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Using ICP-SMS and the clean lab methods and procedures developed for determining trace element
concentrations in polar snow and ice, a lower limit of detection (LOD) of 30 pg l1 for Sb and 5 pg l1 for
Sc was achieved, allowing the natural abundances of Sb and Sc to be measured in pristine groundwaters.
Water samples were collected from natural ﬂows and wells between Elmvale and Wyevale in Springwater
Township, Ontario, Canada. The water in this region is derived from chemical reactions between meteoric
ﬂuids and the Quaternary sediments which cover the bedrock (dolomitic limestone) to depths of more than
100 m. The chemical composition of these waters (pH 8) is primarily a reﬂection of reactions between the
percolating ﬂuids with calcite and dolomite. The maximum concentration of Sb was 5.0 ng l1, and the
average of all samples collected was 2.2  1.2 ng l1 (n = 34). The average concentration of Sc was 8.6 
4.7 ng l1 (n = 28). The paucity of published Sb concentration data available for comparison is probably
because most of the analytical methods commonly used to date, including GFAAS, HG-AAS, HG-AFS,
INAA, and ICP-QMS, have lower limits of detection which are inadequate for reliably determining the
natural abundance of Sb in many uncontaminated groundwaters. Also, the measurement of extremely low
concentrations of Sb requires extra care to avoid possible contamination. Given the extensive use of Sb in
plastics, we show that some of the containers used to collect and store samples, and for handling and
preparing samples for chemical analyses, may be important sources of contamination in the laboratory. The
Sb and Sc concentrations reported here should serve as reference values for this region, against which
contamination by various human impacts in future could be compared.

Introduction

DOI: 10.1039/b509352j

One of the main goals of environmental geochemistry is to
understand in a quantitative way the eﬀects of human activities
on the geochemical cycles of the elements. This objective
cannot be met unless the natural geochemical cycle of the
element under consideration is clearly understood. With respect to the environmental geochemistry of Sb, there have been
remarkably few studies, compared to most other potentially
toxic trace metals, and the contemporary signiﬁcance of this
element appears to have been underestimated by a considerable
margin.1 There are many gaps in our knowledge of the
geochemical cycle of Sb,2 one of them being the fate of Sb in
the hydrocycle.
Antimony is one of the elements commonly enriched in
leachates from landﬁlls. This topic has been studied in some
detail by Looser et al..3 who reported Sb concentrations in
leachates from landﬁlls in Switzerland. The maximum concentrations of Sb in the leachates were as follows: rural and urban
landﬁlls, ca. 1 mg l1; industrial landﬁlls, ca. 300 mg l1; ‘‘codisposal’’ landﬁlls containing both urban and industrial wastes,
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ca. 10 mg l1. The groundwaters which are impacted by these
leachates contain several hundred ng l1 of Sb.3 To put these
values into perspective, however, the natural abundance of Sb
in pristine waters is also needed, for comparison. Attempts to
measure Sb in uncontaminated groundwaters failed;3 even
though a double-focussing sector-ﬁeld ICP MS was used, the
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limit of detection (LOD) for Sb was 100 ng l1 which was too
high for this purpose.
In the comprehensive compilation and review of the occurrence of Sb in natural waters,4,5 there are remarkably few data
published for pristine groundwaters. The data available to
date, derived mainly from early work using pre-concentration
techniques and neutron activation analyses, range from tens to
hundreds of ng l1, with the lowest reported value in groundwaters being 10 ng l1.4 More recently, Sb has been reported in
a range of uncontaminated groundwaters.6,7 In a study of more
than 1600 groundwater samples collected from areas of crystalline bedrock of Norway, Sb concentrations ranged from o2 ng
l1 up to a few mg l1.6 From Fig. 7 of that publication, the
median concentration of Sb appears to be approximately 30 ng
l1. The range in Sb concentrations reﬂects the geological,
mineralogical, and hydrological diversity of the terrain which
they investigated. In a more recent investigation of 138 samples
of well water from Ethiopia,7 the median Sb concentration
was 28 ng l1 Sb, with a range of o2 ng l1 to 1.28 mg l1.
In both of these studies, the LOD obtained using ICP-QMS
was 2 ng l1, and this was found to be inadequate for many of
the samples in both studies. Taken together, the results from
these most recent studies show that quantitative determinations of Sb concentrations in pristine groundwaters require
lower limits of detection which will allow Sb to be measured
reliably at concentrations below 2 ng l1. At such extremely
low concentrations, not only is analytical sensitivity a considerable challenge, but sample contamination is also a serious
concern.
Compared to Sb, there is even less Sc data available for
comparison. Scandium is one of the most sensitive elements
which can be measured using neutron activation analysis,8 and
10 ng l1 has been given as a typical concentration for freshwaters.9 Recent attempts to measure Sc concentrations in
groundwaters using ICP-QMS have failed6 because of the
number of molecular interferences in the mass spectrum.
However, using high mass resolution provided by ICP-SMS,
all of these molecular interferences can be overcome,10 and this
should allow Sc to be measured quantitatively down to extremely low concentrations.
Recently, clean lab methods and procedures were developed
to allow both Sb and Sc to be determined in polar snow and ice
from the Canadian arctic.11,12 Using ICP-SMS with a high
eﬃciency, desolvating sample introduction system (APEX Q),
a LOD of 30 pg l1 was achieved for Sb, and 5 pg l1 for Sc.13
With the help of this instrumentation and clean lab protocols,
we now report the natural abundance of Sb and Sc in some
pristine groundwaters from Springwater Township, Ontario.
The locations which were sampled include those which have
been selected for the construction of a municipal waste disposal
site (Site 41), in an area of groundwater discharge.14 The main
objective of this study is to determine the natural abundances
of Sb and Sc in the groundwaters of this region, in their pristine
condition, to provide a reference level against which any
changes in future can be compared. A second objective is to
illustrate some of the risks of Sb contamination to water
samples by plastic containers and handling equipment commonly available in most laboratories.

