


Gwendy E.M. Hall, Geological Survey of Canada

This talk is taken from one of the”distinguished lecture” series and presents essentially a review of
analytical considerations with respect to selective leaches. Rather than copy the slides for this
notebook, I have selected some of my recent papers on this subject which go into much more
detail; others can be obtained by request (hall@gsc.nrcan.gc.ca). Many of us are attempting to
understand the various mechanisms of element transport from depth; this is an extremely
challenging area of research. We must start by ensuring that the results of selective or
partial/unselective extractions are optimised in terms of their precision and accuracy, that we are
analysing exactly what we are aiming for (i.e. the methods are robust). From that point, we can go
on to discern whether anomalies reflect mineralisation below or whether they reflect changes in
surficial and bedrock geology, fault systems, landscape, soil type, topography, drainage, aerial
deposition and so on. Here are some pertinent considerations to the application of partial
extractions:

. What sample medium (e.g. organic-rich humified horizon, peat, well developed B-
horizon..) is most prevalent and consistent throughout the survey area and therefore what
“phase” is most appropriate to analyse?

. Is there adequate scavenging phase present throughout the samples so that all
available/labile element is fixed? If not, is normalisation to the major element of that phase
really appropriate? \

. How should the sample be prepared to minimise any change in element distribution (air-
dried, kept wet)?

. What size fraction should be selected? Do results reflect grain size distribution?

. What is the precision of sampling and analysis (the latter is usually much better than the
former, as it ought to be)?

. Is the analysis accurate with respect to dissolving only that “phase” or “form” of element

targeted, i.e. is the leach selective (if desired) or are other minerals also being dissolved to
a significant extent? Is all the phase being dissolved by one application and if not, does it

matter?

. Is the analysis accurate, are all interferences corrected for?

. Is the element stable in solution during the leach (i.e. no readsorption/precipitation) and
after the leach prior to analysis?

. Is the leach pH-controlled or do results depend upon the sample pH?

Five papers are included here.
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Abstract

Analysis of soil and sediment samples, using selective extraction methods to distinguish different phases, is of particular
interest in exploration geochemistry to locate deeply buried mineral deposits. There are various mechanisms of binding labile
elements in the secondary environment, including physical and chemical sorption, precipitation, chelation and complexation.
Phases present in soils and sediments which are likely to scavenge ‘free’ elements include amorphous Mn and Fe oxides, the
humic and fulvic components of humus, and clays. This paper reviews these forms of trace elements and the methods in
current use to quantify them. Examples of precision data, both for control and survey samples, are given with respect to trace
elements dissolved from the ‘soluble organic’ component of humus, Mn oxides and amorphous Fe oxides. The high
sensitivity of inductively coupled plasma mass spectrometry (ICP-MS) is required to measure accurately and precisely a
large suite of trace elements, especially where only small fractions of elements are dissolved by such leaches as the
commercially available Enzyme and MMI (Mobile Metal Ion) extractions. The relative standard deviations (RSD) obtained
for 33 elements (e.g. Ag, Cd, In, I) in the standard reference sample (SRM), TILL-2, are in the range 0.5-8% for the
hydroxylamine hydrochloride (NH,OH - HCI) leach designed to extract hydrous Fe and Mn oxides. The corresponding
RSDs for elements in the reactive Mn oxide phase extracted by the Enzyme leach are in the range 3—19% except for some
trace elements at levels close to detection limit (e.g. Cd, Bi). The RSDs obtained for field duplicates are inferior to those for
analytical replicates (i.e. sample splits), probably a reflection of different concentrations of the host phase. In one soil
survey, the Fe extracted by a 0.25 M NH,OH - HCI leach ranged conservatively from 0.2 to 1.7% whereas the Mn extracted
by the Enzyme leach varied extensively, from 0.3 to > 999 ppm. In contrast, precision, at 1-7% RSD, for field duplicates
was found to be comparable with that for both analytical duplicates and the SRM, LKSD-4, for elements associated with the
humic and fulvic component of humus samples sieved to < 177 wm. © 1998 Elsevier Science B.V. All rights reserved.

Keywords: selective leach; analysis; precision; soil; sediment; element speciation

1. Introduction to locate deeply buried mineralisation in glaciated
and non-glaciated terrains (Ryss et al, 1990;
Antropova et al., 1992; Goldberg, 1998). Although
this approach has found application outside Russia
since the 1970s (Bradshaw et al., 1974; Chao, 1984;
Hall, 1996), until recently relatively few surveys

employed selective leaching, probably because of

Interest in the use of selective leaches in geo-
chemical exploration was rekindled by the reported
successes of the Russians in using this methodology
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inadequate detection limits and relatively high ana-
lytical costs. Electroanalytical (e.g. polarography)
and solid sample emission spectroscopic techniques
were designed in Russia to play key roles in measur-
ing elements bound to fulvic and humic material
(designated ‘MPF’) and to amorphous Fe oxyhy-
droxides (‘TMGM’). Transfer of the analytical tech-
nique ICP-MS, generally more sensitive than ICP—
ES by several orders of magnitude, from research-
oriented laboratories to commercial labs in the 1990s
has opened the door to high-production, affordable
selective analysis. Two popular commercially avail-
able leaches are known as: the Enzyme leach
(Activation Laboratories, Ancaster, ON: Clark,
1993), designed to dissolve the amorphous or ‘more
reactive’ Mn oxide phase; and the MMI (Mobile
Metal Ion) leach, designed to dissolve loosely held
metals (Mann et al., 1998). The strengths and weak-
nesses of different leaches used at the Geological
Survey of Canada (GSC) and at other commercial
labs have been described previously (Hall et al.,
1996a,b). This paper focusses on these various ex-
tractions and the reproducibility of results obtained
by their implementation. Interpretation of results is
addressed in other papers of this special issue.

The objective of selective leaching in the explo-
ration context is to map specifically that fraction of
an element which was previously in a labile (free)
form and has been ‘trapped’ or immobilised in the
surficial environment. Controversy abounds as to the
dominant mechanisms of transport of the element
from oxidising mineralisation at depth, whether it be
by diffusion or ‘fast-ion migration’ (Goldberg, 1998),
through faulting, water-borne or gaseous. However,
there is agreement that the principal resident sites in
the secondary environment for these migrating ele-
ments comprise hydrous Fe and Mn oxides, humic
and fulvic components of humus material, and clay
minerals. Thus, leaches have been developed to ex-
tract these ‘phases’ (used in a broad sense) in their
entirety or to dissolve elements loosely adsorbed to
them. These phases are generally not discrete, but
rather exist linked together as colloids. Furthermore,
binding mechanisms are not simple, comprising
physical and chemical adsorption at surfaces, occlu-
sion within structures, chelation, complexation and
coprecipitation. These factors confound the design of
a selective extraction which is often based on chang-
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ing the pH and/or Eh environment of the sample to

promote specific dissolution. Thus, true specificity is =~ |

almost impossible to achieve and the term ‘oper-
ationally defined’ is used to describe more loosely
the phase or form measured.

Sometimes it is necessary to carry out a ‘pre-ex-
traction’ in order to improve the accuracy of the
extraction of interest. For example, the various
leaches employed to dissolve amorphous Mn and /or
Fe oxides will also bring into solution elements
physically and chemically sorbed at surfaces or ele-
ments precipitated as carbonates; an initial ‘wash’ in
an appropriate solution would remove such forms.
This approach then, in essence, forms a segment of a
sequential extraction scheme. Such schemes are used
in the sister disciplines of exploration and environ-
mental geochemistry and have been compared re-
cently by Hall and Pelchat (1997b). It is interesting
that the tendency exists in environmental studies to
attribute an anthropogenic source, particularly air-
borne, to labile elements leached out early in these
schemes, whereas the philosophy underpinning these
selective extractions in exploration assumes a ge-
ogenic source from buried mineralisation.

In a soil survey, the question of which selective
leach to use cannot be answered without first exam-
ining the soil profile and thereby identifying the
horizon most likely to have trapped the elements
migrating from depth. The characteristics of the soil
profile depend not only on the parent rock (or trans-
ported till) material but also on climate, topography
and biological activity. Fig. 1 and Table 1 describe,
in a generalised sense, characteristics of some ide-
alised soil profiles. Soils in humid regions tend to be
thoroughly leached and possess well defined Fe-rich
B-horizons whereas much less extensive downward
leaching occurs in semiarid warm climates, often
producing calcareous soils with the formation of a
caliche layer (CaCO; precipitation) which may be
the target phase in exploration. In regions of signifi-
cant rainfall with good drainage, leaching is usually
extensive, and therefore A- and B-horizons are
strongly differentiated. However, where drainage is
poor and hence leaching minimal, reducing condi-
tions prevail and a thick organic-rich surface layer
may form over a mottled subsoil. Young soils often
lack a B-horizon. Of particular interest in well devel-
oped Podzols are the organic-rich humus layer (A ),
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GENERALISED SOIL PROFILES
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Fig. 1. Generalised soil profiles for four different climatic environments (taken from Levinson, 1974).

and the reddish-brown B-horizon, rich in hydrous Fe,
Mn and Al oxides and clay minerals. Clearly, the
light-coloured A ,-horizon (Fig. 1), zone of maxi-
mum leaching (‘eluvation’) and minimum cation ex-
change capacity, is not a good sampling medium.
Fig. 2 is a generalised representation of the distri-
bution of Cu in four different soil types, taken from
Levinson (1974). Copper accumulates in the upper
humic layer and in the illuvial B-horizon of the

Table 1
Simplified description of soil profiles

Podzol and forest soils. Trace metals tend to be
enriched in the organic-rich layers of soils in less
humid regions where leaching is low. In Chernozems
(e.g. in fertile grasslands), Cu collects in the
organic-rich upper layer, and in Chestnut (brunisol)
soils under conditions of less precipitation, Cu is
directly related to the amount of organic matter. In
laterite profiles, the trace elements tend to be concen-
trated in the upper ferruginous B-horizon, but rela-

Horizon  Description

A, Partly decomposed organic debris. Should reflect chemistry of vegetation,
A, Dark-coloured organic-rich material mixed with mineral matter. Good sample for elements bound to humates and fulvates.
A, Light-coloured zone of maximum eluviation (leaching) of soluble bases, clays, colloidal oxides and organic matter by

percolating rainwater. Well developed in Podzols, faint in Chernozems and may be absent in arid regions or young soils.

Very low in trace elements.

B Brownish colour due to illuviation (accumulation) of Fe /Mn oxides, organic matter and clays. Blocky or prismatic structure.
High capacity for trace elements. Zone of illuviation in semiarid regions, forming caliche (coarse CaCO, precipitate)

which would be near surface under very dry conditions.

C Zone of weathering bedrock or till, loose and partly decayed. Parent material for overlying A- and B-horizons. Minimal
organic material and illuviation. Relic rock structures. Sometimes intensely gleyed layers or layers of CaCO; in
some soils. Sampled when A and B are missing or in some laterites.

D Bedrock.
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VARIATION IN Cu IN SOILS

PODZOL CHERNOZEM CHESTNUT LATERITE

0 200 400
T

[ERF=] HUMUS

Fig. 2. Generalised representation of Cu in four soil types (taken
from Levinson, 1974).

tively mobile elements such as Zn can accumulate at
an intermediate montmorillonite-rich C-horizon
(Zeissink, 1971). A thorough appreciation of the
secondary environment and considerations relevant
to geochemical exploration can be gleaned from
numerous sources. Readers are referred to the classic
books of Levinson (1974) and Rose et al. (1979),
and more specifically, related to climatic zones, to
those by Kauranne et al. (1992) for Arctic and
temperate terrains, and Butt and Zeegers (1992) for
tropical and subtropical terrains.

Undoubtedly the success or failure of a selective
leach approach rests, initially, on the sampling strat-
egy. If substantial amounts of another horizon are
included with the target (e.g. A, mixed in with B or
with A |; Fig. 1), then results will be affected by the
mixing ratio of two matrices. Thus, recognition of
the selected horizon is critical and instructions should
not be given to field personnel based solely on depth
of sampling unless the survey area has an unusually
consistent soil profile. On a global scale, Levinson
(1974) makes the generalisation that: the A-horizon
can range from ca. 30 cm to > 1 m in thickness; the
B-horizon from ca. 5 cm to 2 m; and the C-horizon
is usually thicker than A or B, exceeding 100 m in
some tropical soils.

Since the scavenging phases of hydrous Fe, Mn
and Al oxides occur in the fine clay and silt fraction,
it is advantageous to sieve the soil to at least <63
wm. This size fraction also serves to separate out the
‘soluble organic’ scavenging phase in humus mate-
rial. Coatings of hydrous Fe oxide on the coarse
particles of stream sediments may dictate the use of

this fraction in quantifying hydromorphically dis-
persed elements held in this phase (see Hale and
Plant, 1994, for design concepts in drainage geo-
chemistry). Numerous case histories comparing the
geochemical response of different size fractions us-
ing ‘conventional’ total or near-total sample decom-
position (e.g. HF—-HCIO,~HNO;, or aqua regia) have
been documented in the aforementioned texts, but
more study of sample preparation is needed in the
application of selective leaches. Furthermore, the
question of drying the sample is particularly critical
when extracting a certain species of element. Redis-
tribution of element species on drying (air-, oven-,
freeze-) well aerated samples is of less concern than
for anoxic samples, but nevertheless, storage of sam-
ples between collection and analysis remains an area
for further investigation (Kersten and Forstner, 1989).
The preference at the GSC, when collecting wet
samples such as peat, is to keep them wet and cool in
‘zip-lock’ bags until analysis. Results are calculated
on a dry-weight basis, the moisture being determined
on a separate aliquot. If samples are to be dried
before analysis, then air-drying is preferable to main-
tain the integrity of element distribution.

2. Trace element forms of interest in exploration

2.1. Adsorbed and exchangeable forms

Adsorption of metals and metalloids by soil con-
stituents may be described as specific or non-specific.
A soil’s Cation Exchange Capacity (CEC) is a mea-
sure of its ability to provide sites for non-specific
adsorption. The forces involved in the adsorption of
ionic species at charged surfaces are electrostatic,
governed by Coulomb’s Law of Attraction and Re-
pulsion. The CEC of most soils ranges from a few to
several hundred meq/100 g and far exceeds anion
exchange capacity as negative rather than positive
charges dominate on colloidal surfaces. These nega-
tive charges can be classified as: (1) independent of
pH, where permanent charge is due to isomorphous
substitution of major element ions within 2:1 clay
minerals and edge effects on clay minerals; and (2)
pH-dependent charges on humus polymers and hy-
drous oxides (Alloway, 1990). Although the impor-
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tant role played by clay minerals in the sorption of
trace elements from soil solutions is widely recog-
nised, the exact mechanisms of adsorption remain to
be thoroughly clarified. Generally, a soil solid phase
with a large surface area has a high CEC, as is
shown in the descending CEC sequence for the clay
mineral groups: montmorillonite, vermiculite (700-
800 m?/g surface area and a CEC of 70-150
meq/ 100 g) > illite, chlorite > kaolinite > halloysite
(30 m*/g, CEC of 3-50 meq/100 g). Amorphous
aluminosilicates (allophane, imogolite) are probably
significant adsorbers of trace elements in warm,
humid climates. Clays rarely exist in soils in pure
form; rather, they are bound together with humic
colloids and hydrous oxide precipitates.

The negative charges on humus polymers are due
to the removal of protons from carboxyl and pheno-
lic hydroxyl groups, whereas those on the surface of
hydrous oxides are created by proton dissociation
from O and OH groups. Below a pH of §, newly
formed hydrous oxides of Fe and Al contribute little
to the CEC of soils as the hydrogen ion concentra-
tion inhibits proton dissociation, and they have es-
sentially no charge. In contrast, carboxyl groups in
humic polymers have dissociation constants (pK) of
3-5 and phenolic groups have pK values of greater
than 7. Thus, the high adsorptive capacity of humic
substances at pHs above 5 contributes significantly
to the overall CEC of a soil.

Specific adsorption implies the exchange of metal-
lic cations and anions with surface ligands to form
partly covalent bonds with lattice ions (i.e. not sim-
ple electrostatic attraction). Thus the degree to which
metal ions are held may be much greater than that
suggested by the CEC of the soil. Metals most able
to form hydroxy complexes, as shown below, are
specifically adsorbed to the greatest extent:

“M**+H,02MOH"+H"

Hence, Pb with a pK of 7.7 is more strongly
adsorbed than Cd with a pK of 10.1. Hydrous oxides
of Fe, Mn and Al are the major soil constituents
responsible for specific adsorption, though surface
chelation of metals with various functional groups
(e.g. —COOH, -NH,, —~C,H;OH) on organic sub-
stances does occur.

Although the Langmuir and Freundlich adsorption
isotherms are used to quantify this overall process,
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neither provides information as to the mechanisms
involved and both are simplistic in that they assume
a uniform distribution of adsorption sites and an
absence of any reaction between adsorbed ions. The
distribution of an element between soil solution and
solid phases at equilibrium is governed by: (1) the
density of surface binding sites for each component
(e.g. clay mineral, hydrous Fe oxide); (2) the binding
intensity of the metal ion to each component; (3) the
abundance of each component; (4) the chemical
characteristics (e.g. pH, ligands and their concentra-
tion) of the solution phase; and (5) the concentration
of other ions, major or trace, competing for binding
sites. In order to dissolve adsorbed elements selec-
tively without dissolving the substrate itself (i.e.
clays, hydrous oxides, humics), the -adsorption equi-
librium must be shifted to the free-ion side. Neutral
salts such as MgCl,, CaCl, and NaNO; are used to
perform this function by displacing adsorbed metal
ions. As the affinity of Group I and II cations for
these sites is usually much lower than that of metal
ions, a high concentration (e.g. 1 M) is often em-
ployed. In numerous studies, the cation displacement
efficiency for oxic soils and sediments has been
demonstrated to decrease in the order Cd > Zn > Cu
=~ Pb (Kersten and Forstner, 1989), which is consis-
tent with the decreasing pH values of their adsorp-
tion edges. The solid-to-solution ratio (or ‘dilution
factor’) is an important influence on desorption effi-
ciency: the higher the dilution factor, the greater the
amount of metal extracted.

In his review of speciation in soils and sediments,
Pickering (1986) reported that MgCl, leachates typi-
cally extract very low amounts of Al, Si, Fe and
organic matter, showing that attack on the substrates
(clay minerals, organic matter, oxides and sulphides)
is minimal. However, other reagents used for the
same purpose, such as NH,Cl and NH,OAc, have
been shown to dissolve considerable amounts of
carbonates and sulphates (of Ca and Mg), an undesir-
able feature in this application (Robbins et al., 1984).
The various affinities of neutral salts for surface
binding sites generally appear to be in the order
H*>>Ca>Mg>Na=NH;. Thus, 1 M H"
would desorb more metal ions than would 1 M
Mg?*. It should also be noted that the anion can play
a role in complexation (especially for Cd); chloro-
complexes of transition elements are slightly less
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stable than those formed with acetate. Pickering
(1986) found that 0.05 M CaCl, displaced 10-20%
more metal ions than did 1 M MgCl, or 0.5 M
NaCl, indicating that differences in the affinity for
the sorption site (Ca > Mg > Na) was more impor-
tant than chloro-complex formation. The use of CaCl,
as an extractant seems to be limited, despite its
desirable features. Kersten and Forstner (1989) have
selected, admittedly arbitrarily, 1 M NH +OAc (at a
solid /solution ratio > 1:10) for 2 h to dissolve ad-
sorbed elements. In the well-known sequential ex-
traction scheme designed by Tessier et al. (1979), 1
M MgCl, at pH 7 for 1 h was chosen over: (1) 1 M
NH,OAc at pH 7, because of the latter’s reputed
attack on carbonates (and organics); and (2) 1 M
NaOAc at pH 8.2, because complexation of Ca2*
(from CaCO;) as CaOAc* was again evident.

