22 0.13 0.18 0.31 0.43 0.12 0.27
Co 1.20 6.69 19.0 1.26 1.31 2.23 1.96 1.88
Cr 666 613 630 638 640 505 648 543
Cu 6.06 13.9 21.5 5.01 8.75 18.6 11.4 21.5
Mo 9.15 8.49 8.05 8.81 10.2 6.48 8.50 9.18
Ni 147 137 137 152 139 105 144 147
Pb 2.10 51.4 163 2.10 2.40 8.54 11.8 11.3
Tl 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00
V 5.87 7.89 6.43 5.94 8.17 14.7 6.29 7.81
Zn 10.5 21.2 21.3 17.6 13.6 36.5 14.4 32.2

a Mean of all waste foundry sands concentrations, regardless of metal poured and bin
b Mean A-horizon concentrations from Smith et al. (2005).
c Soil screening levels from hazardous waste law 24.051 from the Argentinean Minist
ferrous and non-ferrous metals and become elevated within the
green sands as they are reclaimed within foundries. The maximum
metal concentrations were associated with green sand from
a ductile iron (also called nodular iron) foundry. The maximum Al,
Ba, and Mg concentrations of 15,074, 115 and 4002 mg kg�1,
respectively, is particularly interesting and was likely a result of the
ductile iron foundry using these metals to increase graphite
nucleation in the iron (Skaland, 2005). Despite the elevated
concentrations within the green sands, metal concentrations were
similar in most cases to those found in the VSSs, regardless of
binder type.

Although most WFS metal concentrations were similar to VSS
despite binder type, Co and Pb in the WFSs that used the AU binder
were elevated. Cobalt and Pb are present in octanoates, which are
used to accelerate the curing velocity of the molds and cores.
Depending upon the binder requirements of each foundry, Co and
Pb can range from 0.0007 to 0.004% and 0.006 to 0.029% per dry
weight of sand, respectively. The mean concentration of Co and Pb
found in the AU waste sands was 19 and 163 mg kg�1, with
maximum values of 77 and 647 mg kg�1, respectively (Table 3). In
the VSSs, the respective maximum Co and Pb concentrations were
relatively low at 2.0 and <4.2 mg kg�1. The mean Cu concentration
was also slightly elevated in the AU waste sands, with a maximum
concentration of 303 mg kg�1. As discussed previously, this is
related to the fact that some samples were obtained from a bronze
foundry. Other than the AU waste sands, our results suggest that
binder type does not generally influence the metal concentrations
in the WFSs.

Waste sands from the foundry industry are a valuable byproduct
with proven benefits when used as an aggregate replacement in
agricultural and geotechnical applications (Jing and Barnes, 1993;
Leidel et al., 1994; Partridge et al., 1999). Despite these benefits, the
beneficial use WFSs has been constrained by many local and state
governments due to uncorroborated concerns over potential
contamination with metals. However, recent research has shown
that the majority of foundry sands are a low contaminate waste
with a low leaching potential when beneficially used in unencap-
sulated applications (Guney et al., 2006; Deng and Tikalsky, 2008;
Stehouwer et al., 2010). Table 4 presents a comparison of mean
concentrations of critical trace metals in WFSs and North American
surface soils to soil screening levels (SSLs) used in Argentina. These
metals, in some cases, can be harmful to human and animal health
if found at elevated concentrations in the environment (Adriano,
2001). When compared to native soil concentrations, the mean
metal concentrations in the various WFSs were similar in most
ds to values in North American surface soils and Argentinean soil screening levels.

U.S. and Canadian
soils (mg kg�1)b

Soil screening levels in Argentina (mg kg�1)c

Agricultural Residential Industrial

<1.0 20 20 40
530 750 500 2000
1.34 4 4 8
0.33 3 5 20
8.93 40 50 300
71.3 750 250 800
14.4 150 100 500
1.03 5 10 40
34.1 150 100 500
22.1 375 500 1000
0.47 1.0 e e

59.6 200 200 e

58.0 600 500 1000

der type.

ry of Environment and Sustainable Development (1993).
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cases. While mean Cr, Mo, Ni, and Tl concentrations in the WFSs
were substantially higher than found in the surface soils, this can be
attributed to the fact that the VSSs contain naturally elevated
concentrations of these metals. The mean Co and Pb concentrations
in the AUwaste sands were also 2.1 and 7.2 times higher than found
in the soils, respectively. When mean WFS concentrations were
compared to SSLs for agricultural applications in Argentina they
were found to be lower, except in the case of Mo and Tl. The agri-
cultural SSLs for Mo and Tl are 5 and 1 mg kg�1, respectively, and
there are no residential and industrial SSLs for Tl. All of theWFSMo
concentrations were at or below the residential SSL of 10mg kg�1. If
metal concentrations in the WFSs are below SSLs, the Argentinean
Secretariat of Environment and Sustainable Development should
consider them as non-hazardous waste.

4. Conclusions

Our results demonstrate that the majority of WFSs analyzed in
this study, regardless of metal cast and binder type, contain metal
concentrations similar to those found in virgin sands and native
soils. In cases where AU binder was used, Co and Pb concentrations
were elevated in the waste sands. Thus, to avoid contamination of
WFSs with these metals, foundries should be encouraged to use
alternative binder systems with lower metal concentrations. The
elevated Cr, Mo, Ni, and Tl concentrations associated with the
virgin sands should not be an issue since these metals are bound
within the silica sand matrix. If regulatory agencies do take issue
with these metals, however, foundries could purchase source
sands with lower concentrations. The fact that Al, Ba, Fe, Mg, Mn,
and Zn concentrations were elevated in the green sands when
compared to the VSSs is of little concern, as these metals are at
naturally high concentrations in native soils (Shacklette and
Boerngen, 1984) and are not associated with environmental degra-
dation under normal soil conditions (Chaney and Codling, 2005). In
fact, Al, Fe and Mn oxides are important sinks for trace metals in
soils and byproduct-amended soils (Basta et al., 2005). Because of
the naturally low metal concentrations found in most WFSs exam-
ined in this study, it is likely they could be beneficially used in both
encapsulated and unencapsulated applications without detriment
to human and environmental health.
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