Materials and methods
The waters were collected from natural ﬂows and wells between
Elmvale (44135 0 00 0 0 N, 79151 0 57.0 0 0 W) and Wyevale (44139 0
13.8 0 0 N, 79155 0 34.4 0 0 W), in Springwater Township, Ontario,
Canada (Fig. 1a). This area of Simcoe County, approximately
120 km north of Toronto, was occupied by the native Wendat
(Huron) people until ca. 1650; by this time, they had been
eliminated by disease introduced by the French arrival in 1603,
and war with their rivals from the Five Nations.15 The area
remained a wilderness until ca. 1850 when European settlers

arrived and began to clear the forests and cultivate the land for
farming.16 The area has remained agricultural ever since, and
there is eﬀectively no industry. Agriculture and related occupations, retail and commercial services, and recreation and tourism are the dominant sectors of the local economy. This region
contains an abundance of groundwater, giving rise to the
appellation Springwater Township. These waters are the
source of many of the streams and lakes in the area, and
ultimately ﬂow into Georgian Bay of Lake Huron, one of the
Great Lakes.
Part of the St. Lawrence Platform, this region of southern
Ontario is underlain by Ordovician limestones and dolostones.17 The dominant physiographic zones are the Simcoe
Lowlands and the Simcoe Uplands.18 Once part of glacial Lake
Algonquin, the surﬁcial deposits of the Lowlands (2816 km2)
consist of a clay plain made up of glacial drift which covers the
bedrock to depths of more than 100 m. The Elmvale Clay Plain
(Fig. 1b) is a typical feature of the lowlands.18 Here, where we
collected our samples (Fig. 1b), many of these ﬁne-textured
soils are imperfectly drained and the water table is close to the
soil surface. In the vicinity of Site 41, soils consisting of silty
clays and clayey silts extend to depths of ca. 5 to 15 m, but are
underlain by several metres of permeable sand which constitutes a conﬁned aquifer; these materials, in turn, overlie ca. 80
or 90 m of glacial till.14 This is an area of groundwater
discharge: the water in the sand aquifer below the clay soils
are under pressure, giving rise to upward gradients and many
natural ﬂows and springs.
In contrast, the Uplands (1024 km2) represent the recharge
area (Fig. 1b). The uplands are characterised by a rolling
topography, up to 70 m higher than the clay plain below, with
a series of broad curved ridges separated by steep-sided, ﬂatﬂoored valleys. The uplands are encircled by numerous shorelines, indicating that they were islands in glacial Lake Algonquin.18 The till in the uplands consists mainly of Precambrian
bedrock derived from the Canadian Shield further to the
north. Containing boulders, gravel and sand, these materials
are highly permeable, and streams are rare. Here the soils
are not only well drained, but they contain less carbonate
and are moderately acidic. With respect to the ﬂows and
wells which we have studied (Fig. 1b), the recharge area for
the Wyevale samples, taken adjacent to Site 41, is believed
to be in the uplands centred around Waverley (44138 0 28.8 0 0 N,
79149 0 21.8 0 0 W).
The climate of the region can be summarised using the data
available for the cities of Barrie and Midland (Fig. 1b). During
1971–2000, Midland had an average annual temperature of
6.8 1C and 1067.1 mm of precipitation (321.9 mm as snow).
For Barrie, the corresponding values are 6.7 1C and 938.5 mm
of precipitation (238.4 mm as snow).
Water samples from the aquifer at Site 41 were collected
between 1999 and 2002 from boreholes and yielded the following average values: pH 8.0, 182 mg l1 carbonate alkalinity,
major element cations and anions (mg l1) Ca 47.6, Mg 17.6, Sr
5.0, Na 6.4, K 3.6, SO42 17.9, Cl 1.2, DOC 1.1.19
Sample collection
The water samples collected for this study were collected from
the stations listed in Table 1 during 2004 and 2005. The