The Mobile (‘unbound’) Metal Ion (MMI) leach
approach, described by Mann et al. (1998), is de-
signed to release loosely held adsorbed elements,
without attacking the substrate. Unlike the use of
electrolytes to displace weakly bound elements, the
two MMI leaches contain ligands which, through
complexation, specifically bring the analytes into
solution (e.g. acetate, EDTA, CN). A mildly acidic
leach (proprietary to Mann’s company, Wamtech),
containing both organic and inorganic reagents, is
employed for the metals Cu, Pb, Zn and Cd whereas
a mildly basic solution, also comprising organic and
inorganic ligands, is used for Au, Ag, Ni, Co and Pd.
The leaches are carried out at room temperature for
24 h, apparently on large sample sizes (e.g. 100 2)
sieved to remove coarse fragments (1—-4 mm).

2.2. Bound to carbonates

Depending upon climate and local conditions,
carbonates may be the dominant sink for some trace
elements. The major control on trace element uptake
by carbonates, often in metastable and polymorphic
forms, is pH. Trace elements may be coprecipitated
as their carbonates or, like Cd, may actually replace
Ca’* in the lattice. The preferred method of selec-
tive dissolution of the carbonate phase is an acidified
acetate-buffered extraction, namely - 1 M
NaOAc/HOAc at pH 5 (Chao, 1984; Kersten and
Forstner, 1989; Hall et al., 1996a). Robbins et al.
(1984) have shown that this buffering capacity is

sufficient to dissolve all the calcite in a carbonate-rich
(68% CaCO;) sediment, resulting in a final pH of
5.5 with a solid /solution ratio of 1:40. The method
used at the GSC involves 6 h of constant agitation, at
a ratio of 1:20, to ensure complete dissolution of the
carbonate phase.

In soils, the greatest affinity for reaction with
carbonates has been observed for Co, Cd, Cu, Fe,
Mn, Ni, Pb, Sr, U and Zn; up to 1000 ppm of Sr and
Co may occur in secondary calcite minerals
(Kabata-Pendias and Pendias, 1984). In determining
the carbonate-bound trace elements in marine sedi-
ments, Span and Gaillard (1986) found that only Cd
and Mn correlated well with Ca. The other elements,
Fe, Mn, Pb and Zn, were inferred to be only weakly
associated, probably simply adsorbed and therefore
would have been removed by prior application of a
MgCl, or NH,OAc leach.

2.3. Bound to ‘soluble’ organic matter (humic and
Sulvic component)

The bulk of organic matter in most soils consists
of humic substances: amorphous, brown or black,
hydrophyllic, acidic, polydisperse substances of
molecular weights ranging from several hundreds to
tens of thousands. They are usually classified into
three groups: humic acids, soluble in dilute alkaline
solution; fulvic acids, soluble in acid and alkali; and
humin, insoluble in dilute acid or base. These groups
are structurally similar, but differ in molecular weight
and functional group content, with the fulvic fraction
having a lower molecular weight but higher content
of oxygen-containing functional groups per unit
weight than the others. Important characteristics of
these compounds include their ability to form water-
soluble and insoluble salts, and complexes with metal
ions and hydrous oxides, and to interact with clay
minerals (for thorough review, see Schnitzer and
Khan, 1972).

The term ‘organically bound” metal covers a broad
spectrum of binding mechanisms, including adsorp-
tion, complexation and chelation. The high scaveng-
ing capacity of these organic substances is usually
attributed to their carboxylic acid (COOH) functional
groups, with contributions from other groups such as
-NH, (amino) and —SH (thiol). The maximum
amount, based on equivalents, of any given metal
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bound is approximately equal to the number of car-
boxyl groups. The total binding capacity of marine
humic acid for metal ions was determined to be
200-600 wmol/g (Kersten and Forstner, 1989).
Metals adsorbed on the surfaces of humic substances
are removed by extraction with MgCl, or NH,OAc
(see Section 2.1); a stronger attack is required to
bring complexed or chelated metals into solution for
analysis. Two approaches are employed: destruction
of the organic matter by oxidation with reagents such
as H,0, or NaOCI; or the use of an alkaline com-
plexing agent such as Na,P,0,, sodium pyrophos-
phate. The former approach has drawbacks in that
other phases such as sulphides, Mn oxides and sili-
cates can be partially dissolved and precipitation
(e.g. as oxalates, hydroxides) may occur. The action
of a neutral salt such as Na,P,0, in the extraction of
humic substances depends upon: (1) the ability of the
anion to interact with Ca, Fe and Al and other
polyvalent cations combined with the humic mate-
rial, to form either insoluble precipitates (e.g.
Ca,P,0,) or soluble complexes with the metals; and
(2) the formation of soluble salts of the humic
material by reaction with the cation. This is repre-
sented as, where X = Fe or Al and R is the organic
molecule:

R(COO0),Ca, + Na,P,0, —
R(COONa), + Ca,P,0, |
2[ RCOOX(OH),](C0O0),Ca + Na,P,0, -
2[ RCOOX(OH),](COONa), + Ca,P,0; |

At a relatively high pH of 10, 0.1 M Na,P,0,
does not dissolve amorphous Fe oxides (Bascomb
and Thanigasalam, 1978). Results for Fe, however,
may be erroneously high for some samples due to
peptisation and dispersion of finely divided ferrugi-
nous particles present in the soil (Jeanroy and Guil-
let, 1981). Ultracentrifugation or ultrafiltration would
negate this error, but the extra effort compared to
simple centrifugation prior to analysis seems imprac-
tical for exploration purposes as Fe is not a critical
analyte. Previous work has shown that the 16 h
extraction often employed by soil scientists (Mc-
Keague et al., 1971) could be reduced to 1 h without
significant decrease in the amount of Co, Cu, Fe, Ni,

Pb or Zn extracted (Hall et al., 1996b). Thus, a 1 h
0.1 M Na,P,0, leach at room temperature and a
sample-to-solution ratio of 1:100 (g:ml) is recom-
mended for extraction of the labile organic compo-
nent of humus, soil or sediment samples.

The earliest reagent applied to extract humic sub-
stances is NaOH and remains that suggested by the
International Humic Substances Society, despite its
drawbacks. These disadvantages include: unaccept-
able dissolution of clay minerals; and the metals’
tendency to hydrolyse and readsorb onto reactive
surface sites following removal of their organic coat-
ings (Kersten and Forstner, 1989). In a comparison
study of the 0.1 M Na,P,0, leach at pH 10 and 0.5
M NaOH at pH 12, Hall and Pelchat (1997a) demon-
strated that there was minimal change in the amount
of organic C, Hg or Zn leached from reference lake
sediment, LKSD-4, when parameters of sample
weight-to-reagent volume (w/V) and contact time
are altered. In contrast, the 0.5 M NaOH leach
showed an exponential increase in Hg and Zn ex-
tracted with decrease in w/V which did not corre-
spond to the behaviour of organic C. Clearly the two
reagents are extracting different groups of organic
substances and results for both cannot be equated to
the same nominal phase. A sequential extraction
procedure developed by Schnitzer and Schuppli
(1989), to define various organic fractions in soil,
placed 0.1 M Na,P,0, before 0.5 M NaOH to
dissolve organic matter complexed specifically to
metals and clays as opposed to ‘free’ organic matter
including less decomposed material which would
finally be leached with the latter reagent.

2.4. Bound to Mn oxides

Although most soils contain much greater amounts
of Fe oxides than Mn oxides, the latter possess
greater éorption capability for trace elements. Such
reactivity is due to characteristics of Mn such as: (1)
it exists in several oxidation states (II, III, IV); (2) it
forms non-stoichiometric oxides with different va-
lencies; (3) its higher valence oxides exist in several
crystalline (e.g. birnessite, lithiophorite, pyrolusite)
or pseudocrystalline (manganite) forms; and (4) it
forms coprecipitates and solid solutions with Fe ox-
ides, owing to their similar chemical properties (Chao
and Theobald, 1976). Although crystalline forms of
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Mn oxide do occur in soils, the predominant species
are amorphous (Kabata-Pendias and Pendias, 1984).
Manganese oxides can have surface areas of several
hundred m?/g and larger CECs than some clay
minerals (e.g. in the order of 150 meq/100 g). The
internal structure of poorly crystallised Mn oxides
can have an effect on the uptake of trace elements.
For example, Anderson et al. (1973) found that the
uptake of Ag by such Mn oxides depended upon the
amount of internal Na and K, indicating exchange of
these elements by Ag. In a study by Loganathan and
Burau (1973) of the adsorption by synthetic hydrous
Mn oxide of Co, Zn, Ca and Na, Mn was released to
solution during the adsorption of the first two ele-
ments but not the latter. It was deduced that Co
interchanged with surface-bound H and structural
Mn?* and Mn**, Zn with H and Mn?*, and Ca only
with H.

The relative importance of Mn and Fe oxides as
scavengers will depend upon: (1) pH-Eh conditions;
(2) degree of crystallinity of the oxides and hence
their reactivity; (3) their relative abundances; (4) the
presence of organic matter as a competing adsorbing
and chelating fixing agent. Thus, elements will show
a preference for uptake by either Mn or Fe oxide
depending upon local conditions, as demonstrated in
a study of uptake of Cu in a suite of soils (McLaren
and Crawford, 1973). Removal of Cu from solution
followed the order Mn oxides > organic matter > Fe
oxides > clay minerals.

Selective extraction of Mn oxides and Fe oxides
is usually based upon progressively increasing the
reducing strength of the reagent, hydroxylamine hy-
drochloride being the popular choice. Two pH levels,
2 and 4.5, in a matrix of 0.1 M NH,OH - HCI have
been widely employed according to the literature
(Chao, 1984). Manganese oxides are efficiently dis-
solved by agitation of the sample with 0.1 M
NH,OH - HCl in ¢.01 M HNO; at a solid /solution
ratio of > 50 for 30—-60 min at room temperature
(Chao, 1972). Freshly precipitated hydrous Fe oxide
may dissolve to a few percent, whereas dissolution
of crystalline Fe oxides is negligible. Some authors
replaced the unbuffered 0.01 M HNO, (pH 2)
medium with 1 M NH,OAc buffered at pH 4.5
(Gatehouse et al., 1977; Sondag, 1981). The extrac-
tion designed by Chao (1972) is rapid, simple to
carry out, inexpensive and easy to automate.

The ‘Enzyme Leach’, marketed by Activation
Laboratories (Ancaster, ON, Canada), is designed to
solubilise selectively the most reactive forms, amor-
phous and pseudocrystalline, of Mn oxides present in
soils and sediments. The key feature is that hydrogen
peroxide is produced in relatively small concentra-
tions (< 0.01 M) in which state it acts as a weak
reducing (rather than oxidising) agent. The leach
solution comprises essentially glucose (or dextrose)
and glucose oxidase (Clark, 1993; US Patent
5491078). The enzyme catalyses the reaction of the
sugar with oxygen (air) and water, to form gluconic
acid and hydrogen peroxide: '

glucose + O, + H,0 — gluconic acid + H, 0,

(glucose oxidase)

Hydrogen peroxide then reacts with the most
reductive forms of Mn oxide and H* (from gluconic
acid) to produce soluble manganous ions:

MnO,(s) + H,0, + 2H*
— Mn** + 0,(aq) + 2H,0

Gluconic acid has the advantage that it can sta-
bilise some metals by complexation. Typically, 15
ml of leach solution containing 1% glucose and
0.03% glucose oxidase are added to 1 g of sample,
the mixture periodically agitated during the I h
extraction and finally centrifuged. The solution is
made 1% in HNO; to inhibit precipitation of trace
elements prior to analysis by ICP-MS. Acidification,
however, causes rapid volatilisation of halides as
halogen gases and thus is avoided if these elements
(Cl, Br, D are to be determined. A modification of
the Enzyme leach involves the addition of ascorbic
acid to the extractant (to a concentration of 0.1%) in
order to lower the oxidation potential of the mixture
(by destroying excess H,0,). (The enzyme, catalase,
performs the same function but does not lower the
oxidation potential as much.) The modified leach
then dissolves more Mn oxide and amorphous Fe
oxide, though the degree to which this occurs is
unclear. In general terms, the leach modified with
ascorbic acid appears to dissolve about an order of
magnitude more Mn (US Patent 5491078). A weak
feature of the Enzyme leach is that it is unbuffered;
hence a significant change in pH amongst the soil
samples analysed will cause a change in the amount
of element extracted.
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Whether it is preferable to dissolve only the more
‘reactive’ forms of Mn oxide to highlight previously
mobile elements is a moot point since the scavenging
capacities of all forms of Mn oxide are considerable.
Both the hydroxylamine hydrochloride and the En-
zyme leaches can also be considered to dissolve
loosely adsorbed elements.

2.5. Bound to amorphous Fe oxides

The degree of fixation of trace elements by Fe
oxides ranges from adsorption at the surface, through
coprecipitation, to relatively strong binding within
the oxide structure. As with Mn, the geochemistry of
Fe in the terrestrial environment is complex, its
behaviour being closely linked with the cycling of O,
C and S (Taylor, 1990). Amorphous Fe oxide
(Fe(OH), - nH,0) is chemically more reactive than
its pseudocrystalline and crystalline forms, which
provides the basis for its chemical separation. For
example, moderate reducing conditions are required
for dissolution of amorphous Fe oxides compared to
those for poorly crystallised goethite (a-FeOOH) or
lepidocrocite (y-FeOOH), whereas highly crys-
tallised magnetite (Fe,0,) and hematite (Fe,05) re-
quire a strong reductant or aggressive attack.

Chao and Zhou (1983) compared the specificity
of reagents in the extraction of amorphous Fe oxyhy-
droxides from soils and sediments and concluded
that hydroxylamine hydrochloride was optimal. De-
sign of the GSC protocol for this phase was based
largely on their findings, supported by later work.
Their results confirmed that Tamm’s reagent (0.175
M ammonium oxalate in oxalic acid at a pH of 3.2)
in the dark was selective for amorphous Fe oxide
only in the absence of magnetite and organic com-
plexes. Magnetite is known to contain a host of trace
metals and hence its dissolution is undesirable
{(Overstreet et al., 1978). Dissolution of magnetite by
Tamm’s reagent was also demonstrated by Borggaard
(1982) who recommended the selective extraction of
amorphous Fe oxides to be carried out using 0.02-0.1
M EDTA at pH 8-10 over a time period of > 30
days, hardly practical. Although extraction of amor-
phous Fe oxides in 1 M HCI for 30 min at room
temperature appears to be specific for amorphous Fe
oxide with respect to crystalline Fe oxides (dissolves
< 1% of the hematite, goethite and magnetite miner-

als tested), this attack may well bring into solution
metals from clays, amorphous allophanic materials
and some sulphides (Chao and Zhou, 1983). They
demonstrated that, after about 30-60 min in 0.25 M
NH,OH - HCI/0.25 M HCI at 70°C, further dissolu-
tion of the two amorphous Fe oxides examined
(synthetic and natural) was minimal while <1% of
the crystalline Fe oxides was dissolved except for
one magnetite (ca. 2%). They concluded that this
was the optimum, most selective extraction but re-
duced the temperature to 50°C to minimise the de-
gree of dissolution of the crystalline Fe oxides below
1% total Fe.

Extensive application of the 0.25 M NH,OH -
HCI leach (at 60°C) at the GSC showed that the
selectivity of the procedure should be improved (Hall
et al., 1996a). Firstly, the acidity of the HCl medium
should be reduced from 0.25 to 0.05 M in the
presence of sulphides such as galena and sphalerite,
to minimise their dissolution to < 1%. This less
acidic pH is still low enough to prevent reprecipita-
tion of Fe but should probably be monitored when
the leach is applied to highly alkaline samples. Sec-
ondly, significant dissolution of the labile organic
component occurs, as shown by the C concentration
in solution for the reference sample LKSD-4, at 63%
of that extracted by 0.1 M sodium pyrophosphate
solution. Clearly, where the organic component of a
sample is comparable in concentration to the amor-
phous Fe oxide phase, the pyrophosphate leach
should precede the hydroxylamine hydrochloride ex-
traction if specificity is desired. The GSC protocol
involves leaching of a 1 g sample in 20 ml of 0.25 M
NH,OH - HCI in 0.1 M HCI at 60°C for 2 h,
followed by centrifuging of the mixture at > 2000
rpm for 10 min. This leach also dissolves the Mn
oxide phase.

Table 2 summarises the forms of elements dis-
cussed above, and common appr-aches to their dis-
solution.