samples collected during 2004 were part of a preliminary study
of the waters from this region, and employed a single sample
from each site. The samples collected in 2005 at the Old
Johnson Farm and the ﬂow from the ﬁeld at the Parnell farm
are more representative of the waters in this area as they consist
of a number of replicates (Table 1). Wearing polyethylene
gloves, samples were collected directly into acid-cleaned, 100
ml low density polyethylene (LDPE) bottles to which high
purity HNO3 (100 ml) had already been added. This acid is
produced in-house, puriﬁed twice by sub-boiling distillation,
J. Environ. Monit., 2005, 7, 1238–1244
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Fig. 1 (a) Location of Springwater Township, Ontario, Canada. (b) Location of sampling sites. The hatched area corresponds to the Elmvale Clay
Plain (Chapman and Putnam, 1966) which is an area of groundwater discharge. The stippled areas are part of the Simcoe Uplands and represent an
area of groundwater recharge. The solid diamond (~) shows the location of the ﬂow beside County Road 27, the heart ( ) the location of the Old
Johnson Farm; these are the ‘‘Elmvale’’ samples. The solid triangle (m) shows the approximate location of the ‘‘Wyevale’’ samples which were
collected adjacent to Site 41.

and has an average Sb concentration of o30 pg l1. Addition
of 100 ml of this acid to 100 ml of water from the old Johnson
Farm (Table 1) reduced the pH to 1.7 which is suﬃcient to
stabilise the trace metals until the samples could be measured.
To minimise the risks of contamination, none of the water
samples were ﬁltered.
The ﬂow beside County Road 27 (Elmvale) and the ﬂow in
the Parnell ﬁeld (Wyevale) run continuously. At these sites,
therefore, there is no concern about leaching of Sb from the
steel pipes used to channel the ﬂow of groundwater to the
surface; also, these water delivery systems do not employ any
valves. The ﬂow at the Old Johnson farm (Elmvale) also runs
continuously, but was sampled from a brass faucet. Samples
were collected from this source in July of 2005 after allowing
the water to ﬂow for 0, 5, 10, 15, 30, 60, and 120 min. The ﬁrst
sample taken (0 min) contained 16.3 ng l1 Sb; all the other
samples contained r2.0 ng l1 Sb. The ﬁrst sample also
contained elevated concentrations of Cu, Zn, and Pb, and it
is assumed that the elevated Sb in this ﬁrst sample reﬂects
either the inﬂuence of the brass tap or the solder used to attach
it to the pipe. Because all of the other water samples collected
from this source were collected after the water was allowed to
1240
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run for at least 5 minutes, prior to sample collection, we have
every conﬁdence that the measured Sb concentrations reported
for the 2005 samples reﬂect the original abundance of this
element in the water. The water samples collected from the
rural households in the Wyevale area were also allowed to run
prior to sampling. Given that comparable Sb concentrations
were found in samples from continuous ﬂows and from the
households sampled, it appears unlikely that solder which
might have been used to connect the plumbing20 has contributed signiﬁcant Sb to the household samples.
Water samples were packed into two (2004) or three (2005)
ziplock plastic bags and kept refrigerated until they could be
transported to the laboratory in Germany for analyses. For
transport, they were placed into an insulated plastic box
containing freezer packs and shipped airfreight; the samples
were still cool when they arrived at the lab.
For comparison with the groundwaters, samples of surface
water were also collected from the spring which feeds a small
swamp (44138 0 13.0 0 0 N, 79152 0 15.2 0 0 W), adjacent to Site 41, as
well as Macdonald Creek which drains the swamp; this creek
was sampled downstream from Baseline Road (44139 0 02.8 0 0 N,
79152 0 36.4 0 0 W).