3. Analytical figures of merit

As previously stated, the accuracy obtained in
selective leaching is difficult to assess. Even the use
of separate minerals to test the degree of concurrent
dissolution is subject to criticism as it does not take




vinto solution
unic materials

. 1983). They

min in 0.25 M o

G.E.M. Hall / Journal of Geochemical Exploration 61 (1998) 1-19 ' 11

into account the confounding, interactive effects of
other phases present in soils and sediments. Precision
is much easier to measure and, from experience at
the GSC is, perhaps surprisingly, comparable to that

humus samples sieved to <80 mesh (177 pm).
However, data obtained by AAS and ICP-ES for
some trace elements such as Co, Cu and Ni showed
poor precision, in the order of 20-50% RSD at

{‘urﬁher dissolu- obtained for total element content. The reproducibil- several ppm of the organically bound element. This
ides examined ity of sampling, preparation and methodology impact was due to the relative insensitivity of the analytical
hile < 1% of on the final precision. Variability at the analysis step technique employed, rather than to inherent variabil-

ved except for
uded that this
action but re-
nimise the de-
: oxides below

is usually the minimum component, unless the ele-
ment concentration is near the instrumental detection
limit. These limits are mostly in the ppt (ng 17') and
ppb (g 17") range in analysis by ICP-MS, several
decades below those of ICP-ES. Previous applica-
tions (Hall et al., 1996a,b) have shown that ICP-ES

ity in the method itself. Later work, using direct
ICP-MS to determine most elements in the LKSD-4
control sample, demonstrated that precision (as mea-
sured over several months) could be improved to be
better than 10% RSD for these elements. The data in
Table 3 show that RSDs for most elements are in the

M NH,OH - has been adequate for elements such as Zn and Cu range 1-7%, the exceptions being for Sb, Tl and As
owed that the bound to organic material in humus or to amorphous which, however, remain acceptable at 12-19%. Note
mproved (Hall Fe oxide but the less abundant elements (e.g. Cd, Pb, the excellent reproducibility for Hg, determined by
> HCl medium Ag) require ICP-MS, especially in the application of cold vapour ICP-MS, of + 7% at the 14 ppb level in
05 M in the the Enzyme and MMI leaches. LKSD-4. In order to minimise instrumental drift,. the

id sphalerite,
1%. This less
nt reprecipita-
snitored when
samples. Sec-
labile organic

3.1. Precision associated with the Na,P,0, leach

for organically bound elements

The previous report (Hall et al., 1996b) for two
in-house humus control samples and the international

ICP-MS method is based on a 50-fold dilution of
the leached solution, thereby producing an overall
dilution factor of 5000. This limits the capability to
measure some elements at their true ‘background’
levels in this leach. For example, method detection
limits of As and Sb — at 500 and 50 ppb (ng g~ '),

concentration standard reference lake sediment, LKSD-4, demon- respectively, by direct [CP-MS — should be im-
SD-4, at 63% strated long-term relative standard deviations in the proved by several orders of magnitude by employing
'vrophosphate range 2-7% when element concentrations were a hydride generation ICP-MS (Hall et al., 1997a).

mponent of a decade above instrumental detection limits. Similar The reproducibility of results obtained for ‘real’
to the amor- precision was shown by replicate samples of 37 humus samples, sieved to < 177 pwm, is expected to

ssphate  leach
ochloride ex-
3SC protocol

' Table 3
ml of 0.25 M L. . . .
. Mean and standard deviation (SD) for elements bound to soluble organic phase in LKSD-4 (n = 4) (0.1 M Na,P,0, leach) (units as shown
C for 2 h, L 2
2000 by detection limit, DL)
¢ at >
N Element (DL) Mean + SD (%RSD) Element Mean + SD (%RSD)
lves the Mn
Ti (1 ppm) 65.0 +£1.8(3) Ba (1 ppm) 13.5+£0.57 (4)
i di V (0.5 ppm) 10.7 £03(3) Ce (0.05 ppm) 246 +0.8(3)
SIS iR Cr (0.5 ppm) 2.9 £02(7) T1 (25 ppb) 189 +35(19)
» to their dis- Co (0.1 ppm) 1.71 £ 0.13(8) Pb (0.5 ppm) 552 +0.8(1)
Cu (0.5 ppm) 7.6 +0.3(4) Th (25 ppb) 1148 +£15(1)
Zn (2 ppm) 63.5 +13(2) U (0.02 ppm) 232 +£0.6(2)
Rb (0.2 ppm) 0.62 +0.01 (2) As (0.5 ppm) 3.6 +0.4(12)
Sr (2 ppm) 24.0 £0.8(3) Mn (2 ppm) 202 +4(2)
Y (0.05 ppm) 11.4 +0.46 (4) Fe (15 ppm) 3195 +50(1)
Mo (250 ppb) 770 +48(6) Al (15 ppm) 2664  +47(2)
obtained in Cd (250 ppb) 654 £41(6) Hg (6 ppb) 142 £0.9(7)
Hyven the use Sb (50 ppb) 218 +26(12) Corg (0.1%) 2.3240.03(2)

f concurrent
oes not take

Most elements determined by direct ICP—MS, the exceptions being: Mn, Fe and Al by ICP-ES; Hg by cold vapour ICP-MS; and C,,, by
IR spectrometry.
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Table 4

Results for field and analytical duplicates for 0.1 M Na,P,0, leach of humus samples from the Restigouche deposit, New Brunswick
Dup. Cu,ppm Zn,ppm Cd, ppb Ba, ppm  Ce, ppb Pb,ppm U, ppb As, ppm Hg, ppb Cmg, %
Field duplicates

11 28/1.6 69/80  472/507 64 /67 767/701 52/46 62/51 <05/<05 30/24 2.82/2.44
14 2.0/19 50/48  370/371 51/44 669 /680 42 /58 51/52 <0.5/09 21/35 2.42/2.88
28 1.6/2.3 70/91 627/622 55/71 909 /882 69,/59 67/94 2.8/1.9 20/28 2.24/2.59
38 1.9/1.8 48/44  848/689 127/154  1160/1358  35/42 65 /40 0.8/0.8 53 /44 3.20/3.00
Analytical duplicates

04 2.6/23 23722 279/<250  20/22 836,/972 19/22 101 /109 1.3/1.0 38/37 3.52/3.52
18 2.7/3.1 81/86  832/790 88/91 818/824 51/54 109 /76 2.0/1.9 34/33 3.12/3.04
26 29/24 164/153  846,/899 74/73 112471118 117/117  74/83 14.6/14.8 38/40  3.56/3.54
43 1.1/0.9 33/31 261/275 64 /62 596 /606 34/32 55/79 0.6/1.3 58/55 3.42/3.32

be inferior to that shown by an SRM (e.g. as in
Table 3). Examples of both field and analytical
duplicate data obtained in a humus survey over the
Restigouche volcanogenic massive sulphide deposit
(Zn-Pb-Ag—Cu) are given in Table 4. Two humus
samples taken within several metres of each other
constitute field duplicates, whereas an analytical
duplicate is taken as a separate 1 g sample after
sieving. The data in Table 4 indicate that analytical
precision for these humus samples is comparable to
that shown by the control, LKSD-4, and, perhaps
more importantly, is only slightly superior to that of
field sampling and analytical precision combined.
Instrumental variability, as measured by replicate
analysis of the same leach solutions, is typically only
1-3%.

3.2. Precision associated with the NH,OH - HCI
leach for oxide-bound elements

As happened during the development of the pyro-
phosphate leach, the initial values obtained for the
precision typical of the 0.25 M NH,OH - HCI leach
(for amorphous Fe and Mn oxides) suffered from the
use of ICP-ES rather than ICP-MS. At concentra-
tions at least a decade above detection limits, long-
term (over 18 months) RSDs for 14 elements in two
till SRMs were in the range 6-18% (Hall et al.,
1996a). Typical precision values shown by 75 soil
and till analytical duplicates were: 10% (i.e. +5%
RSD) for Al and Y; 15% for Ca, Cr, Fe and Sr; 20%
for Ba, Cu, La, V and Zn; 25% for Mg, Mn and Ni;
and 30% for Co and Pb, which are present at levels

below about 10 ppm in this phase. Precision is
greatly improved when ICP-MS is employed, partic-
ularly as the overall dilution factor required is only
500 (cf. 5000 for the Na,P,0O, leach) and conse-
quently detection limits are excellent. Table 5 shows
more data from the survey at Restigouche, indicating
that RSDs for the SRM TILL-2 (over a 2-month
period) were in the range 0.5-8% for 33 elements.
Only Te suffered from an inadequate detection limit
of 0.2 ppb, creating significant analytical variability
at the 0.5 ppb level (Table 5). The SRMs, TILL-2
and TILL-3, were interspersed in a batch of samples
submitted for Enzyme leach/ICP-MS analysis at
Activation Laboratories; their data are presented in
Table 6. Here most RSDs are in the range 3-19%,
the noticeable exceptions being for Cd (25%) and Bi
(80-100%) present at concentrations close to detec-
tion limits. A major contributor to the inferior preci-
sion by this leach compared to the 0.25 M NH,OH -
HCI leach for amorphous Fe oxide is the analytical
variability at the much lower levels of elements
present. Note the much lower amount of Mn ex-
tracted from TILL-2 (6 vs. 326 ppm).

The survey of B-horizon soils over the Res-
tigouche deposit provides more examples of field
and analytical duplicate data for the 0.25 M NH,OH
-HCl/0.1 M HCI leach of the amorphous Fe oxide
phase (Tables 7 and 8). This suite of samples was
analysed for the Mn oxide phase using the Enzyme
leach at Activation Laboratories; these data are also
shown in Tables 7 and 8. In this instance, the
precision associated with analytical duplicates is
comparable to the good precision shown in the previ-
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Table 5

Mean and standard deviation (SD) for elements bound to amorphous Fe (and Mn) oxide phase in TILL-2 (n = 5) (0.25 M NH,OH - HC1 /0.1
M HCI leach) (units as shown by detection limit, DL)
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b Cor » %o
. Element (DL) Mean + SD (%RSD) Element Mean + SD (%RSD)
2.82/2.44 Li (2 ppb) 1712 +£72(4) Ba (0.08 ppm) 61  +0.3(0.5)
2.42/2.88 Be (2 ppb) 542 +28(5) La (4 ppb) 5748  +44(0.7)
2.24/2.59 Ti (0.2 ppm) 183 +0.4(2) Ce (0.004 ppm) 152 +0.07 (0.5)
3.20/3.00 Cr (0.04 ppm) 3.75+0.15(4) Hf (4 ppb) 752 +2.1(3)
Co (0.02 ppm) 4.09 £+ 0.04 (1) T1 (2 ppb) 658 +2.5(4)
Ni (0.08 ppm) 2.81 +£0.10(3) Pb (0.1 ppm) 129 +0.2(2)
3.52/3.52 Cu (0.04 ppm) 357 +£0.7(2) Th (20 ppb) 856 +64(8)
3.12/3.04 Zn (0.2 ppm) 14.6 +0.6 (4) U (2 ppb) 658  +37(6)
56/3.54 Rb (0.02 ppm) 5.01 £0.10 (2) 1(50 ppb) 1062 166 (6)
. 42/3.32 Sr (0.2 ppm) 7.2240.12(2) Bi (1 ppb) 1912 +35(2)
Y (4 ppb) 4695 +146(3) Sb (1 ppb) 170 £1.1(7)
Zr (0.02 ppm) 1.71 £ 0.02 (1) Te (0.2 ppb) 0.50 +0.10 (23)
Nb (4 ppb) 133 +6(5) As (10 ppb) 1599  +126(8)
L Ag (20 ppb) 226 £5(2) Hg (0.2 ppb) 6.3 +0.8(12)
Precision is Cd (20 ppb) 180 +11(6) Mn (0.1 ppm) 326 +5(2)
‘ployed, partic- In (4 ppb) 253 +1.9(8) Fe (6 ppm) 5944 +247(4)
‘quired is only Cs (4 ppb) 582 +16(3) Al (30 ppm) 7255 +£180(2)

Elements not determined by direct ICP-MS comprise: Bi, Sb, Te and Hg by hydride (or Hg®) generation ICP-MS; As by hydride
generation QTAAS; Mn, Fe and Al by direct ICP-ES.

relatively ‘noisy’ whereas those for Pb, Th, U, Sb
and Hg are excellent in the same samples (sample 38
appears to be the worst case overall). Note that the
amount of amorphous Fe extracted in the field dupli-
cates varies more than any other element but is

ous table for TILL-2, but is noticeably better than
that shown by field duplicates. It is interesting that
the behaviour is element-specific and is certainly
independent of concentration level. For example,
field duplicate data for Cr, Ti, Zn, Y and Fe are

detection limit
ical variability
‘RMs, TILL-2
ch of samples
S analysis at

presented in
ange 3—-19%,
{25%) and Bi
lose to detec-
nferior preci-

Table 6
Mean and standard deviation (SD) for SRMs TILL-2 (n = 4) and TILL-3 (n = 3) by Enzyme leach and ICP-MS (all data in ppb except for

Cl and Mn in ppm)

M NH,OH - Element (DL) Mean + SD (%RSD) for TILL-2 Mean + SD (%RSD) for TILL-3
the analytical C1 (3 ppm) 22.94 +1.95(9) 21.74 +2.06 (9)
oF alemients Mn 6.21 + 1.21 (19) 4.75 £ 0.40 (8)

Co 51 +5(10) 83 +10(12)
¢ of Mn ex- Ni 32 +£6(19) 9% £7(7)

Zn 183 +18(10) 168 +20(12)
er the Res- As (5 ppb) 21 +1(5) 887 +381(9)
ples of field Br (30 ppb) 1033 £52(5 ° 301 £16(5)

S M NH.OH Cd (0.2 ppb) 48 +1.2(25) 0.8 +0.2(25)
i 2™ 1(10 ppb) 155 +4(3) 126 +5(4)
wus Fe oxide Ba 1733 +161 (9) 508 +67(13)
' samples was La (1 ppb) 60 +5(8) 30 +103)
' the Enzyme Pb (1 ppb) 29 +2(D 45  +5(11)
data are also Bi (1 ppb) 3 i4§8§)) 3 £30100)

Th (1 ppb) 11 +10 7 +2(28)

IBEIERCE, fhe U (1 ppb) 10 +£1(10) 5 +1(20)

Juplicates is
in the previ-

All subsamples submitted in the same batch (i.e. short-term precision).
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Table 7

Results for field and analytical duplicates for 0.25 M NH,OH - HCl/0.1 M HCI leach of B-horizon soils

Dup. Li Be Ti Cr Co Ni Cu Zn

Rb Sr Y Zr Nb Ag Cd In GCs

Field duplicates

ITA 361 291 411 568 227 959 856 8.7
1B 328 341 283 468 327 1146 815 122
1IA 23 80 18 0.509
11B 24 68 16 0472
14A 341 144 646 690 285 793 1063 115
4B 302 222 521 6.09 3638 786 1095 149
14A 29 70 28  0.990
14B 19 44 24 0.746
38A 323 196 243 433 985 828 516 9.6
388 178 245 249 338 878 1060 560 16.0
38A 28 55 <5 0.476
38B 20 52 <5 0.402
Analytical duplicates

8A 62 664 409 3.12 4656 1754 395 8.3

8B 76 678 430 3.07 4827 1767 412 8.3
68A 363 163 1.99 622 1172 820 1627 102
68B 353 149 194 582 1099 756 1615 9.6
93A 373 240 237 102 2320 1825 809 13.8
93B 369 255 245 9.89 2312 1700 905 13.8
100A 340 344 525 6.02 2312 1800 1651 31.7
100B 340 339 548 6.18 2443 1830 1547 317

1.88 1058 531 225 27 528 102 24 46
2.09 1018 708  1.99 211 474 107 18 36
0.179 188 6 0.011 6.4

0.211 170 8  0.008 4.7

1.12 480 337 171 50 258 93 32 25
1.64 440 420 2.039 37 267 110 27 49
0.134 54 5 0015 9.3

0.086 39 3 0.011 3.4

1.50 564 520 1.11 20 143 154 21 53
1.90 351 811 1.13 11152 152 9 47
0.087 151 6 0.0]] 12.1

0.096 114 6 0.002 13.2

1.25 1661 927 1.02 23 95 326 11 33
1.24 1648 946  0.99 23 97 342 10 36
2.65 209 1016 1.83 12 78 157 29 68
2.58 201 988 1.75 11 74 158 27 63
1.43 433 580 0.70 6 137 115 10 37
1.37 436 592 0.67 5 131 125 11 34
2.68 468 625 171 20 507 324 27 57
2.58 493 636 1.71 20 495 323 26 55

Data shown in italics are by the Enzyme leach; all data, by ICP-MS, are in ppb except for Ti, Cr, Zn, Rb and Zr in ppm.

consistent in the analytical duplicates. The much
greater amount of Fe extracted in sample 38A (0.54
vs. 0.19% in 38B) is not reflected in a greater
amount of trace elements released, suggesting per-
haps that the scavenging capability of this phase is
far from saturated at these levels. A consistent and
relatively elevated concentration of Al is evident in
all duplicate results.

As expected, the concentrations of elements re-
leased from the Mn oxide phase dissolved by the
Enzyme leach are 1-3 orders of magnitude lower
than those released from the combined Fe and Mn
oxide phase (Tables 7 and 8). Thus, the Enzyme
leach demands higher analytical performance than
does the acidic NH,OH - HCI leach. The greatest
differential in trace element concentration between
the two phases exists for Pb, Th, Y, Zr and the
REEs, and the least for elements such as I, Sb and
As. In scanning the complete data set for the 102
B-horizon soil samples at Restigouche, one observes
that the Fe released from the combined amorphous
Fe and Mn oxide phase ranges from 0.18 to 1.7%,

whereas the corresponding Mn dissolved by the En-
zyme leach from the ‘host’ oxide phase ranges from
0.3 ppm to >999 ppm. The scavenging capacity
attributable to a Mn content of less than a ppm is
negligible and, hence, the interpretation of these data
is in doubt. For example, a sample containing 0.3
ppm Mn also reports 0.5 ppm Zn, 4.6 ppm Cl, 0.9
ppm Ba and 1.1 ppm Pb by the Enzyme leach;
clearly the results reflect dissolution of other phases.

A study of geochemical signatures in soils in
Nevada (Hall et al., 1997b) provides more quality-
control data, specifically to compare the precision of
analytical duplicate results obtained by application of
the two NH,OH - HCI leaches designed to dissolve
(1) the Mn oxide phase and (2) the combined amor-
phous Fe and Mn oxide phase. Thompson and
Howarth (1978) log-log plots have been used to
estimate precision for some selected elements in 24
analytical duplicate soil samples (Fig. 3). The control
line has been drawn at the 95th percentile for the
precision (twice the RSD) indicated. For the most
part, RSDs are similar between the two leaches and
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Table 8
Results for field and analytical duplicates for 0.25 M NH,OH - HC1/0.1 M HCI leach of B-horizon soils
Dup. Ba La Ce Hf TI Pb Th U I Bi Sb Te As Hg Mn Fe Al
Field duplicates
1A 113 921 1625 103 21 65 1045 123 1204 5 6 <02 6 4.1 6.0 0547 184
1IB 13.0 1411 2323 93 19 57 965 102 1349 3 6 <02 23 338 56 0344 18I
11A 0.36 7 16 0.133 5 2 90 <1/ 9 0.64
11B 0.42 12 20 0.092 4 2 66 <1 5 0.49
14A  16.1 804 1364 79 18 17 864 106 1579 6 7 <02 27 50 40 0910 1.47
14B 138 873 1528 94 20 I3 915 104 1614 4 8 <02 18 4.8 41 0.546  1.69
14A 0.43 7 16 0.029 5 2 73 <1 11 2.11
14B 0.39 7 12 0.029 5 2 74 <! 12 1.33
38A 197 689 1159 50 26 59 459 122 1547 9 39 <02 219 42 163 0.539 1.38
38B 214 801 1399 53 30 55 435 124 1558 6 42 <02 277 35 124 0.191 136
384 0.96 6 10 0.008 4 2 130 4 6 7.09
38B 1.30 5 10 0.006 3 2 143 4 <5 6.59
Analytical duplicates
8A  35.1 1215 1793 45 28 46 232 33 2536 <1 11 03 22 36 513 0.514 1.90
8B 343 1214 1815 45 27 5.0 251 37 2465 1 11 0.3 16 3.5 510 0.501 1.87
68A 14.2 927 1656 87 23 84 1281 170 1218 6 19 <02 52 51 93 0336 1.49
68B 137 894 1588 85 21 8.4 1226 174 1068 7 19 <02 74 49 97 0334 1.54
93A 210 651 1076 32 13 108 251 71 81 2 15 03 103 45 72 0278 1.56
93B 215 649 1090 31 12 109 292 75 1054 3 15 02 103 45 71 0247 1.53
100A 17.3 847 1837 86 34 497 759 122 1190 -6 14 <02 121 75 86 0353 1.44
100B  17.6 837 1840 87 33 515 889 123 1393 6 14 <02 126 77 89 0.347 1.47

Data shown in italics are by the Enzyme leach; all data are in ppb except for Ba, Pb, Mn in ppm and Fe and Al in %.

in the range 5—10% except for: I (at +20%) which
tends to suffer from memory effects during analysis;
and elements present at levels close to detection
limits, such as Cu in the Mn oxide phase. In these
soils, elements predominantly associated with the
Mn oxide phase include Mo, Cd, Th, U, As, L, Sr
and Ba whereas those at much higher concentrations
when the amorphous Fe- oxide phase is analysed
include Be, Cu, Pb, Al, Y and the REEs. Typically
in this survey, both ‘host” Mn and Fe are present
consistently at several hundred ppm in the 0.1 M
NH,OH - HC1/0.1 M HNO; and 0.25 M NH,0H -
HC1/0.1 M HCI leaches, respectively. Little Fe is
dissolved in the 0.1 M NH,OH-HC1/0.01 M
HNO, leach and usually is present at 1-2 orders of
magnitude below Mn.