Table 1

Abundance of Sb and Sc in the pristine groundwaters from Springwater Township

Sample

Date of collection

Depth/m

Sb/ng l1a

Old Johnson farm (44136 0 15 0 0 N, 79152 0 57 0 0 )
Old Johnson farm
Old Johnson farm
Old Johnson farm
Leonard household
Greidanus householdc
Nahuis household
Parnell farm (continuous ﬂow, in ﬁeld)
Parnell farm
Lot 5, Concession 9, County Rd. 27
(continuous ﬂow, adjacent to highway)
Swamp
Macdonald Creek

August, September, October 2004
1 April 2005
26 July 2005
7 September 2005
24 September 2004
7 October 2004
7 October 2004
7 October 2004
1 April 2005
1 January 2005

Unknown
Unknown
Unknown
Unknown
19
80
25
Unknown
Unknown
56d

4.4
1.4
1.9
2.1
5.0
3.4
1.4
4.0
1.9
1.8

7 October 2004
7 October 2004

Surface
Surface

12.4
23.4






1.4
0.4
0.1
0.1

(n
(n
(n
(n

Sc/ng l1b
=
=
=
=

3)
6)
6)
3)

 0.7 (n = 6)
 1.1 (n = 6)

14.4  2.1 (n = 3)
9.0  2.9 (n = 6)
4.7  0.6 (n = 6)
4.5  0.2 (n = 3)
14.4
17.2
19.5
13.9
6.2  2.4 (n = 6)
N/A
11.5
18.9

LOD = 30 pg l1. b LOD = 5 pg l1. c Chemical composition on 31.5.03 as follows: pH 8.05, 186 mg l1 alkalinity (as CaCO3). Major elements
(mg l1) 37.4 Ca, 18.8 Mg, 8.2 Na, 2 K, 11.6 SO42, 0.6 DOC, o0.5 Cl. N/A not available. d Described in the Water Well Record by the Ontario
Ministry of Environment as follows: 0–1 m, top soil; 1–6.7 m, brown clay; 6.7–34.7 m, blue clay; 34.7–55.5 m, silty sand; 55.5–56.5 m, sand and
gravel. Casing is 16 cm id and ﬂow is ca. 1 l s1.
a