4. Readsorption

The accuracy of a selective leach is affected not
only by the degree to which unwanted phases are
concurrently dissolved with the phase of interest, but
also by the extent to which the analyte is redis-

tributed between solution and solid during the leach.
Analyte loss during extraction could be the result of
adsorption, (co)precipitation and complexation, but
is often simply referred to as ‘readsorption’. Too few
publications exist on this topic and those that do are
controversial, probably due to the widely differing
experimental conditions used (Rendell et al., 1980;
Belzile et al., 1989). Recent work by Qiang et al.
(1994), in an effort to negate criticism of the use of
artificial phases, employed model soils to study the
readsorption of Cu and Pb during extraction by 1 M
NaOAc/ HOAG& of the
‘adsorbed /exchangeable /carbonate’ phase. Pyro-
lusite znd humic acid, constituents of the model
soils, showed much stronger affinities for Cu and Pb
redistribution than hematite, illite and montmoril-
lonite. The relative importance of the constituent
phases depended upon both the binding ability and
the abundance of components. The leach itself may
well create fresh binding sites on a soil or sediment
sample as a particular phase is dissolved.

Tests for readsorption of analytes by the various
selective leaches used at the GSC have identified Au
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Fig. 3. (a) Thompson and Howarth (1978) plots for As, Ba and Cd in analytical duplicate soil samples collected in Nevada, by
NH,OH - HCI leaches for (a) amorphous Fe oxide phase and (b) Mn oxide phase. (data from Hall et al., 1997b). (b) Thompson and Howarth
(1978) plots for Ce, Cu and I in analytical duplicate soil samples collected in Nevada, by NH,OH - HCI leaches for (a) amorphous Fe oxide
phase and (b) Mn oxide phase (data from Hall et al., 1997b). (c) Thompson and Howarth (1978) plots for Ni, Pb and U in analytical
duplicate soil samples collected in Nevada, by NH,OH - HCI leaches for (a) amorphous Fe oxide phase and (b) Mn oxide phase (data from

Hall et al., 1997b).

as being the element of concern (Hall et al., 1995).
Studies of soils and sediments indicated that signifi-
cant readsorption was occurring in both NH,OH -
HCI and Na,P,0, leaches. Recovery of organically
bound Au, by application of the latter leach to an
organic-rich lake sediment, was found to be depen-
dent on sample weight/leach volume ratio, ranging

from 59 (3 g sample) to 128 ppb Au (0.5 g sample).
Recoveries of 30% or less were obtained for Au
spikes added to soil and sediment samples undergo-
ing both leaches. Analysis of the residues confirmed
that the ‘lost’ Au was indeed on the sample; that is,
‘lost’” Au was not in a colloidal form in solution
which required digestion prior to analysis. The MO-
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MEO procedure used in China to quantify various
labile forms of elements involves a second treatment
for Au specifically, to release Au from a colloidal
form present in the leach solution after extraction
(see Wang, 1998). This is nor the problem of read-
sorption discussed by Hall et al. (1995).

The degree of readsorption of Au taking place in
an iodide extraction of various soil matrices has been
studied by Gray et al. (1998). A sachet of activated
carbon served to preferentially sorb the Au released
from these soils and was therefore subsequently
analysed. However, the dependency of results on
leaching time seriously limits the practicality of this
partial extraction. Other work has suggested that
readsorption may be occurring in slightly acidic
leaches for elements such as Sb and Mo which form
oxyanions and are more stable under alkaline condi-
tions (Hall et al., 1997b). The degree of readsorption
occurring depends upon the element itself, the chem-
ical characteristics of the extractant, the sample con-
stituents and the conditions of extraction. More re-
search is needed in this area to elucidate the mecha-
nisms of redistribution and to ascertain its effect on
geochemical patterns obtained in selective leach sur-
veys.

5. Concluding remarks

The application and development of selective
leaches in exploration geochemistry is in a growth
period. The degree of accuracy achieved in their
application affects the interpretation of survey data
and elucidation of mechanisms of element migration.
More studies are needed to assess this accuracy,
especially for the Enzyme and MMI leaches where
publications are few. Evaluation of precision should
be more extensive, particularly to gain insight into
the relative contributions of field sampling repro-
ducibility and analytical method variation. Research
at the GSC has shown that analytical precision is
excellent for the hydroxylamine hydrochloride and
pyrophosphate leaches, with RSDs generally below
10%. Some low-abundance elements such as Sb, Bi,
Se and Te require additional sensitivity of measure-
ment by introducing them as their gaseous hydrides
rather than direct ICP~MS analysis. The optimum
method of sample preservation for the various modes

of occurrence also needs to be better defined. With
these basic requirements recognised, the question
which phase (or binding mechanism) should be anal-
ysed, in which sample type, at what size fraction,
and under what field conditions will be easier to
answer.
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Abstract—Pb isotope ratios obtained from fine-grained fractions (<63 and <2 pum) from near-surface (< 1
m depth) till surrounding ore deposits show isotopic overprinting from the underlying sulfide
mineralization, and provide a new approach to mineral exploration for massive sulfide deposits (VMS) in
glaciated terrains.

In this study, Pb isotopic measurements, and selective leaching of 6 near-surface till samples down-ice
from the Chisel Lake (Manitoba) and Manitouwadge (Ontario) VMS deposits were carried out in order to
determine the location and nature of the Pb within till. Elemental abundances from selective leachates for all
6 samples display similar patterns and show that chalcophile elements (Cu. Ni. Pb and Zn), derived
predominantly from the underlying VMS deposits, occur as (i) adsorbed/exchangeable metals; (ii)
associated with oxyhydrous Fe and Mn: (iii) crystalline Fe oxides, and/or (iv) silicate. Despite the relative
proximity of some of the till samples to the VMS deposits, only a very small component of the chalcophile
elements is present as sulfide. This result is consistent with those from studies of weathered (oxidized) tills,
which show that labile minerals such as sulfides have been completely destroyed and their chemical
constituents reprecipitated or scavenged locally by clay-sized phyllosilicates and secondary oxides/
hydroxides.

Pb isotopic ratios for selective leachates from till samples with VMS-like (anomalous) signatures are
similar to those from ore (galena) within the proximal VMS deposits. This indicates that the Pb is of a
secondary nature and was probably scavenged and deposited after destruction of original sulfide minerals
during till formation. The lack of a predominant sulfide-held Pb component within the selective leachates
supports this interpretation. In contrast, Pb isotopic ratios for the same selective leachates from
“background™ samples are significantly higher and show that the Pb is not derived from proximal VMS
deposits but from a more radiogenic source.

Till samples were also leached using 2.5 M HCI (**‘conventional™ leaching). The Pb isotope ratios from the
conventional leachates are similar to those obtained from the selective leachates, and show a large difference
in Pb isotopic ratios between anomalous and background samples. We propose, therefore, that the
conventional leaching rather than selective leaching or complete dissolution of a particular grain-size
fraction be adopted for mineral exploration purposes using glacial sediments.

The results from this study support the effective use of Pb isotope ratios from near-surface till as an
exploration tool despite the weathered nature of the latter. We feel that this represents a more cost-effective
technique over traditional geochemical prospecting methods, if used in conjunction with Pb abundance
data. Copyright T 1996 Elsevier Science Ltd

INTRODUCTION 1986 and references within; Gulson et al., 1992). The

application of Pb isotopes in mineral exploration for

Mineral exploration for ore deposits in glaciated base and precious metal deposits using surficial

terrains is complicated by glacial dispersal of miner- sediments has been successful because: 1) Pb isotope

alized bedrock and burial of ore beneath glacigenic ratios are not altered in the transition from the ore

sediment. Pb isotopic analysis of overburden, suchas body to the secondary weathering environment

gossans, soils, stream sediments, and weathered bed- (Gulson, 1986); 2) the isotope signature of some

rock, however, has been used as an effective explora- VMS deposits can be quite different to those of the

tion tool for concealed mineralization (e.g. Gulson, country rock; and 3) Pb isotopic ratios are quantita-
tively and objectively measured.

* Corresponding Author: Present Address: Max-Planck- Recently, Pb isotope ratios from glacigenic sedi-

Institut fiir Chemie. Abteilung Geochemie Postfach 3060, ~ments overlying Severa.l known Volcanogenic. massive
55020 Mainz, Germany. sulfide deposits (VMS) in Canada, such as Chisel Lake
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{Manitoba: Bell and Franklin, 1993), Buchans (New-
foundland: Bell and Murton, 1995), and Manitou-
wadge (Ontario: Bell and Card, in prep.) clearly
indicate an overprint from the adjacent ore deposits
and may provide a new method for detecting buried
ore bodies. Pb isotopic ratios from the <63 and
<2 pm fractions of till from Buchans (Bell and
Murton, 1995), and Chisel Lake (Bell and Franklin,
1993) show a large variation; in general, till samples
with overprinted Pb isotopic ratios usually contain
higher abundances of Pb, and are close to the ore
deposit (< 1 km). On the basis of their Pb abundances,
Pb isotopic ratios, and down-ice location with respect
to ore deposits (Figs 1 and 2), 6 till samples (<63 pm
fraction), 4 from Chisel Lake (Manitoba) and 2 from
Manitouwadge (Ontario), have been selected for this
study. The samples from both deposits include those
with lower, “ore-like” Pb isotopic ratios
(*Pb/*™Pb <18.00), here referred to as “anoma-
lous” samples, whereas those with higher, more
radiogenic (crust-like) isotopic ratios are referred to
as “background” samples. Although studies have
shown the important use of Pb isotopes in glacial
geology (Bell and Murton, 1995) and mineral explora-

Fig. 1. Simplified geological map of the Chisel Lake area

showing location of till samples (solid dots). Samples used in

this study are indicated by labelled circles. Grid pattern—

Chisel Lake gabbro; light shading—felsic flows, wackes, and

breccias; dark shading—mafic flows, wackes, and breccias;

Squares—massive sulfide deposits (modified after Bell and
Franklin, 1993).

s
Fig. 2. Simplified geological map of the Manitouwadge area
showing till sample locations (solid dots, Bell and Card, in
prep.). Samples used in this study are indicated as labelled
circles. Lighter shading (“Grey Gneiss Group)—is com-
posed of both metasedimentary and minor felsic volcanic
rocks; Darker shading (“Hornblende Schist Group”) con-
sists of highly deformed mafic, pillowed metavolcanic rocks
(Williams er al., 1990); Squares—massive sulfide deposits.

tion (Bell and Franklin, 1993), the exact location and
nature of the Pb being held within glacigenic sedi-
ments is still unknown. Identification of the main
binding sites for trace metals is important, providing
both insight concerning the geochemical processes
during and after till formation, and discrimination
between trace-metal sources.

Ore and pathfinder elements are transported by
various mechanisms from the source to the surficial
environment, where they are held in relatively labile
forms associated with different reaction sites (Hall et
al., 1993, in press). Organic matter and hydrous
coatings of Fe and Mn are the most important
surface-active phases (“scavengers”), which are
widely distributed in subaerial and subaqueous envir-
onments, and have long provided an exploration tool
(e.g. Hawkes and Webb, 1962; Levinson, 1980).
Formation of Fe and Mn oxides and their metal
capture is dependent on the Eh and pH of aqueous
solutions, and the activities of many heavy metals are
at a minimum in equilibrium with their hydroxides
(Jenne, 1962). Selective extraction methods, therefore,
have been wused in exploration geochemistry to
examine only those metals adsorbed on, or included
in, specific mineral phases. A summary of the theory,
analytical procedures and applications of selective
leaches can be found in Chao (1984). Recently, a
sequential leaching technique has been developed by
the Analytical Method Development section of the
Geological Survey of Canada (Hall et al., 1993, in
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press). The technique was designed to mimic the
action of 2 Soviet selective leaching methods —
“MPF" and “"TMGM" (e.g. Antropova et al., 1992).
The “MPF" method is based on the extraction of
metal-organic complexes, whereas the “TMGM™
technique is intended to extract elements adsorbed
by amorphous forms of Fe and Mn oxyhydroxides
(Hall et al., 1993, in press).

Selective leaching was conducted on the <63 pm
size fraction from 6 till samples because this grain size
fraction is widely used in mineral exploration, and it is
much cheaper to extract than other finer-grained size
fractions (e.g. <2 pum). The aims of this study are to
determine the concentration of Pb and other trace
metals in selective leachates and measure the Pb
isotopic ratio of each Pb-bearing leachate in an
attempt to assess its source — i.e. crustal or VMS-
derived. The applied objective is to identify the
leaching method (selective vs conventional) which
best serves for VMS exploration in glaciated terrains,
using Pb isotopes.

GEOLOGY

Two locations were chosen for this study, one in
Manitoba and the other in Ontario. Both are
associated with Precambrian VMS deposits associated
with greenstone belts. Sampling of both areas was
carried out during an evaluation programme of the
use of Pb isotopes for mineral exploration in glacial
sediments.

Chisel Lake

Sampling of the Quaternary cover that overlies the
Zn—Cu sulfide deposits at Chisel Lake, near Snow
Lake, northern Manitoba (Fig. 1) was completed in
1991 by the Geological Survey of Canada, and
material was supplied for Pb isotope analyses. Four
sulfide deposits, the Chisel Lake, Chisel Lake North,
Lost and Ghost deposits, are present in the bimodal
volcanic suite of the early Proterozoic-age Amisk
Group (Fig. 1 of Bailes and Galley, 1989; Galley et
al., 1990). The deposits and country rocks have been
dated at 1889 Ma (U/Pb data; Bailes, 1992). The ore
bodies are composed of at least 7.4 million tonnes (t)
with an average grade of 10.9% Zn, 1.4% Pb and
0.5% Cu. They contain pyrite, sphalerite, chalcopyrite
and galena, as well as trace amounts of arsenopyrite,
tetrahedrite and native gold. The deposits are imme-
diately above and adjacent to rhyolite domes and
below dacitic ash and breccia. Extensive metamor-
phosed alteration pipes consisting of muscovite,
staurolite, chlorite, gedrite, garnet and pyrite underlie
the deposits. Lateral to and slightly below the deposits
are zones of garnet—chlorite-muscovite-staurolite and
for several hundred meters below the ore horizon the
rocks are silicified and albitized. Lower in the

succession thick mafic flows are intercalated with
felsic ash and flow sequences. The country rocks are
part of the juvenile core of the Trans-Hudson orogen,
an arc-related sequence that formed between 1950 and
1835 Ma ago and which was tectonized during the
Hudsonian collisional event. All of the rocks are
metamorphosed to middle amphibolite grade. Till
samples were collected (Fig. 1) from sites <4 km
down-ice of the deposits. On the basis of pebble
content (C. Kaszycki, 1993, personal commun.), the
till (<3 m thick) is considered to be of local
provenance and forms a single unit of material derived
from Proterozoic rocks of the Snow Lake area. The ice
direction is roughly 190 to 210°. The 4 samples from
Chisel Lake (90KDA 0011, 0015; 91K DA 0040, 0042)
are from the C-horizon, which varies in depth from
0.30 to 0.80 meters.

Manitouwadge

Till samples were collected during a 1992 field
excursion, primarily to the south and immediately
down-ice from the Willroy and Geco VMS deposits
(Fig. 2) Both deposits are hosted by the highly
deformed (refolded synform), Archean Manitou-
wadge greenstone belt, which consists of a wide
variety of rock types including metavolcanic, metase-
dimentary and metamorphosed Fe formation, and lies
within the Wawa subprovince of the Archean Super-
ior Province (Peterson and Zaleski, 1994; Zaleski and
Peterson, 1993; Williams and Breaks, 1990; Zaleski et
al., 1994). The Geco Cu mine and several other
previously-worked deposits lie south of the main belt
of synvolcanic alteration and in most areas are
associated with Fe formations. Intrusive rocks within
the greenstone belt include foliated diorites to gran-
ites, gabbro, K-feldspar-megacrystic granodiorite and
strongly foliated to massive pegmatites (Zaleski and
Peterson, 1993; Zaleski er al., 1994). Host rocks
surrounding the Manitouwadge greenstone belt con-
sist of granites and granite gneisses. The greenstone
belt is host to 4 known VMS deposits, the largest of
which is the Geco Cu-Zn-Ag deposit (Friesen et al.,
1982) and contains an ore grading of 1.9% Cu, 3.8%
Zn, 1.7 ounces of Ag/ton, and minor amounts of Au,
Cd, Bi and Pb (0.30%) (Williams er al., 1990).
Mineralization consists of deformed massive sulfides,
predominantly pyrite~pyrrhotite-sphalerite—chalco-
pyrite which is spatially associated with banded
ironstone horizons (Williams et al., 1990; Williams
and Breaks, 1989).

Glacial sediments in the Manitouwadge area are
thought to have been deposited during the Late
Wiconsinean, with striae measurements indicating
that the predominant ice flow direction was toward
210-220° (Kristjansson and Geddes, 1985; Geddes
and Bajc, 1985; Barnett er al., 1991; Kettles, 1993a,
1993b). The till commonly forms a thin, discontinuous
veneer (up to 1.5 m thick), but can exceed 10 m
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thickness in some places (Kristjansson and Geddes,
1985; Geddes and Bajc, 1985). Geochemical analysis
of 286 till samples (Kettles and Murton, 1994)
indicates the presence of local Precambrian lithologies
and/or a large component of Paleozoic carbonate
debris, transported more than 100 km from the
Hudson and James Bay lowlands. In addition, high
concentrations of Cu, Pb and Zn occur within the
<63 and <2 pm fractions of till located near the main
Manitouwadge VMS deposits (Kettles and Murton,
1994). MAN 128 is from the B/C horizon located at a
depth of ~0.4 t0 0.5 meters which contains some rusty
brown mottles (Fe oxides) indicative of weathering.
MAN 200 is a sample of olive-grey, C-horizon till
taken at a depth of 0.60 to 0.65 meters.