Determination of Sb in groundwaters using ICP-SMS

Determination of Sb in plastic using INAA

All cleaning procedures and sample manipulations were carried out in clean benches of US class 100 with the operator
wearing PE gloves. The 100 ml LDPE bottles and screw caps
used for the collection of waters were initially rinsed ﬁve times
with high purity water (18.2 MO cm) supplied from a MilliQElement system (Millipore, MA, USA). Thereafter the bottles
were ﬁlled with 10% nitric acid for 3 weeks. This acid had been
prepared in-house and was distilled twice by sub-boiling, using
a commercial instrument made of high purity quartz (MLS,
Leutkirch, Germany). Similarly, the screw caps were submerged into 10% HNO3 and left in the clean bench for 3
weeks, before both the bottles and the caps were again rinsed
with high purity water and ﬁlled with 1% HNO3 for another
week. Subsequently, the bottles and caps were rinsed again ﬁve
times with high-purity water and dried in the clean bench
overnight, before adding 100 ml high purity HNO3 to the
bottles and sealing the bottles with the screw cap. For practical
reasons and to reduce the risk of contamination during sampling, the acid was added to each bottle in the lab. Bottles
containing acid were then packed individually in plastic bags,
and sealed for transport to the ﬁeld.
The average concentration of Sb in 15 independent blank
solutions containing 0.5% HNO3 was 43  10 pg l1 and
mainly reﬂects the contribution of Sb from the high purity
water and not that of the acid. Analyses of diﬀerent HNO3
concentrations (0.5%, 1%, 2%, 5%, 10%) produced comparable signals, i.e. increasing acid concentrations had no detectable inﬂuence on the Sb signal intensity. Therefore, Sb
contributions from HNO3 are below the detection limit of
30 pg l1.
Antimony and Sc were determined in the waters using
inductively coupled plasma—sector ﬁeld mass spectrometry
(ICP-SMS) applying ultra-clean techniques as previously
adapted for the determination of trace elements in polar
ice.13 To this end, a high eﬃciency, desolvating sample introduction system (APEX Q; ESI, Omaha, NE, USA) including a
low ﬂow PFA nebulizer (ESI) operated in the self-aspirating
mode, was employed. Details about instrument settings, acquisition and evaluation parameters are given elsewhere.13
For quality control purposes, SLRS-4, a certiﬁed, standard
reference material (river water) was analyzed twice. The measured concentrations of Sb (245  9 ng l1) and Sc (10.1  0.6
ng l1) agree well with the certiﬁed (Sb: 230  40 ng l1) and
reference values (Sc: 11.3  0.6 ng l1 according to ref. 12),
respectively.

Selected specimens of plastic were measured for Sb concentrations using instrumental neutron activation analysis at
ACTLABS, Ancaster, Ontario, Canada, prior to collection
of the water samples.
Determination of Sb in HCl dispensed from a glass bottle using
HG-AFS
The release of Sb from a plastic dispenser was evaluated using
hydride generation-atomic ﬂuorescence spectrometry (HGAFS). For the determination of Sb by HG-AFS, an aliquot
(30 ml) of the sample was transferred into a 50-ml PE volumetric ﬂask. One ml of L-cysteine (50 g l1) solution was added
before it was ﬁlled up to 50 ml with 10 mol l1 HCl. Stibine was
generated in a continuous ﬂow system using NaBH4 (1.0%,
m/v) solution (stabilized with 0.04% m/v NaOH) and 4 mol
l1 HCl as carrier solution. The analyte solution (ﬂow rate:
9 ml min1) and carrier solution (NaBH4 ﬂow rate: 4.5 ml
min1 and HCl ﬂow rate: 9 ml min1) were simultaneously
pumped into the sample valve for mixing.21

Results and discussion
Abundance of Sb in pristine groundwaters from Springwater
Township
The maximum concentration of Sb found was 5.0 ng l1 (Table
1), and the average of all samples collected was 2.2  1.2 ng l1
(n = 34). The average concentration of Sb in these waters,
however, is ca. two orders of magnitude greater than the LOD
(0.03 ng l1). The methods and procedures employed here,
therefore, are certainly capable of reliable measurements of Sb
concentrations in pristine groundwaters. These Sb values
provide a reference level for the waters of this area, against
which any changes in future can be compared. With Sb
concentrations in landﬁll leachates3 up to ﬁve orders of magnitude greater than the natural background abundance of Sb in
the pristine groundwaters of Springwater Township (r5 ng
l1), Sb should provide a useful basis for monitoring any
changes to the quality of these groundwaters in future.
A comparison of the abundance of Sb in these waters with
the LODs which have been obtained using other analytical
procedures indicates that previously published methods are not
capable of directly measuring Sb reliably at these low concentrations (Table 2). Even using ICP-QMS, the lowest LODs
reported to date (2 ng l1) are clearly inadequate, given that the
J. Environ. Monit., 2005, 7, 1238–1244
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Table 2 Lower limits of detection for various analytical methods and
procedures used to determine concentrations of Sb (ng l1) in waters