ANALYTICAL METHODS

Approximately 1 g of till from the <63 um fraction was
sequentially leached according to the method briefly outlined
in Table 1 (see Hall e al., 1993, in press for details). Leachate
solutions were subsequently evaporated to dryness and
conditioned with 3 to 4 ml of IN HBr acid. Lead was
separated in HBr and HCI using a two-column (0.5 and 0.2
ml) extraction procedure (see Simonetti et al., 1995 for
details). Samples for Pb isotopic analyses were run on a
single Re filament with silica gel and phosphoric acid using a
Finnigan-MAT 261 solid-source mass spectrometer in the
static mode. Blank levels for Pb in selective extraction
reagents (Table 1) range from 0.001 to 0.004 ppm, whereas
the total procedural Pb blank varies from 0.2 to 1.5 ng.

RESULTS
Distribution of Pb and other chalcophile elements

Elemental concentrations, obtained using atomic
absorption spectrometry (AAS) at the Geological
Survey of Canada, for all selective leachates are
shown in Table 2, and abundances for various base
metals (Cu, Ni, Pb and Zn), are plotted against their
respective leachates (A to H) in Figs 3 and 4. Table 2
and Figs 3 and 4 show that the Pb contained within the
6 till samples occurs predominantly in 4 different
forms: (1) water-soluble and exchangeable metal
(adsorbed); (2) hydrous oxide of Fe or Mn (FeOH-

MnOH); (3) crystalline FeO; (4) silicate and/or
residual oxide. An extremely important finding is
that negligible Pb is held in the sulfide form (leachates
G, Table 2). Figure 3 shows that the till sample with
the highest Pb concentration (88 ppm), 90KDA 0011
from Chisel Lake, has more than 50% of the Pb held
as either an adsorbed metal (leachates A, B) or as an
FeOH-MnOH (leachates C, D). In addition, *‘anom-
alous” samples 90KDA 0011 and 0015 from Chisel
Lake and MAN 128 from Manitouwadge display a
similar Pb distribution pattern to those for some
“*background” samples from the same deposit (F igs 3
and 4), although the latter plot at lower concentra-
tions.

The distribution of the chalcophile elements Cu, Ni
and Zn, typically abundant within VMS deposits, for
the selective leachates are also shown in Figs 3 and 4.
The distribution of these elements is similar to that of
Pb, since they occur predominantly as either adsorbed
metals, hydrous oxides of Fe and Mn, crystalline FeO,
or silicates. A small proportion of the Cu, Ni and Zn
occur as sulfides (Figs 3 and 4), which may suggest
that sulfide minerals, such as chalcopyrite, and
pyrrhotite, are present in trace amounts. A duplicate
analysis of Chisel Lake sample 90K DA 0011 (Table 2)
shows a mean reproducibility of approximately 2%
for the quoted concentrations. In addition, shown in
Table 3 are the mean and standard deviation values
for various elements in control samples TILL-2 and
LKSD-4 (from Hall et al., in press). Abundances for
control sample TFLL-2, obtained during the course of
this study, fall within the accepted standard deviations
(Table 3).

Pb isotopic overprinting of some of the till samples
(90KDA 0011, 90KDA 0015 and MAN 128) by the
underlying ore deposit has been shown by Bell and
Franklin (1993) and this occurs despite the lack of Pb
in the sulfide form (Table 2). This indicates that a large
component of the Pb which occurs as either an
adsorbed metal (leachates A, B), hydrous oxide of Fe
or Mn (leachates C, D), or crystalline FeO (leachates
E, F) must have been derived from the ore deposit. It is
highly probable that the dominant Pb—sulfide mineral
associated with VMS deposits, galena (PbS), was

Table 1. Sequential extraction scheme (Hall et al., 1993)

Extractant

Phases dissolved Leachate symbol used

1 M NaOAc.HOAc | g sample/20 ml 2x6 hr Adsorbed metals, exchangeable, carbonates and
some phosphates
0.25 M NH,OH.HCI in 0.25 M HCI 20 ml Amorphous oxyhydrides of Fe and Mn

constant shaking

reagent, at 60°C:; first leach for 2 hr, second for 0.5
hr

1 MNH,OH.CHlin25% HOAc 30 mlreagent,at Crystalline Fe oxides (e.g., hematite, goethite,

A,B

CD

E,F

90°C; first leach for 3 hr, second leach for 1.5 hr magnetite, maghemite, lepidocrocite)
KCIO3/HCI, 15 ml, for 0.5 hr with mixing; Sulphides and “less soluble™ organic matter G

followed by 4M HNO; (10 ml) at 90°C
HF-HC10,~HNO;3-HCl, 10 ml, to dryness

Silicates, residual crystalline fraction (refractory H
minerals could remain in a final residue)
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Jor Table 2. Elemental concentrations of selective extraction leachates from <63 um fraction of till samples

: - Leachates

ites

)‘l‘}l‘ A B c D E F G H Total

eld Pb (ppm):

.an 90K DA 0011 37 5 24 1 6 - . 15 88 (79)

m- 90KDA 0011 Dup. 37 5 23 1 8 I . 14 89

el 90K DA 0015 2 I 11 1 . 1 . 12 28 (26)
91K DA 0040 - - 1 - = = - 11 12(11)

ya 91K DA 0042 - - - - - . : 10 10 (12)

'me MAN 128 4 1 7 1 4 - 1 10 28 (29)

s 3 MAN 200 1 1 4 - 1 - - 8 15(11)
Blank - - 0.5 - 1 - - - 1.5

t -

ra Cu(ppm):

_ 90K DA 0011 8 2 84 11 47 5 14 31 202
Ni 90K DA 0011 Dup. 9 2 83 10 48 5 14 31 202
for 90K DA 0015 2 - 22 2 14 5 5 4 49
14, 91K DA 0040 - 11 2 8 - 4 3 29
of 91K DA 0042 2 - 29 7 17 1 4 5 65

MAN 128 1 1 11 4 15 1 4 4 41
ved MAN 200 - i 4 I 8 . 4 2 19
20, Blank” - - - - - - 1 s 1
Zn Zn(ppm):
st 90K DA 0011 2 | 189 37 130 10 30 64 463
: 90K DA 0011 Dup. 2 - 186 36 135 10 29 64 462
ind 90K DA 0015 R 114 10 56 6 19 30 237
ate 91K DA 0040 = - 17 3 16 3 9 19 67
»2) 91K DA 0042 ) i 16 2 8 1 8 23 58
10/, MAN 128 4 1 87 32 135 9 15 35 318
in MAN 200 - . 9 3 14 2 9 16 53
Blank - - - - - - 4 - 4
4es Ni(ppm):
.nd 90K DA 0011 - 8 1 8 - 4 9 30
for 90KDA 0011 Dup. - 8 - 8 1 7 9 33
of 90K DA 0015 " 10 1 10 | 5 13 40
‘ 91K DA 0040 i 7 1 8 | 5 10 32
S 91KDA 0042 - 9 | 6 . 3 10 2
MAN 128 . 2 - 8 1 3 8 22
les MAN 200 < 5 2 14 1 5 12 40
rhe Blank” P - - - - i 1 3
nd Mn(ppm):
. 90K DA 0011 2 35 4 29 5 11 191 277
Pb 90KDA 0011 Dup. 2 - 35 4 29 5 1 188 274
‘ge 90K DA 0015 6 | 80 4 29 5 14 187 326
an 91K DA 0040 8 6 89 5 34 6 17 211 376
Fe 91K DA 0042 1 - 30 4 19 4 9 316 383
; MAN 128 - . 8 3 28 5 9 138 191
. MAN 200 17 13 88 12 55 9 20 158 3
J1s Blank” - - - - - - - - -
al Fe(ppm):
- 90K DA 0011 48 28 5858 828 6925 1070 2975 16560 34292
90KDA 0011 Dup. 47 26 5865 780 6950 1140 2938 16940 34686
90K DA 0015 53 27 8400 1062 8300 985 2925 14160 35912
- 91K DA 0040 40 32 5588 885 7400 1070 3013 14460 32488
91K DA 0042 98 38 7005 1314 6750 805 2175 19800 37985
MAN 128 247 135 2258 477 4788 660 1475 7800 17840
- MAN 200 106 63 5610 1143 7700 885 2413 10540 28460
ised Blank” - —~ - 1 2.5 = = 2.5 6
o A Co(ppm):
90K DA 0011 . e 3 . 1 - - 4 .8
90KDA 0011 Dup. - - 2 ) 1 - . 4 7
90K DA 0015 . - 4 . 1 - - 4 9
91K DA 0040 - - 3 - 3 - - 4 10
91K DA 0042 ) . 4 . - - s 6 10
MAN 128 - - 1 - 1 - s 3 5
MAN 200 . - 2 ¢ 3 - 1 4 10
Blank” . . - - . - 0.5 . 0.5

Leachates: A— | st leachate for adsorbed/exchangeable metal; B—2nd leachate for adsorbed and exchangeable metal; C—
Ist leachate for hydrous oxides of Fe and Mn (FeOH-MnOH); D—2nd leachate for hydrous oxides of Fe and Mn (FeOH-
< MnOH): E—Ist leachate for crystalline FeO: F—2nd leachate for crystalline FeO: G—sulphides: H—silicates and residual
oxides. Value in bracket for Pb concentrations obtained by ICP analysis, and uncertainty is + 10% of quoted value. Dup. =
duplicate analysis: (-) = not detected. * = average values for two runs.
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Selective Leachates

Fig. 3. Plots of elemental abundances vs selective leachates
for till samples from Chisel Lake. Letters correspond to the
following leachates: A—Ist leachate for adsorbed and
exchangeable metal; B—2nd leachate for adsorbed and
exchangeable metal; C—Ist leachate for hydrous oxides of
Fe and Mn (FeOH-MnOH); D—2nd leachate for hydrous
oxides of Fe and Mn (FeOH-MnOH); E—Ist leachate for
crystalline FeO; F—2nd leachate for crystalline FeO; G—
sulfide leachate; H—silicate and/or residual oxide leachate.
Solid square—90KDA 0011; Solid circle—%0KDA 0015;
Solid diamond-91KDA 0040; Solid triangle—91KDA 0042.
A) Pb (ppm); B) Zn (ppm); C) Cu (ppm); D) Ni (ppm).

completely destroyed by glacial processes associated
with till formation. The Pb isotopic ratios for the
different Pb-bearing selective leachates will certainly
provide much needed insight into the source of the Pb.

Pb isotopic ratios—Chisel Lake

Pb isotopic measurements for Pb-bearing selective
leachates from Chisel Lake are listed in Table 4 and
shown in Figs 5 and 6. Selective leachates A through F
from anomalous samples 90KDA 0011 and 0015
contain relatively constant Pb isotopic ratios similar
to those from the galena within the Chisel Lake VMS
deposits (Fig. 5). In contrast, the silicate leachates (H)
from both of these samples contain Pb isotopic ratios

Sclective Leachates

Fig. 4. Plots of elemental abundances vs selective leachates

for Manitouwadge till samples. Letters representing selective

leachates are as in Fig. 3 and Table 1. Solid square—MAN

128; Solid circle—MAN 200. A) Pb (ppm); B) Zn (ppm); C)
Cu (ppm): D) Ni (ppm).

A. Simonetti er al.

that are higher than those from the earlier leachates.
The Pb isotopic ratios from total dissolution of the
<63 pm fraction for both 90KDA 0011 and 0015 are
intermediate between those obtained for the early
leachates (adsorbed metal through to FEOH-MnOH,
A to D), and those from the crystalline FeO (E) and
silicate (H) leachates (Table 4). The Pb isotopic ratios
for selective leachates from a separate, duplicate
sequential leaching of 90KDA 0011 show excellent
reproducibility, and, with one exception (silicate
leachate-H), the duplicate analyses are the same
order as duplicates on till (0.1%, 2o level, Table 4).

In contrast, the Pb isotopic composition for
selective leachates from the 2 background till samples
from Chisel Lake (91KDA 0040, 0042) differ from
those obtained from the anomalous samples. Firstly,
sample 91KDA 0042 contains Pb that is restricted
mainly to the silicate minerals, whereas 91K DA 0040
contains Pb in both the first FEOH-MnOH (C) and
silicate (H) leachates. All of these 3 leachates give Pb
isotopic ratios that are much higher than the signature
of the Chisel Lake galena. The highly radiogenic Pb
isotopic composition (**°Pb/?**Pb >23.00) for the
FeOH-MnOH leachate (C) from sample 91KDA
0040 clearly shows that this Pb is derived from a
different source to that found in the anomalous
samples (**°Pb/***Pb range = 15.88 to 16.79). Pb in
sample 91KDA 0040, was probably derived from the
breakdown of rocks with much higher U/Pb ratios
than VMS deposits such as those of the associated
Proterozoic sequences. Another interesting feature is
that the Pb isotopic ratios for the silicate leachates
from both background samples approach the isotopic
composition of the silicate leachates from the two
anomalous samples (Fig. 5).

The 2Pb/>*Pb versus 2°°Pb/>*Pb isotopic plot
shown in Fig. 6A shows that analyses from the
<63 um fraction (84 in total) of till from Chisel Lake
taken from Bell and Franklin (1993) form a linear
array, with a slope of 0.122 + 0.003 (MSWD = 9.3;
corresponding to a date of about 2000 Ma), where the
lower end is close to the isotopic signature of the ore
deposit. Also shown for reference in Fig. 6 is the
Stacey and Kramers (1975) growth curve which
reflects the variation of Pb isotopic ratios throughout
geologic time in the source region that generated most
massive sulfide deposits. The Pb isotopic data from
the Chisel Lake ores are close to the 2000 Ma point on
the Stacey—-Kramers growth curve (Bell and Franklin,
1993). The Pb isotopic ratios determined for selective
leachates from the Chisel Lake samples also lie along
this same linear array (Fig. 6A). The selective
leachates from one of the background samples,
91K DA 0040, show a variation in Pb isotopic ratios
that covers much of the range displayed by the 84
analyses of <63 pm fraction of till samples from
Chisel Lake. Figures 5 and 6 show that the Pb isotopic
ratios for the FEFOH-MnOH leachate (C) from back-
ground sample 91K DA 0040 are the most radiogenic
recorded in any of the size fractions (both <63 and
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Table 3. Mean and standard deviation values in ppm for various elements in control samples TILL-2 and LKSD-4 (from Hall

et al . in press)

Sample PHASE
AEC Am Fe ox Cry Feox  Sulphides Silicates
(Leach. A + B) (Leach. C + D) (Leach. E + F) (Leach. G) (Leach. H) Total Recommended’
Pb:
TILL-2 this study 5 10 4 - 10 29
TILL-2* 48408 10.24+04 <1 <1 80+0.7 228+14 1+3
LKSD-4" 46+08 16.0+1.2 <1 <1 6.2+3.3 84410 91+6
Cu:
TILL-2 this study 13 53 54 11 24 155
TILL-2 122409 56.1+1.9 46.6+1.3 83+22 224420 14643 150+ 10
LKSD-4 <l 6.8+04 46+09 11.4+3.0 2404 322424 31+
Zn:
TILL-2 this study 3 31 52 17 24 127
TILL-2 3.0+0.3 34.14+1.0 449+14  13.8+20 240420 12043 13048
LKSD-4 9.8+1.8 64.4+5.1 16.2+1.5 9.6+0.5 148435 191410 194+ 19
Ni:
TILL-2 this study - 9 20 6 11 46
TILL-2 <l 3.14+1.0 14.6+1.6 58+21 85+£09 333425 3243
LKSD-4 <l 10.2+0.8 4.0+1.0 48+04 S52+1.3 30.6+1.5 3145
Mn:
TILL-2 this study 80 252 144 4] 140 657
TILL-2 86.8+8.3 292411 12548 43.844.0 145421 693440 780+ 28
LKSD-4 16.042.0 56.0+6.0 422433 11.2+1.7 834419 460439 500+ 30
Fe:
TILL-2 this study 339 8447 15890 4425 6240 35341
TILL-2 403+ 52 10190+ 403 14866 +600 4131+457 5821+ 585 35403+1036 37700+ 1300
LKSD-4 126420 4610+ 580 7591+£620 53974278 49634354 26182+ 142 28000 + 200
Co:
TILL-2 this study 1 4 4 1 2 12
TILL-2 1+1 4.840.5 48+1.7 1+1 3+1 14.5+14 1542

i: Recommended values for LKSD-4 from Lynch (1990) and for TILL-2 from Hall er al. (in press).

*: Average value for 8 analyses.

" Average value for 5 analyses. In addition, pyrophosphate extraction had been carried out on LKSD-4 prior to the

sequential leach of Hall er /. (in press).
The total value includes this portion.

<2 pm) of till samples from Chisel Lake analyzed to-
date.

Pb isotopic ratios— Manitowvadge

Pbisotopic results for Pb-bearing selective leachates
from anomalous sample MAN 128 and background
sample MAN 200 are shown in Table 5 and Figs 7 and
8. The data exhibit the following features: (1) Pb
isotcpe ratios.for selective leachates A through to E
from the anomalous sample, MAN 128, are constant
and similar to the ratios obtained from the galena
associated with the Manitouwadge VMS deposits
(Fig. 7); (2) the Pb isotopic composition for the sulfide
leachate (G) from sample MAN 128 is the most
radiogenic of all its leachates, and is clearly quite
different to that of the associated ore deposit (Fig. 7);
(3) the selective leachates A, C and E from back-
ground sample MAN 200 contain Pb isotopic ratios
that are relatively constant but significantly higher
than those from MAN 128 (Fig. 7); (4) the silicate
leachate (H) from MAN 200 contains an isotopic
composition equivalent to that for the silicate leachate
from MAN 128 (Fig. 7).

2ph/%Pb versus “*’Pb/***Pb isotopic plot (Fig.
8A), shows that all the analyses from the <63 pm
fraction of the Manitouwadge tills plot along a linear
array with a slope equivalent to a secondary isochron
age of 2700 Ma (Bell and Card, in prep.), consistent
with the ca. 2700 Ma age of the Geco and Willroy
deposits. With the exception of the %®Pb/?%Pb
isotope ratio for sulfide leachate (G) from MAN 128,
Pb isotope ratios from the selective leachates also plot
along the same trends (Fig. 8). Figure 8 shows that
most of the selective leachates (A to E) from
anomalous sample MAN 128 fall closest to the
analyses from the Manitouwadge ore (Bell and Card,
in prep.), whereas all but one of those from back-
ground sample MAN 200 fall at the other end of the
array, with very radiogenic Pb isotope ratios
(*°Pb/**Pb ~ 24.00).