Analytical method
INAA after PbS
precipitation
ICP-QMS
GFAAS
ICP-QMS
HR-ICP-MS
HR-ICP-MS
ICP-QMS after
pre-concentration
HG-AFS
ICP-QMS
HG-AFS
ICP-QMS
ICP-QMS
ICP-QMS
ICP-SMS

LOD,
Sb/ng l1

Reference

1000

Majola and Zikovsky

1000
300
120
100
60
20

McCarty et al.35
Filho et al.36
Dabeka et al.23
Looser et al.3
Cheng et al.37
Lee et al.38

20
10
8
2
2
2
0.03

22

Sun et al.39
Naohara40
Chen et al.21
Misund et al.24
Frengstad et al.6
Reimann et al.7
This study

average abundance of Sb in these waters is only 2.2  1.2 ng l1
(n = 34). The minimum concentration of Sb found in the
waters described here was 0.9 ng l1 (in a sample from the Old
Johnson Farm), and reliable measurements of Sb require
LODs which are at least a factor of ten lower than this. Any
published values of Sb in uncontaminated natural waters at
concentrations approaching the LOD, therefore, should be
viewed with caution.
Risks of Sb contamination by plastics commonly used in the
laboratory
All of the plastic bottles used in this study, as well as their lids,
contain Sb in concentrations below the limit of detection of 0.1
mg g1 provided by INAA. However, the red lid from a plastic
jar designed for urine samples was found to contain 106 mg g1
of Sb. The HCl used for HG-AFS analyses was found to contain
approximately 21 ng l1 Sb when it was sampled directly from
the glass bottle. However, the Sb concentrations obtained in
HCl from the same bottle via the plastic dispenser were up to
3810 ng l1. These two simple examples illustrate the risks of
sample contamination in measuring Sb concentrations at trace
and ultratrace concentrations from the plastics commonly
found in most laboratories. Given the extremely low concentrations of Sb in pristine groundwaters, such as those described
here, there is a clear need for scrupulous contamination control,
and blank values from plastics must duly be considered.
All of the water samples collected from the Old Johnson
Farm in 2005 (April, July, and September) were kept refrigerated until they could be measured. All of the ICP-SMS
determinations were performed during the week of October
10–14, 2005. The average concentrations of Sb in these samples
(Table 1), however, does not reﬂect their time of storage (6, 3,
and 1 month, respectively). Subsequent to sample collection,
therefore, leaching of Sb from the acid-cleaned LDPE containers used in this study, was negligible.
Sb in bottled natural waters
For comparison with the data presented here, there has been a
number of reports of Sb in bottled natural waters. In a study of
trace element concentrations in bottled waters from Canada,
the US, Europe, and Africa, a median Sb concentration of 2 mg
l1 and a range of 1 to 50 mg l1 was reported.22 Some of these
values exceed the Maximum Allowable Concentration (MAC)
set by the World Health Organization (WHO) of 5 mg l1.
However, the data are close to the limit of detection of the
method which they employed (INAA after precipitation with
1242
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PbS) and are not considered further here. A more recent study
of bottled waters sold in Canada23 reported much lower values:
42 mineral waters averaged 0.32 mg l1, 102 springwaters
averaged 0.30 mg l1, and 11 tap waters 0.17 mg l1; the limit
of detection (ICP-QMS) was 0.12 mg l1. All of these values are
high, relative to the average abundance of Sb in pristine
groundwaters reported here (2.2  1.2 ng l1). In a study of
56 bottled waters from Europe,24 the median was 0.165 mg l1,
compared with a median concentration of 0.028 mg l1 Sb in