Conventional leachates

During the development of the exploration techni-
que using Pb isotopes as indicators of mineralization
in glacial till, Bell and co-workers used an extraction
technique that involved leaching of the till samples for
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Table 4. Pb isotopic ratios for ore and selective Pb-bearing
leachates for tills from Chisel Lake

Measured"
206py, 204py, 207py204py,  208py, /204p}
Ore’ 15.42-15.46 15.16-15.22  35.00-35.17
90KDA 0011:
<63 um 16.13 15.23 36.65
fraction”
A 15.88 15.24 35.37
A-duplicate 15.90 15.26 35.44
B 15.89 15.24 35.34
B-duplicate 15.89 15.22 35.35
C 15.94 15.24 35.40
C-duplicate 15.96 15.26 35.48
D 16.01 15.24 35.44
D-duplicate 16.02 15.28 35.57
E 16.05 15.26 35.52
E-duplicate 16.04 15.26 35.52
F no signal
F-duplicate 16.21 15.27 35.67
H 17.44 15.41 37.46
H-duplicate 17.22 15.40 37.35
90KDA 0015:
<63 um 17.16 15.39 36.90
fraction”
A 16.70 15.33 35.85
B 16.75 15.32 35.82
C 16.79 15.37 3594
D 16.79 15.32 35.90
F 17.53 15.40 36.65
H 17.39 15.40 37.61
91KDA 0040: .
<63 um 18.59 15.56 38.03
fraction”
C 23.03 16.08 40.37
H 17.65 15.46 38.22
91KDA 0042:
<63 um 20.31 15.77 40.24
fraction”
H 19.02 15.65 39.82

*. Fractionation corrected ratios using a factor of

0.12%i0.02_a.m.u. based on replicate analyses of NBS 982
Pb standard. ": Pb isotope ratios for ore and <63 pm fraction
taken from Bell and Franklin (1993).

about 2 h using 2.5N HCI. The results from the Pb
isotope ratios of the leached Pb successfully delimited
the mineralized' areas, which were spatially similar to
those that were found using complete dissolution of
the samples with HF and HNO;.

Conventional leaching experiments were conducted
on all 6 till samples in order to measure their Pb
isotopic composition and compare the results with
those obtained from the selective leachates. 300
milligrams of till from the <63 pum fraction were
immersed in approximately 5 ml of cold, double-
distilled 2.5 M HCl for roughly 2 h, and occasionally
shaken. The leachate solution was decanted, centri-
fuged, evaporated to dryness, and then conditioned
with I N HBr. The residue sample was subsequently
dissolved using a multi-acid procedure (HF-HNO;
mixture and then 6 M HCIl). A similar leaching
technique was used by Gulson et al. (1992) to dissolve
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Fig. 5. Diagram showing Pb isotopic ratios for Pb-bearing
selective leachates from Chisel Lake samples. Leachate
letters and symbols as in Fig. 3. Pb isotopic ratios for galena
taken from Bell and Franklin (1993). A) 2"°Pb/2*Pb vs

2

leachate; B) *’Pb/*™Pb vs leachate; C) **Pb/2™Pb vs
leachate.

Fe and Mn coatings of stream pebbles, from the
Mount Emmons area (Colorado), for Pb isotopic
analysis in order to determine their feasibility as a
guide to concealed mineralization.

Pb isotope ratios for the conventional leachates
and residues are shown in Table 6. Figures 9 and 10
show that of the analyses from the total dissolution
of the <63 um fraction of tills from Chisel Lake (Bell
and Franklin, 1993) and Manitouwadge (Bell and
Card, in prep.) all but one plot between those
obtained from their respective conventional leachate
and residue. Anomalous samples 90K DA 0011, 00135,
and MAN 128, have conventional leachates with Pb
isotope ratios that are less radiogenic (i.e. more “‘ore-
like”) than the isotopic signature of the <63 pm
fractions (Figs 9 and 10), and give Pb isotopic ratios
similar to those obtained from the earlier selective
leachates-adsorbed metal (A,B), FeOH-MnOH
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Fig. 6. Pb-Pb isotopic plots showing results for selective
leachates from Chisel Lake samples. S/K = Stacey and
Kramers (1975) Pb evolution curve; thicks along curve are at
0.25 Ga interval. Fields represent isotopic data from <63 pm

fraction analyses (Bell and Franklin, 1993). + = galena
analyses. A) 2*Pb/*®Pb vs 2’Pb/***Pb; B) 2°Pb/2*Pb vs
208pp204pp,

(C.D), or crystalline FeO leachates (E,F). The Pb
isotopic composition for the residues from anom-
alous samples tend to approximate the ratios
obtained from the silicate leachates for the same
sample (Tables 4-6).

Similarly, the Pb isotopic composition for the

Table 5. Pb isotopic ratios for ore and selective Pb-bearing
leachates for tills from Manitouwadge

Measured’

206Pb/204pb 207Pb/204Pb ZOEPb/2O4Pb

Ore’ 13.21-14.03  14.40-14.62 33.08-33.96

MAN 128:

<63 um fraction” 14.99 14.84 34.94
" duplicate 14.87 14.79 34.76
A 14.58 14.68 34.44
B 14.60 14.68 34.44
C 14.51 14.68 34.40
D 14.36 14.63 34.20
E 14.44 14.64 34.26
G 16.50 15.03 39.35
H 15.91 15.13 35.87
MAN 200:

<63 pm fraction” 20.05 15.82 39.69
" duplicate 19.97 15.79 39.57
A 23.84 16.49 43.06
C 24.89 16.69 44.02
E 24.02 16.52 43.59
H 16.57 15.20 36.28

*: see Table 4 caption. *: Pb isotope ratios for ore and
<63 pm fraction are taken from Bell and Card (in prep.,
unpublished data)
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Fig. 7. Diagram showing Pb isotopic ratios for Pb-bearing

selective leachates from Manitouwadge till samples. Lea-

chate letters as in Fig. 3, and symbols as in Fig. 4. Pb isotopic

ratios for galena taken from (Bell and Card, unpublished

data). (A) *°Pb/*Pb vs leachate; (B) 27Pb/2Pb vs
leachate; (C) *%Pb/***Pb.

conventional leachates from background samples
(91KDA 0040, 0042, MAN 200) are also similar to
those obtained from the early selective leachates
(adsorbed metal, FFOH-MnOH, or crystalline oxide)
from the same samples. The Pb isotopic ratios for the
conventional leachates from the background samples,
however, are much more radiogenic than values
obtained from complete dissolution of the <63 pm
fraction (Tables 4-6). Most of the Pb isotope ratios
from the selective and conventional leachates seem to
plot in the same fields defined by the results from

- completely digested <63 pum fraction from both

deposits (Bell and Franklin, 1993; Bell and Card, in
prep.).

DISCUSSION

Selective leachates—weathering of till

Postglacial weathering of till typically occurs within
the zone of oxidation above the groundwater or
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permafrost table, and this process can alfer drift
geochemistry to considerable depth below the surface
(Rencz and Shilts, 1980; Shilts, 1976, 1984; Peura-
niemi, 1984; Shilts and Kettles, 1990). The depth of

Table 6. Pb isotopic results from conventional leaching of
Chisel Lake and Manitouwadge tills

Measured'
206pp,204pp,  207pp204p, 208py, 204py,
Chisel Lake
90K DA 0011:
Leachate 15.96 15.29 35.58
Residue 16.36 . 1529 3591
90K DA 0015:
Leachate 16.80 15.38 36.01
Residue 17.11 15.43 35.76
91K DA 0040:
Leachate 23.21 16.20 40.83
Residue 17.94 15.51 37.74
91K DA 0042:
Leachate 22.05 16.03 40.12
Residue 18.34 15.57 37.49
Manitouwadge
MAN 128:
Leachate 14.53 14.70 34.49
Residue 15.17 14.89 34.75
MAN 200:
Leachate 24.67 16.62 43.80
Residue 17.77 15.40 36.67

*. see Table 4 caption.
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Fig. 9. Pb-Pb isotopic plot showing conventional leachate-
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L—Ileachate; W—<63 um fraction analyses (Bell and
Franklin, 1993); R—residue. Corresponding filled symbols
are selective leachate results from same sample. Other
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Pb/2%“Pb vs 2°°Pb/**Pb.

leaching and oxidation in till, however, is dependent
on the original abundance of pyrite and other sulfides
present in the oxidized zone (Levinson, 1980). Sulfide
grains in till found within the zone of oxidation, in
particular pyrite, are usually completely or partly
altered to limonite (Shilts and Kettles, 1990), geothite
(Nikkarinen et al., 1984) or other secondary form of
sulfide (Peuraniemi, 1984). Shilts and Kettles (1990)
show that the upper 2 m of weathered till near
Thetford Mines, Québec, is enriched (by a factor of 2
over the deeper sections of till) in goethite, leucoxene
and other secondary minerals formed as a result of
alteration and destruction of sulfide minerals, suggest-
ing that they were created by weathering. Breakdown
of the sulphide minerals can have taken place either
prior to glaciation during weathering of the bedrock,
during glaciation, or during post-glacial weathering of
till. The effects of pre-glaciation weathering of sulfide
minerals is difficult to evaluate due to the later
superimposition of complex glacial processes and
their correlated effects. Compared to sulfide minerals,
pre-glacial, finer-grained(?) secondary minerals are
less likely to have remained intact and preserve the Pb
isotopic signature of the VMS deposit during till
formation, assuming they were imparted with the
isotopic signature of the ore deposit. Unfortunately,
this scenario cannot be evaluated. Despite the altera-
tion and weathering that occurs within the oxidized
zones of till, geochemical profiles for the <63 pum
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grain size fraction show that the concentration of base
metals is constant with depth (e.g. Shilts and Kettles,
1990), indicating that the trace metals are effectively
scavenged and retained proximal to their site of
destruction. Most of the Pb found in the 3 anomalous
samples has to have been derived from the breakdown
of the sulphide minerals along with the release of Pb
into the natural system.

In the anomalous samples, Pb which occurs as
crystalline FeO leachate (E, F) may represent Pb
isotopic analysis of primary, more resistant FeO
phases with low U/Pb (i.e. magnetite and hematite),
usually associated with VMS deposits. The Pb
abundances of magnetite and hematite, however, are

much lower than those found in galena, which would
mean that it would take large amounts of Fe oxides to
swamp the isotopic signature of the galena. In
addition, the crystalline FeO (E,F) and FeOH-
MnOH leachates (C,D) contain high levels of Cu, Ni
and Zn (Figs 3 and 4) suggesting sulfide minerals
rather than magnetite and hematite which are not
known to contain a large quantity of such elements.
Although the Pb isotopic ratios for the selective
leachates A to E from the anomalous samples are
similar to the isotopic signature of the ore, they are not
identical which indicates that a minor component of
the Pb contained within these leachates was derived
from a slightly more radiogenic source, possibly the
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surrounding volcanic rocks found within the host
greenstone belt.

The sulfide leachate (G) from anomalous sample
MAN 128 contains Pb isotope ratios that are quite
different to those obtained from ore associated with
the Manitouwadge VMS deposits (Fig. 7). The
presence of sulfide-held Pb in selective leachates,
therefore, should not automatically be attributed to
glacial dispersal of sulfide minerals from proximal
VMS deposits. One possible explanation for the origin
of the sulfide-held Pb in sample MAN 128 is that it
may represent a mixture of Pb from more than one
source, and which is now contained in sulfide. Several
Pb isotopic studies of sulfide minerals associated with
VMS deposits (e.g. Red Lake, Gulson er al., 1993;
Beardmore-Geraldton, Simonetti, unpublished data),
however, clearly show that sulfide minerals associated
with VMS deposits, such as pyrite, chalcopyrite and
pyrrhotite, have not evolved with the same, low time-
integrated p (**U/*%*Pb) value which characterizes
galena (1 ~0) and as a result contain more variable
and higher Pb isotopic ratios. The linear arrays in Pb—
Pb isotope diagrams shown by the data from all of the
selective leachates simply reflects the various Pb
isotope ratios that are the result of differing p (mu)
values in the rocks that make up the host greenstone
belt. Compared to silicate and other sulfide minerals,
however, galena contains the mass balance of Pb
within VMS deposits, and it is this feature which has
guaranteed the successful application of Pb isotope
ratios to till.

Pb concentrations and isotope composition for the
selective leachates from the 3 background samples
(91KDA 0040 and 0042, and MAN 200) show the
following consistent features (Figs 5-10): (1) most of
their Pb occurs in either silicates or residual oxides
(leachate H); (2) the Pb isotopic composition for the
silicate leachate is similar to that of the anomalous
samples from the same deposit; (3) if present, the Pb
isotopic signature for the adsorbed metal (A, B),
FeOH-MnOH (C, D), or crystalline FeO (E, F)
leachates are much more radiogenic than the same
leachates from the anomalous samples. The highly
radiogenic nature of these analyses (Figs 5 and 7)
show that the background samples do not contain any
Pb derived from the nearby VMS deposits as the result
of glacial erosion and down ice sediment transport.
Figures 1 and 2 confirm that samples 91KDA 0040
and 0042 and MAN 200 are either not directly down-
ice from known ore deposits, or are too distal from
them (>4 km), which may explain their lack of a
VMS-like Pb isotopic signature. The Pb isotopic
ratios for the silicate leachates (H) from both
anomalous and background samples are similar and
are less radiogenic than the average value for present-
day continental crust (0 Ma point of Stacey and
Kramers (1975) Pb evolution curve). Compared to the
Pb isotope ratios of sulfides (e.g. galena) from the
associated VMS deposits, the silicate leachates from
both groups of till contain more radiogenic Pb isotope

values, therefore, these leachates incorporate Pb from
minerals with much higher time-integrated U/Pb
ratios (u values). Unlike the sulfide minerals, which
have a higher specific gravity and are less-resistant to
weathering, silicate components of the VMS terrains
can be found at greater distances down-ice from the
ore deposits.

All but one of the Pb isotopic measurements from
the selective leachates (n = 33) plot along the linear
arrays (Figs 6 and 8) defined by the analyses of the
<63 pm fraction of till from both Chisel Lake and
Manitouwadge. This feature further supports the
mixing model proposed for till formation at Chisel
Lake (Bell and Franklin, 1993) involving end-mem-
bers with differing U/Pb, and is consistent with the
interpretation of the Pb—Pb arrays as relict secondary
isochrons (Bell and Franklin, 1993). Additional
support for this interpretation is provided by the Pb
i1sotope ratios from the conventional leachates and
residues which also plot along the same linear arrays
(Figs 9 and 10).

Conventional leachates—new exploration tool

Pb isotopic ratios for the conventional leachates
from anomalous till samples are less radiogenic (i.e.
more ‘‘ore-like™) than analyses from the complete
dissolution of the <63 um fraction, whereas conven-
tional leachates from background samples give Pb
isotopic ratios that are more radiogenic, less “ore-
like” than the <63 pm fraction. In addition, conven-
tional leachates for all samples contain Pb isotopic
ratios (Table 6) that are similar to those obtained from
the earlier selective leachates (adsorbed metal to
FeOH-MnOH, A to C); whereas Pb isotopic ratios
from the residues give isotopic ratios that are closer to
those obtained from the silicate leachates (Tables 4—
6). The difference in Pb isotopic ratios shown by the
conventional leachate and residue for an individual
sample, however, is not as large as that obtained from
the selective leachates. With the exception of Fig. 9B,
the Pb isotopic ratios for the conventional leachates
and residues plot on the linear arrays defined by those
from the selective leachates. One possible explanation
for the scatter of the data points in Fig. 9B is sample
heterogeneity since isotope results from conventional
leaching (and residue), and whole rock analyses (Bell
and Franklin, 1993; Bell and Card, in prep.) were
obtained from separate aliquots of the same sample
powder. Alternatively, the scatter may be attributed,
in part, to a real variation in Th/U ratio in the Chisel
Lake deposit and associated volcanic rocks, a feature
that is supported by the large variation in ***Pb/***Pb
ratio for a given 2"°Pb/***Pb value (Fig. 6B). However,
since the Pb isotopic results from the conventional
leachates approximate those obtained from the selec-
tive leachates, the former could be used as a first-order
approximation to sequential leaching. A conventional
leaching approach instead of total dissolution of a




m
b
ch

ns
the

ial

Pb isotopic ratios and elemental abundances for selective leachates from near-surface till 733

particular grain size fraction of till would have
resulted in a bimodal distribution of points rather
than linear arrays in Pb—Pb isotopic plots (Figs 6 and
8). Conventional leachates from anomalous till
samples would give “ore-like” Pb isotopic ratios,
whereas those from background samples would give
higher isotope ratios than the former (Figs 9 and 10).
providing greater resolution between target areas.
This greater difference in the Pb isotopic composition
for conventional leachates between anomalous and
background till samples would greatly facilitate
selection of potential sites for further mineral explora-
tion. The conventional leaching method, however,
must be tested on additional till deposits surrounding
VMS deposits.

CONCLUSIONS

Selective leachates for tills from Chisel Lake and
Manitouwadge show similar results in that chalco-
phile elements such as Cu, Ni, Pb, and Zn (typically
concentrated in VMS deposits), are bound as either
adsorbed/exchangeable metals, hydroxides of Fe or
Mn, crystalline Fe oxides, or silicates. Despite the
proximity of some of the till samples to VMS
deposits, a very small proportion of these chalcophile
elements are held in the sulfide form. Lead isotopic
ratios for Pb-bearing selective leachates from anom-
alous till samples suggest that the Pb and other
chalcophile elements held as either an adsorbed/
exchangeable metal, hydrous oxide of Fe or Mn, or
crystalline Fe oxide were most probably derived from
the breakdown of original sulfide minerals during
glaciation. In contrast, Pb within the same leachates
from background samples give isotopic compositions
that are significantly more radiogenic than those
from anomalous samples, which . clearly suggests
that this Pb does not originate from the associated
VMS deposits. It is also interesting to note that Pb
from natural sources can be relatively mobile, and
that such Pb can be scavenged from solution in the
natural environment and concentrated. In addition,
only Pb isotopic ratios from till can accurately
provide interpretations into the origin of the Pb
(and other chalcophile elements), and that the latter
can be at odds with interpretations based solely on
elemental distribution patterns obtained from selec-
tive leachates.

We propose that conventional leaching rather than
total dissolution of a particular grain size of till
samples be conducted for mineral exploration pur-
poses, since the former can be done more quickly and
cheaply and the latter type of analysis tends to mask or
reduce the “ore-like™ Pb isotopic component within
anomalous samples.
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Methods are described for a sequential extraction scheme to
dissolve selectively elements bound in soils and sediments in
the following nominal forms: (1) adsorbed, exchangeable,
carbonate (AEC); (2) amorphous iron oxyhydroxide (am Fe
0x), including manganese oxides; (3) crystalline iron oxides
(cry Fe ox); (4) organics and sulfides; and (5) residual (mainly
silicates). This scheme has been applied in triplicate to a suite
of ten international CRMs, i.e., soils SRM 2709-2711 and the
SO-1-4 series, marine mud MAG-1, lake sediment LKSD-4
and the till sample TILL-2. Elements determined comprise: As
(by HG—quartz tube AAS, HG—-QTAAS); Be, Ca, Co, Cr,
Cu, Ni, P, Ti and V (by ICP-AES); Mn, Fe and Zn (by
FAAS); and Cd, Ce, La, Li, T1, Pb and U (by ICP-MS). The
precision obtained is excellent, generally in the range 2-10%
RSD, at concentrations 10 x higher than detection limits.
Most results for the element concentrations summed over the
five phases agree, within statistical uncertainties, with the
recommended total values for the CRMs. Those where
recoveries are significantly below 90% are for elements such as
Cr and V, which are known to be present in refractory
minerals and would require fusion for complete dissolution.
The results presented herein for samples SO-1-4 and MAG-1
do not agree well with those recently published using a scheme
purported to dissolve similar phases. This highlights the need
to be more definitive in describing the nature and extent of the
phases actually extracted so that comparisons can be made
between different laboratories and studies.

Keywords: Selective extraction; leach; speciation; soil;
geological; standard reference material

Selective dissolution techniques are currently of renewed inter-
est in exploration geochemistry, and recently have been
re-examined and further developed at the Geological Survey
of Canada (GSC).1? The identification of the main binding
sites of trace metals in surficial media not only helps in the

understanding of geochemical processes but also allows one -

to predict the potential for remobilization, to determine the
bioavailability of an element and to discriminate between
sources (e.g., atmospheric deposition versus hydromorphic
transport versus clastic dispersion). The measurement of speci-
ation is a much more challenging task than the determination
of total content. A sequential extraction scheme consists of a
series of successive chemical treatments of a sample, each being
more drastic in action or of a different nature than the previous
one. The order in which the extractants are used is critical and
could well depend upon sample type and overall composition,
and. the objectives of the project. It must be recognized that
the results obtained are ‘operationally defined’, i.e., selectivity

» Prcscntec:l at the 1996 Winter Conference on Plasma
Spectrochemistry, Fort Lauderdale, FL, USA, January 8-13, 1996.
GSC Contribution 1996122.

is not 100% and is dependent upon such factors as the
chemicals employed, the time and nature of contact, sample
to volume ratio, etc. Results will also be dependent on the
grain-size fraction chosen for analysis and whether coarser
grains have been made finer by ball-milling, thus increasing
exposure to attack. Published schemes include those of
Sondag,® Chao* and Cardoso Fonseca and Martin,> designed
for application in exploration geochemistry, and that of Tessier
et al.® applied mostly in environmental studies. The scheme
adopted in the present work was devised by examining the
strengths and weaknesses of the ‘specific’ reagents commonly
employed, with consideration given to the variety of sample
types (e.g., lake and stream sediments, B-horizon soils) to be
analysed and the objectives of the projects undertaken.? Of
particular importance in exploration geochemistry is that
portion of element bound to phases which have a high capacity
to scavenge or adsorb labile elements; such phases include
amorphous manganese oxide, amorphous iron oxyhydroxide
and the ‘soluble organic’ component of humus (fulvic and
humic complexes).

The water-soluble fraction of a soil or sediment is the first
to be brought into solution in any sequential scheme. This
fraction is usually negligible, except in areas where evaporites
are present. Exchangeable metals, those held through electro-
static attraction on exchange sites on the surface and interface
of negatively charged complexes of soils, also generally consti-
tute a small proportion and can be replaced by neutral salts
such as MgCl, or ammonium acetate (CH,CO,NH,). It was
decided to group exchangeable and adsorbed metals with those
coprecipitated with carbonates and to extract this component
(labelled here as AEC) with sodium acetate (CH;CO,Na),
buffered at pH 5. Also extracted together, in the next step, are
the hydrous oxides of Mn and Fe, the well known ‘sinks’ in
the surficial environment for heavy metals. Scavenging by these
secondary oxides, present as coatings on mineral surfaces or
as fine discrete particles, can occur by any or a combination
of the following mechanisms: coprecipitation; adsorption; sur-
face complex formation; ion exchange; and penetration of the
lattice. These mechanisms and their interrelations have been
discussed by Chao and Theobald;’ clearly, predominant forms
will depend upon the element in question and the physico-
chemical conditions prevailing. Amorphous iron oxyhydroxide
[Fe(OH);.nH,0] is chemically more reactive than crystalline
forms and it is on this basis that they are separated. Both Fe
and Mn form mixed oxides, owing to their similar chemical
properties and ionic radii. The relative importance of iron and
manganese oxides as scavengers will depend upon such con-
ditions as existing pH-Eh values, degree of oxide crystallinity,
their abundances and presence of organic matter; it is imposs-
ible to generalize. Therefore, it was decided to group the
extraction of manganese oxides together with that of amorph-
ous iron oxyhydroxides. Chao and Zhou® compared the speci-
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ficity of different reagents in the extraction of amorphous iron
oxyhydroxides from soils and sediments. They demonstrated
that, after 30-60 min in 0.25 mol 17! NH,OH.HCl in 0.25 mol
171 HCI at 70°C, further dissolution of the test amorphous
iron oxides was minimal, while <1% of the crystalline iron
oxides was dissolved except for one magnetite (ca. 2%). This
extraction was chosen for the amorphous iron oxyhydroxide
phase (am Fe ox), operating at a temperature of 60°C to
minimize dissolution of crystalline iron oxide. Research at the
GSC with this leach led to a lowering of the strength of HCI
to 0.05 mol 171, in order to minimize dissolution of monosul-
fides such as sphalerite (ZnS) and galena (PbS).? (Soluble
organics such as humic and fulvic complexes will dissolve
significantly in this leach and, if desired, can be removed by
extraction with 0.1mol 17! Na,P,0, solution first.)
Hydroxylamine hydrochloride under stronger reducing con-
ditions was selected for the next phase (cry Fe ox), after the
method originally designed by Chester and Hughes for the
partitioning of trace elements in pelagic sediments.® This
extractant consists of 1mol 17! NH,OH.HCl in 25%
CH,;CO,H and is carried out at 90°C.

Metals bound to organic matter and sulfides are next in the
sequence of most selective extraction schemes, assuming that
these forms have not been previously dissolved to any signifi-
cant degree. The type of action on the sample changes from
reducing to oxidizing at this point. The highly oxidizing attack
recommended by Chao and Sanzalone was chosen for the
present work, being much more efficient than aqua regia or
H,0,-HNO;: digestion with KClO; and HCI followed by
4mol 17! HNO, with gentle boiling.!® Finally, the common
mixed acid attack of HCI-HF-HCIO,~HNO; is used in the
proposed scheme to dissolve silicates and resistant mineral
species from the residue. In some cases, where refractory
primary minerals such as tourmaline, barite, beryl, chromite
and sphenes are present, a small residue still persists.

Evidence for increased efficiency of extraction with fresh
reagent, such as NH,OH.HCI solution, added to the sample
has been presented and discussed by Kersten and Forstner.!!
In the present scheme, each of the first three leaches in the
sequence is repeated as significant proportions (up to 40%) of
elements (e.g, Zn, Cu and Fe) were found to be further
extracted by this second application.?

The present paper reports the application of this sequential
extraction scheme to a suite of CRMs. There is now a
momentum amongst agencies mandated to provide standards
to certify these CRMs for partial or specific element concen-
trations in addition to total. For example, NIST is providing
an addendum to its certificates for the soils SRM 2709-2711
where preliminary ‘leach’ data are given. The leach employed
by the participating laboratories is that specified in Method
3050 of the US Environmental Protection Agency’s (EPA)
recommended methods list and is based on HNO;-H,0,, an
oxidizing attack which is not very specific. These soils were
included in the present study. With a slightly different approach
than that of NIST, the European Commission’s Measurements
and Testing Programme (formally known as the BCR)
launched an action recently to harmonize these sequential
extraction schemes and to certify soil and sediment reference
materials for specific classifications of elements.!*'* While
adequate agreement amongst laboratories can be obtained by
adhering strictly to the recommended protocols, the three
phases therein defined are vague (1, exchangeable, water and
acid soluble; 2, reducible; and 3, oxidizable) and therefore
limited in their usefulness for interpretative purposes. One
could easily argue, for example, that the protocol of digestion
in 0.1 mo!l 17! NH,OH.HCI solution at 20°C is by no means
effective for quantitative dissolution of iron oxyhydroxides,
species which should fall into the ‘reducible’ category.

The analytical techniques employed in the present work

were selected for compatibility for particular elements in these

‘various extractants and include: HG quartz tube AAS

(HG-QTAAS); ICP-AES; and ICP-MS:. Elements determined
were: As by HG-QTAAS; Be, Ca, Co, Cr, Cu, Ni, P, Ti and V
by ICP-AES; Mn, Fe and Zn by FAAS; Cd, Ce, La, Li, Tl, Pb
and U by ICP-MS.

EXPERIMENTAL
Reagents

All reagents used in this project were Baker (Phillipsburg, NJ,
USA) ‘analysed-reagent’ grade. Standard solutions employed
for calibration in the measurement techniques were purchased
from High Purity Standards (Charleston, SC, USA). Distilled,
de-ionized water was used throughout. Most of the leaches
were performed in ‘Falcon’ poly(propylene) centrifuge tubes
(Becton Dickinson, Lincoln Park, NJ, USA) and the Teflon
centrifuge tubes employed in the later stages of the procedure
were purchased from Nalgene (Rochester, NY, USA).

Instrumentation and Operating Conditions

A Perkin-Elmer Model 3030, in the air—acetylene mode, was
employed for measurements by FAAS. The elements Fe, Mn
and Zn were measured at 248.8, 279.5 and 213.9 nm, respect-
ively. A Perkin-Elmer Model 5000, with an electrically heated
quartz cell (at 800 °C) for atomization, was used for measure-
ment of As at 193.7 nm by HG-QTAAS. The hydride generator
was of GSC design. The 4 mol 17! HCl containing the analyte
was pumped at 2 ml min~! to mix with 2% NaBH, solution
at 0.6 ml min~!. A 48 s wash with 4 mol 17! HCI was carried
out between samples aspirated for 12s. A conventional gas—
liquid separator was employed.

The ICP-AES analysis for Be, Ca, Co, Cr, Cu, Ni, P, Ti and
V was carried out using a Jobin-Yvon sequential Model 38
spectrometer. Operating conditions are given in Table 1; back-
ground correction on one or both sides of the analyte peak
was employed where necessary.

The ICP-MS analysis was carried out using a VG
PlasmaQuad 2+ (Winsford, Cheshire, UK). The operating
conditions are given in Table 2. Corrections were made for
spectral interferences of Sn and MoO on '**Cd by monitoring
11881 and 1°*Mo. All analyte solutions derived from the five
extractions described below were diluted 50-fold in 1% HNO;,
just prior to nebulization. Calibration solutions were run after
every eight samples; internal standards were not employed.
Periodically, measurement by standard additions was carried
out to confirm the absence of non-spectral matrix interferences.

For all analytical techniques, calibration solutions were
prepared by spiking, with known amounts of analytes, ‘blank’

Table 1 ICP-AES operating conditions

Torch Demountable
Nebulizer Concentric

Spray chamber Scott, double pass
Rf power 1.15 kW

Reflected power <1W

Outer gas flow rate 131 min~?!

Aerosol gas flow rate 0.31 min~?!
Intermediate gas flow rate  0.81 min™!
Sample uptake rate 1 ml min~!

Measurement parameters—
Integration time 1.5 s per peak (3 points per peak, 0.5s
each)

Number of readings 3

Lines measured Be, 313.0; Ca, 422.7; Co, 228.6; Cr,

267.7; Cu, 324.7; Ni, 231.6; P, 213.6;
Ti, 337.3; V, 311.1 nm
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Table2 ICP-MS operating conditions

Torch Standard, short
Nebulizer Concentric
Spray chamber Scott, double pass, 0°C
Rf power 1.35kW
Reflected power <1lWw

Outer gas flow rate 121 min~!
Aerosol gas flow rate 091 min~?!
Intermediate gas flow rate 0.8 min~!
Sampler 1 mm, Ni
Skimmer 1 mm, Ni
Measurement parameters—

Dwell time 320 ps
Channels per m/z 20

Sweep time 05s
Integration time 20s

Number of readings 3

Scan regions 5.6-8.4 ("Li)

90.6-129.4 (114Cd)
138.6-239.4 (*3°La, 149Ce, 205T1, 296Pb,
207Pb, 208Pb’ 238U)

solutions of the particular extractants and the appropriate
dilutions made.

Sequential Leach Procedure

A suite of ten certified reference samples (soils, a lake sediment
and a marine basin sediment) was taken through the sequential
extraction scheme in triplicate. Samples were taken from their
bottles ‘as received’ from suppliers; they were not dried further.
These CRMs are described in Table 3. The sequential pro-
cedure is shown schematically in Fig. 1. Extractions were
carried out in air rather than under nitrogen as these samples
were not anoxic and therefore changes in element distribution
by air oxidation were not of concern. The procedure is
as follows.

AEC phase

(1) To 1 g of sample in a 50 ml screw-cap centrifuge tube,
add 20ml of 1.0mol 17! CH;CO,Na solution (at pH 5)
and cap.

(2) Vortex the contents for 5-10 s and place in a horizontal
shaker for 6 h.

(3) Centrifuge for 10 min at 2800 rev min~! and decant the
supernatant liquid into a labelled test-tube. Rinse the residue
with 5 ml of water, vortex and centrifuge again; do this twice
and add the supernatant rinses to the test-tube. Make up to
the 30.0 ml mark and analyse.

(4) Carry out a second 20 ml 1 mol 17 CH;CO,Na solution
leach of the residue, repeating steps 2 and 3.

Table 3 Certified reference materials under investigation

Sequential extraction procedure

1.0 g sample

1.0 mol -'NaOAc| shake

pH 5.0 6hand6h
centrifuge ———————> AEC
e F=30
0.25 mol I“NHon.HCl 2hand05h
in 60°C
0.05 mol "' HCI
centrifuge ————————3 Am Fe ox
F=30
.0mol ' NHOH-HCli3 hand 1.5 h
in 90°C
25% HOAc
centrifugé —————————3 Cry Fe ox
F=50
KCIOo,-HCI | 90°C
HNO, -
e Sulfides and
.| .
centriluge organics
‘L F=50
HF-HCIO~HNO4
[ Residual
{silicates)
F=20

Fig.1 Schematic diagram of the sequential extraction procedure. F
is the initial dilution factor (e.g., F =30 represents 1 g of sample diluted
to 30 ml)

Am Fe ox phase

(5) To the residue from step 4, add 20 ml of 0.25mol 171
NH,OH.HClI in 0.05 mol 1~ HCI, cap and vortex for 5-10s.

(6) Place in a water-bath at 60°C for 2h with the cap
loosened. Every 30 min, cap tightly and vortex the contents.

(7) Centrifuge for 10 min and decant the supernatant liquid
into a labelled test-tube. Rinse the residue with 5 ml of water,
vortex and centrifuge again; do this twice and add the super-
natant rinses to the test-tube. Make up to the 30.0 ml mark
and analyse.

(8) Carry out a second 0.25 mol 17! NH,OH.HCI solution
leach of the residue but heat for only 30 min.

Cry Fe ox phase

(9) To the residue from step 8, add 30 ml of 1.0 mol 171
NH,OH.HCI solution in 25% CH;CO,H, cap and vortex
for 5-10s.

CRM Description Source
SRM 2709 San Joaquin Soil [Soil (background) from San Joaquin Valley] NIST
SRM 2710 Montana Soil Highly Elevated Traces (highly contaminated Montana soil) NIST
SRM 2711 Montana Soil Moderately Elevated Traces NIST
SO-1 Regosolic C-horizon soil CCRMP*
SO-2 Podzolic B-horizon soil CCRMP
SO-3 Calcareous C-horizon soil CCRMP
SO-4 Chernozemic A-horizon soil CCRMP
MAG-1 Marine mud (bottom sediment) United States Geological Survey
LKSD-4 Composite centre lake sediment CCRMP
TILL-2 Till from New Brunswick CCRMP

* Canadian Certified Reference Materials Project.
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(10) Place in a water bath at 90°C for 3 h with the cap on
tightly. Vortex the contents every 20 min.

(11) Centrifuge for 10 min and decant the supernatant liquid
into a labelled test-tube. Rinse the residue with 10 ml of 25%
CH;CO,H, water, vortex and centrifuge again; do this twice
and add the supernatant rinses to the test-tube. Make up to
the 50.0 ml mark and analyse.

(12) Carry out a second 1.0 mol 17! NH,OH.HCI solution
leach of the residue but heat for only 1.5 h.

Organics and sulfides phase

(13) To the residue from step 12, add 750 mg of KCIO; and
5ml of 12 mol 17! HCI. Cap and vortex (care, as frothing can
occur). Add a further 10 ml of HCI, cap and vortex.

(14) After 30 min, add 15ml of water, cap, vortex and
centrifuge for 10 min. Decant the supernatant liquid into a
labelled test-tube.

(15) To the residue, add 10 ml of 4 mol 1~ ! HNO,, cap and
vortex. Place in a water-bath at 90°C for 20 min. After
digestion, transfer all of the contents to a Teflon pressure tube.

(16) Vortex and centrifuge for 10 min. Decant the super-
natant liquid into the previous labelled test-tube, in effect
mixing the KClO,;-HCI extractant with this HNO; leachate.

(17) Rinse the residue with 5ml of water, vortex and
centrifuge again; do this twice and add the supernatant rinses
to the test-tube. Make up to 50.0 ml and analyse.

Silicates and residual oxides phase

(18) To the residue, add 2 ml of 16 mol I™* HNO; and place
in a dry heating block on a hot-plate at 200 °C. Heat to reduce
the volume to =0.5 ml.

(19) After cooling, add 2 ml of 12 mol 17! HCI and heat for
20 min at 90°C in the water-bath.

(20) After cooling, add 10ml of the acid mixture (all
concentrated) [HF (5 ml)-HCIO, (3 ml-HNO; (2 ml)] and
cap tightly. Heat for 1 h at 90°C in the water-bath.

(21) Transfer the contents to a Teflon beaker, rinsing with
water for complete transfer. Evaporate at &~70°C overnight
and raise the heat to & 120°C in the last stage to achieve
incipient dryness.

(22) Add 1 ml of 12mol 17! HCI and 3 ml of 16 mol 171
HNO; and swirl the contents. Add 3 ml of water and warm
gently for 5-10 min. Transfer the contents to a calibrated test-
tube, rinsing with water. Make up to 20.0 ml and analyse.

Analysis for As by ICP-MS was precluded, owing to signifi-
cant spectral interference of ArCl on monisotopic ">As created
by the variable amounts of Cl present in the different sample
solutions. Hence, HG-QTAAS was used to determine As. The
procedure routinely employed at the GSC to separate As (and
other hydride forming elements) from potential transition metal
interferences was applied here, i.e., coprecipitation with
La(OH);. Two ml of sample solution resulting from the five
extractions above were taken and the following reagents added:
3ml of 1% La(NOj;); and 8ml of 1+1 NH,OH solution.
After sitting overnight, the solution was centrifuged at 2800 rev
min~! for 4 min and the supernatant decanted. The residue
was dissolved in 7.5 ml of 4 mol 17! HCI, to which were added
750 pl of a 141 solution of 10% KI and 10% ascorbic acid,
for prereduction of As¥ to As™. After 30 min, the solution was
made up to 10.0 ml with 4 mol 17! HCI, ready for analysis by
HG-QTAAS.