groundwaters from Norway. Comparison of the data presented here (r5 ng l1) with published data from bottled
waters leads us to ask whether the Sb concentrations reported
for the bottled waters reﬂect the Sb concentrations originally
present in the natural waters, or whether they possibly reﬂect
an additional contribution from the containers in which many
of the waters are sold. Given this uncertainty, it may well be
that the concentrations of Sb in pristine natural waters are in
general far lower than commonly believed.
Sb/Sc in the pristine groundwaters of Springwater Township
The Sb/Sc ratio (1 : 4) in the pristine waters exceeds the crustal
ratio (1 : 45) by at least a factor of ten. In other words, using
Sc as a lithogenic reference element, there is a natural enrichment of Sb in the waters, relative to its abundance in crustal
rocks. The abundance of Ca, Mg, and bicarbonate in these
waters, and the high pH (8) indicates that the chemical
composition of the waters is dominated by reactions between
the percolating ﬂuids and carbonate minerals. The abundance
of Sb in carbonate and silicate minerals is very similar,25 and
comparable to the crustal abundance (0.3 ppm) of this element.26 However, it is the dissolution of the carbonate phases,
and not the silicates, which dominates the weathering inputs to
the waters. The dominant source of Sb to the waters, therefore,
is most likely the carbonate mineral fraction.
Magnesium in the waters is derived primarily from the
dissolution of dolomite [Ca, Mg(CO3)2]. Taking the Mg concentration in Table 1 as being representative of these waters
generally, it is estimated that 0.10 mmole of dolomite has
dissolved per litre of ﬂuid. This would provide the waters not
only with Mg (19 mg l1) but also Ca (4 mg l1). The remaining
Ca (34 mg l1) must be derived from the dissolution of calcite
[CaCO3]. The amount of calcite dissolution is thereby estimated at 0.85 mmol l1. Assuming that all of the dissolved Sb
is derived from the calcite, the calcite would only have to have
an average Sb concentration of ca. 35 ng g1 to account for the
abundance of Sb in these ﬂuids. This value is at the lower end
of the range presented for Sb in sedimentary rocks.25 As a ﬁrst
approximation, therefore, the natural abundance of Sb in these
waters can be explained simply by the dissolution of calcite.
The dissolution of other soluble, sedimentary minerals such as
dolomite and gypsum containing trace concentrations of Sb,
could similarly be invoked to help account for the natural
abundance of Sb in these waters.
Scandium is ca. ten times more abundant in silicate minerals,
compared to carbonates,25 with most primary, rock-forming
silicate minerals containing Sc in concentrations comparable to
its crustal abundance (15 ppm). However, using the arguments
presented earlier for Sb, the average concentration of Sc in these
waters could be explained by the dissolution of calcite containing
ca. 100 ng g1 Sc. Taken together, the dissolution of calcite
containing only 35 ng g1 Sb and 100 ng g1 Sc would be
suﬃcient to account for the Sb and Sc concentrations of these
waters. The solubility of Sc(OH)3 is comparable to that of
Al(OH)3,25,27 yet the Al concentrations in these waters (average
150 mg l1) are four orders of magnitude greater than those of Sc.
The Al concentrations in the waters reﬂect saturation with
respect to amorphous Al hydroxide [Al(OH)3] at pH 8.28 With
respect to Sc(OH)3, the waters are apparently undersaturated by
a factor of ca. 103. The diﬀerence in the saturation states between

Al and Sc in these waters is consistent with the diﬀerences in
their relative abundances in the sediments: the crustal abundance
of Al is 8 weight percent versus 15 mg kg1 Sc.26
Sb/Sc in groundwaters as a possible tracer of contamination
from landﬁll leachates
Antimony is used in a broad range of industrial and commercial
products and processes.29,30 For example, it is used in semiconductors, diodes and infrared detectors, and as an alloying
ingredient to harden Pb and other metals. Alloys of Sb are used
in the manufacture of batteries, cable sheathing, bearings,
castings, sheets and pipes, plumbing solder and antifriction
materials. Antimony trisulﬁde is used in the manufacture of
safety matches. Automotive brake linings may contain several
weight percent Sb which is added to improve their heat-resistance. Non-metallic Sb products include paint pigments, ceramic
enamels, plastics, glass, pottery, ammunition primers and ﬁreworks. Some Sb compounds are used in the vulcanising of
rubber; other organic Sb compounds may be bactericides or
fungicides. The single greatest use of Sb today (ca. two-thirds of
total Sb production) is as a ﬂame retardant: antimony trioxide
(Sb2O3) is added to plastics such as polyvinyl chloride (PVC),
especially in car components, televisions, electrical insulation,
furnishing fabrics, and other synthetic ﬁbres, and cot mattresses.
Antimony trioxide is also the catalyst used to manufacture
polyethylene terepthalate (PET); this material may contain a
few hundred parts per million of Sb. Total global production of
Sb is 140 000 tonnes per annum. Given the broad range of uses,
Sb will be commonly found in many of the materials entering
waste streams, including those at Site 41.
It is well known that both the trivalent and pentavalent
oxides of Sb are rather soluble.31 According to Wedepohl,25 the
solubilities of Sb2O3 and Sb2O5 are 1.3 and 8.8 mg l1,
respectively, at 35 1C. Except in anoxic environments,
Sb(OH)6 will be the predominant species over the entire pH
range which characterises natural waters.5,32 As a soluble
anion, Sb should exhibit a considerable degree of mobility in
soil–water systems. Sequential extraction of shooting range
soils contaminated with Sb have recently conﬁrmed that this
element is comparatively mobile.33 Although Ca antimonate
Ca[Sb(OH)6]2 is a possible solubility control, at pH 8 this too,
would permit mg l1 concentrations of dissolved Sb.33 Taken
together, an enrichment of Sb in leachates from landﬁlls can be
anticipated, relative to the composition of pristine waters, as
has already been documented in Switzerland.3
In contrast to Sb, industrial uses of Sc are negligible, with
total global Sc production amounting to only 45 kg per year.30
In fact, there are eﬀectively no commercial or industrial uses of
this element. Scandium is a lithogenic trace element which
behaves conservatively during the chemical weathering of
crustal rocks.34 Scandium has no preference for speciﬁc mineral phases (only seven Sc minerals are known, and they are all
rare), but instead is widely distributed in all of the primary and
secondary minerals at the surface of the Earth.
Given the abundance of Sb in waste materials and the
solubility of its oxides, and the exclusive association between
Sc and rock-forming minerals and the low solubility of its
hydroxides, the ratio of Sb to Sc might be more useful index of
contamination than the concentrations of Sb alone. In the
pristine waters which are described here, the ratio of Sb to Sc is
currently between 1 : 2 and 1 : 5. This ratio might prove to be
a useful parameter in future, for monitoring impacts on
groundwater quality by leachates from landﬁlls and other
sources of contamination.

Measuring Sb reliably at the low concentrations characteristic
of pristine groundwaters presents two challenges: ﬁrst, the
obvious problem of being able to detect this element at such
low concentrations. A less obvious challenge is that of contamination control, as many of the plastics found in laboratory
use, in the form of sample containers as well as dispensers,
contain Sb and pose a risk for quantitative determinations at
such low concentrations. The procedures and methods developed in our lab for measuring Sb in polar snow and ice allow
the abundance of Sb in pristine natural waters to be reliably
determined. It is possible that some earlier reports have overestimated the natural abundance of Sb in similar natural
waters, partly because of the poor precision of measurements
near the lower limit of detection, but also because of contamination by Sb-containing plastics commonly found in labs.
The published reports of the abundance of Sb in leachates
from landﬁlls reveal concentrations of Sb which are up to ﬁve
orders of magnitude greater than the natural values presented
here, indicating that Sb should be a sensitive and possibly
valuable tracer of any possible impacts on water quality in
future. The average ratio of Sb to Sc is currently 1 to 4. Because
of the low solubility of Sc, and because there are no industrial
or commercial uses of this element, the ratio of Sb to Sc might
be a useful parameter to detect impacts of the landﬁll leachates
on these pristine groundwaters.
The concentrations of Sb reported in many determinations
of Sb in bottled waters are much higher than those presented
here. While these diﬀerences certainly may reﬂect geological,
mineralogical, and hydrological variability, the possibility that
these values are artefacts created by the contamination of these
waters with Sb from the containers warrants investigation.
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