RESULTS AND DISCUSSION

The sequential leach results are presented in Tables 4-23, in
the form of the mean and standard deviation obtained for

three separate 1 g samples of each CRM, accompanied by the
recommended (denoted by an asterisk), proposed or infor-
mation value (shown in parentheses) for total concentration
compiled by Govindaraju.'* The uncertainties associated with
these mean recommended values were obtained from original
compilations of CRM data and from accompanying certifi-
cates:1518 je,, certificates for SRMs 2709-2711; Gladney and
Roelandts!® for SO-1-SO-4; Gladney and Roelandts'® for
MAG-1; Lynch'”*® for LKSD-4; and Lynch!® for TILL-2. In
summing the individual phase results for ‘total’ element concen-
tration, raw data were used rather than data truncated at the
detection limit. A 30 instrumental detection limit was used,
based on aspiration of the appropriate blank solution for each
extraction.

Perhaps the most striking feature of the results is the
excellent precision evident throughout, regardless of the sig-
nificant number of manipulations involved in the sequential
procedure. Most values for precision associated with the ‘total’
element result are in the range 1-5% RSD. Exceptions arise
where concentrations are close to instrumental detection limit,
as is the case for Be below 0.2 mg kg~! (ppm) (Table 5), Co
below 5Smg kg™! (Table 9), Ni below 5mg kg~! (Table 16)
and T below 50 pg kg™* (ppb) (Table 20). The only surprising,
poor result for precision is that of Ca in the AEC phase of
SO-3 (Table 6), at 18% RSD, perhaps reflecting heterogeneity
in this calcareous C-horizon soil. The five leaches of this
procedure do not appear to differ in their inherent
reproducibility.

Accuracy is almost impossible to assess in the present
absence of CRMs certified for their phase-selective elemental
compositions. However, comparison of the summed result with
recommended values provides some estimate of overall accu-
racy. It is shown in Tables 4-23 that these two values agree
within the respective standard deviations in the vast majority
of cases. Exceptions to this, where recovery of the element is
below 90% of the recommended value, are: As in SRM 2711
(87% of recommended value), SO-4 (85%) and LKSD-4 (76%);
Be in LKSD-4 (66%) and TILL-2 (77%); Co in SO-2 (87%);
Fe in SO-2 (87%); La in SO-4 (77%); Mn in SO-3 (83%),
SO-4 (88%) and MAG-1 (86%); P in SRM 2709 (84%); Ti in
SO-4 (82%); and Cr, U and V in various samples. The reason
for these apparently low recoveries could well be that these
elements are bound in resistant minerals in these samples and
a fusion would be required to effect complete dissolution. Such
minerals include chromite, spinel, beryl, zircon and tourmaline,
known for hosting the elements listed above.

In these CRMs, the silicate phase dominates as the principal
residence of Be, Ce (except in SO-1 and LKSD-4), Cr (except
in SO-1), La (except in SO-1 and LKSD-4), Li (except in SO-1
and SO-3), Ti, TL, U (except in SRM 2710 and LKSD-4) and
V (except in SO-1 and SO-2). As expected, Ca is found
predominantly in the AEC phase, except for SRM 2710, SO-1,
SO-2 and TILL-2 where the silicate phase contains the majority
of Ca. In most samples, the am Fe ox and cry Fe ox phases
contain the greatest percentage of the Fe, Co, Cu, Ni, P and
Zn contents. Arsenic and Pb are distributed amongst all phases
without obvious bias, whereas Cd and Mn are held mostly in
labile forms, in the first two phases extracted. These trends
confirm the general observation made by Lynch in certification
studies, that elements such as Cd, Co, Cu, Ni, Pb and Zn are
efficiently extracted from lake sediments LKSD 1-4 and soils
using only a hot aqua regia or HNO,~HCIO, attack.'”*® It is
interesting that the dominance in the silicate phase (as opposed
to more soluble phases) of Co in SRM 2711, Ni in SRM 2710
and Pb in SRM 2709 is also reflected in results reported by
Kane et al.'® These workers found that EPA Method 3050
(digestion in H,0,-HNO,) resulted in complete recovery of
Co in SRM 2709 and SRM 2710, Ni in SRM 2709 and SRM
2711 and Pb in SRM 2710 and SRM 2711 but low recoveries
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Table 4 Results (mean+s in mg kg™!) for As: application of sequential leach procedure to CRM:s in triplicate. Literature sources for this and
all subsquent tables: (1) certificates for SRMs 2709-2711; (2) Gladney and Roelandts'S for SO 1-4; (3) Gladney and Roelandts'® for MAG-1;

(4) Lynch!” and Lynch'® for LKSD-4; and (5) Lynch'® for TILL-2

CRM AEC Am Fe ox Cry Fe ox Organic-sulfide Silicate Sum Literature
SRM 2709 1.244+0.03 1.2040.01 9.5140.05 4.134+0.17 1.58+0.07 17.3+0.2 17.74£0.8*
SRM 2710 56.5+0.57 403418 108+2.0 18.34+0.65 14.840.32 631+17 626+ 38*
SRM 2711 28.6+1.23 32.1+049 2264045 5.34+0.06 3.42+0.02 91.6+2.0 105+ 8*
SO-1 0.105+0.009 0.11940.004 0.70540.028 0.714+0.034 0.473+0.023 2.1240.04 20+0.2*
SO-2 0.184+0.001 0.294 +0.004 0.34240.011 0.14840.10 0.212+0.013 1.18+0.007 1.1740.13*
SO-3 0.134+0.005 0.207 +0.003 1.4340.02 0.333+0.006 0.370+0.022 2.38+0.05 2.514+0.13*
SO-4 0.400+0.026 0.555+0.003 3.07+0.01 0.799 +0.040 1.4540.05 6.31+£0.05 7.40+0.22*%
MAG-1 0.778 +£0.015 0.71940.013 1.334+0.05 2.63+0.03 3.49+0.03 8.93+0.09 92+12
LKSD-4 0.961+0.052 2.7240.05 4.67+0.06 2.834+0.05 0.897 +0.087 12.14£0.17 16+1*
TILL-2 0.096+0.013 1.4240.04 16.5+0.5 4.754+0.03 2.88+0.11 25.5+0.44 26+2

* Recommended value.

Table 5 Results for Be (mean+s in mg kg™ !): application of sequential leach procedure to CRMs in triplicate

CRM AEC Am Fe ox Cry Fe ox Organic-sulfide Silicate Sum Literature valuet

SRM 2709 0.06+0.01 0.3440.01 <0.05 0.2040.13 3.81+0.03 444+0.16 —
SRM 2710 0.2040.01 0.394+0.02 0.05+0.07 <0.05 1.3240.05 1.9240.14 —
SRM 2711 <0.05 0.414+0.02 0.09+0.07 0.09+0.01 1.32+0.03 2.0840.20 —
SO-1 0.05+0.01 0.2540.01 0.0510.04 0.3540.13 1.0940.05 1.754+0.08 1.98+0.29
SO-2 0.06+0.01 0.1940.08 0.0540.01 0.0840.11 1.69+0.08 2.07+0.15 2.04+0.3*
SO-3 <0.05 0.1140.11 <0.05 <0.05 0.49+0.01 0.631+0.12 0.81+0.15
SO-4 <0.05 0.28+0.12 0.14+0.01 <0.05 0.71+£0.01 1.1440.12 1.264+0.14*
MAG-1 0.08 +0.01 0.45+0.01 0.2740.07 0.16+0.01 1.86+0.08 2.83+0.11 3.2+04*
LKSD-4 0.07+0.01 0.064-0.04 0.1440.12 <0.05 0.38+0.01 0.66+0.11 1.04+0.03*
TILL-2 0.1940.01 0.24+0.01 043+0.01 0.10+0.01 2.134+0.03 3.09+0.03 4.040.5

* Recommended value.

 See Table 4 for relevant references.

Table 6 Results for Ca (mean+s in %): application of sequential leach procedure to CRMs in triplicate

CRM AEC Am Fe ox Cry Fe ox Organic—sulfide Silicate Sum Literature valuet
SRM 2709 1.23740.001 0.067 +0.001 0.0254-0.001 0.025+0.001 0.556+0.033 1.91140.039 1.8940.05*
SRM 2710 0.276 +0.013 0.081+0.004 0.039 +0.000 0.036+0.002 0.801 +0.043 1.2344-0.061 1.25+0.3*
SRM 2711 1.8194+0.074 0.188+0.012 0.028 +0.001 0.038+0.001 0.844+0.030 2.9194+0.077 2.88 +0.08*
SO-1 0.256 +0.004 0.109 4 0.003 0.059+0.001 0.136+0.001 1.214+0.096 1.775+0.098 1.76 +£0.10*
SO-2 0.013+0.001 0.25140.001 0.105+0.001 0.035+0.001 1.653+0.032 2.058+0.030 1.984+0.10*
SO-3 9.198 4+ 1.666 3.455+0.045 1.25140.106 0.029+0.001 0.473+0.015 14.41+1.78 14.84+1.0*
SO-4 0.52240.002 0.093+0.001 0.011+0.001 0.019 +0.002 0.516 +0.008 1.16340.004 1.1140.09*
MAG-1 0.648 +0.050 0.066 +0.001 0.023 +0.001 0.038 +0.001 0.253+0.010 1.031+0.057 0.98+0.07*
LKSD-4 0.680+0.044 0.095+0.002 0.0224+0.001 0.021 +£0.002 0.518+0.013 1.338+0.058 1.2940.14*
TILL-2 0.03040.001 0.039+0.001 0.021 40.001 0.039+0.001 0.825+0.033 0.956+0.032 0.91+0.05

* Recommended value.

+ See Table 4 for relevant references.

Table7 Results for Cd (mean+s in pg kg™'): application of sequential leach procedure to CRM:s in triplicate

CRM . AEC Am Fe ox Cry Fe ox Organic-sulfide Silicate Sum Literature valuet
SRM 2709 158+10 84+3 111+14 1443 34+6 401427 380+ 10*
SRM 2710 14352+ 288 2424+ 144 453+24 2458 +119 555+36 20243 +445 21800+ 200*
SRM 2711 312014924 43314263 1222430 483+15 188 +15 37426 +779 41700 +250*
SO-1 24+6 34+4 35420 37+52 <10 125+9 130440
SO-2 25+8 39+10 1847 <10 105+6 188116 130+40
SO-3 83+7 <15 <15 <10 9+3 115421 120+30
SO-4 10247 179+18 58+6 <10 34+8 373+21 340+ 60
MAG-1 155+10 1542 <15 <10 <10 200+2 202 +29*
LKSD-4 1081 +45 801+55 57+1 <10 19+4 1968 +19 1900+ 500
TILL-2 69+14 93+7 16716 1745 20+4 366+30 3004200

* Recommended value.
+ See Table 4 for relevant references.

for these elements in the third member of this series, in keeping
with the present findings. NIST soil SRM 2710 is contaminated
with high concentrations of Cu, Mn, Pb and Zn originating
from flooding of nearby settling ponds containing effluent from
the Anaconda processing plant in Butte, MT, USA. Thus the
highest concentrations of these elements should exist in the
first two labile phases (rather than in crystalline forms) of
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the sequential leach procedure. This is borne out in Tables 11,
15, 18 and 23 where it is evident that these first two phases
account for 82, 50, 88 and 51%, respectively, of the total Cu,
Mn, Pb and Zn in this soil.

The distributions of elements in the marine mud MAG-1
and in the soil SO series, found in the present study, are in
sharp contrast to those reported by Li et al.*® using the scheme
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Table8 Results for Ce (mean +s in mg kg™ *): application of sequential leach procedure to CRM:s in tripicate

CRM AEC Am Fe ox Cry Fe ox Organic-sulfide Silicate Sum Literature valuet
SRM 2709 411+0.10 7.76 +0.29 8314031 6.16+0.23 23.24+0.85 49.31+0.64 42
SRM 2710 5.274+0.18 9.80+0.43 10.7+043 4.83+0.16 3374098 64.3+0.88 57
SRM 2711 5.724+0.43 11.340.08 9.18+0.01 8.40+0.23 45340.22 79.9+0.32 69
SO-1 13.64+0.16 29.6+1.90 39.5+0.57 11.84+0.44 11.140.17 106 +0.9 102+ 10*
SO-2 4.5540.07 29.540.16 3314032 3.684+0.09 5524296 126+3.0 112 +-8*
SO-3 7.43+0.21 3.204+0.20 6.48+0.12 2.95+0.13 120+0.24 3204041 34 +2*
SO-4 0.3610.03 6.53+0.12 11.440.28 5.8140.03 3584020 59.9+0.10 54+1*
MAG-1 5.72+0.05 153+0.24 15.8+047 12.240.25 45041.80 94.1+2.12 88+ 9*
LKSD-4 3.00+0.01 7.96 +0.48 22.440.57 2.53+0.11 9.43+40.17 4534044 48 1+ 6*
TILL-2 3.654+0.02 9.9240.13 13.34+0.10 152+0.14 78.443.40 121433 98+7

* Recommended value.

1 See Table 4 for relevant references.

Table 9 Results for Co (mean +s in mg kg~!): application of sequential leach procedure to CRMs in triplicate

CRM AEC Am Fe ox Cry Fe ox Organic-sulfide Silicate Sum Literature valuet
SRM 2709 0.70+0.06 6.014+0.13 4.03+0.12 1.0240.49 2.46+0.30 14.2240.88 13.440.7*
SRM 2710 043+0.15 3.53+0.40 1.1740.61 2.49+0.64 2414093 10.034+0.95 10
SRM 2711 242+0.18 2.254+0.25 2214091 1.23+0.57 2.57+0.19 10.8840.58 10
SO-1 <0.25 9.610.81 8.78+1.06 4.62+1.07 5.77+047 28.9+2.89 2942
SO-2 <0.25 0.464+0.08 0.80+0.55 <0.25 5.3+046 6.6+0.80 7.6+0.6*

- S0-3 0.58+0.12 <0.25 1.9640.16 <0.25 3.034+0.07 5.57+0.31 50+0.8
SO-4 <0.25 7.094+0.10 2.2640.11 <0.25 1.06 +0.59 10.6 +0.68 104+14*
MAG-1 0.98+0.14 5.86+0.46 399+1.24 4.56 +0.60 4.6940.96 20.1+2.14 204+ 1.6*
LKSD-4 2.24+0.05 1.834+0.13 3.56+0.90 0.81+0.21 1.884+0.87 10.3+0.85 11+1*
TILL-2 0.8540.05 4.5910.46 4.01+0.84 2.2940.88 227+1.02 14.0+1.25 15+2

* Recommended value.

1 See Table 4 for relevant references.

Table 10 Results for Cr (mean+s in mg kg™?): application of sequential leach procedure to CRM:s in triplicate

CRM AEC Am Fe ox Cry Fe ox Organic—sulfide Silicate Sum Literature valuet
SRM 2709 1.04+0.17 6.41+0.22 27.5+0.63 10.9+0.29 55.7+2.08 1014133 130+ 4*
SRM 2710 0.4440.06 1.1440.22 4514011 5.60+0.40 15.940.56 27.7+1.10 39
SRM 2711 <0.25 0.78 +0.06 5.73+0.07 3.9040.03 24.940.69 35.340.60 47
SO-1 <0.25 9.4910.70 59.4+2.20 47.540.49 45.04+2.70 161+4.83 1704 22*
SO-2 <0.25 0.714+0.16 1.8540.05 0.51+0.01 5.20+0.31 8.37+0.61 12.341.3*
SO-3 0.64+0.17 <0.25 5.10+0.37 1.7540.10 13.34+0.21 20.9+0.62 27 +4*
SO-4 <0.25 0.56+0.04 5.80+0.11 4.1940.04 31.1+0.53 41.64+0.56 64 +9*
MAG-1 0.66 +0.03 3454023 19.540.92 12.54-0.49 51.8+1.90 88.9+2.26 974 8*
LKSD-4 0.89+0.14 <0.25 6.64+0.18 6.08 +0.22 12.64+0.38 26.240.26 33+6*
TILL-2 0.64+0.01 296+0.15 14.5+0.30 8.60+0.17 30.5+047 57.24+0.36 67+11

* Recommended value.
T See Table 4 for relevant references.

Table 11 Results for Cu (mean+s in mg kg™!): application of sequential leach procedure to CRMs in triplicate

CRM AEC Am Fe ox Cry Fe ox
SRM 2709 <0.50 4.08+0.17 2274035
SRM 2710 1501443 925458 400+3.8
SRM 2711 1554092 339+1.48 36.841.33
SO-1 1.574+0.01 13.140.75 29.2+0.21
SO-2 <0.50 1.4440.05 2.61+0.10
SO-3 <0.50 <0.50 9.84 4+0.66
SO-4 <0.50 0.88+0.01 9.99+0.56
MAG-1 <0.50 2.21+0.52 11.1+024
LKSD-4 <0.50 1.504+0.07 12940.29
TILL-2 11.840.27 26.1+041 81.6+0.30

Organic-sulfide Silicate Sum - Literature valuef
3.98+0.22 3.7940.80 347+1.0 34.6+0.7*
96.5+0.80 40.9+1.46 2964412 2950+ 130*
2224042 5.26+0.20 115+1 11442*
11.5+0.41 5.6710.61 61.1+1.0 61 +5*
0.88+0.07 3.11+1.02 8.03+0.50 8+3
1.66+0.10 2.73+0.05 14.740.60 17+2*
4.6140.09 7.37+1.25 229+0.83 21+42*
13.1+0.81 4.35+0.35 30.8+1.02 30+3*
13.440.20 3.054+0.09 30.8+0.37 31+4*
15.540.25 21.0+0.40 156+0.78 150+10

* Recommended value.
+ See Table 4 for relevant references.

described by Tessier et al.® That protocol is designed to extract
the following nominal classifications of element form: (1)
exchangeable; (2) bound to carbonate and adsorbed; (3) bound
to iron—-manganese oxides; (4) bound to organic matter and
sulfides; and (5) residual. The first two phases, equivalent to
AEC in the present scheme, are interpreted as being relatively
unstable under natural conditions (e.g., elements in the first
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phase are loosely termed ‘bioavailable’) whereas the last three
are considered as residence sites where elements are strongly
bound and retained. Amorphous and crystalline iron and
manganese oxides are not differentiated in the scheme of
Tessier et al. and are interpreted by Li et al. as both reporting
to the ‘iron-manganese oxide’ phase (3) extracted by 0.04 mol
17! NH,OH.HCI in 25% CH;CO,H at 96°C. Some of the
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Table 12” Results for Fe (meant s in %): application of sequential leach procedure to CRMs in triplicate

CRM AEC Am Fe ox Cry Fe ox Organic-sulfide Silicate Sum Literature valuet
SRM 2709 0.006 +0.001 0.524 +0.055 1.70+0.124 0.421+0.007 0.802 +0.008 3.441+0.010 3.49+0.11*
SRM 2710 0.009 +0.000 0.942 +0.025 0.733 1 0.004 0.511+0.004 0.861+0.019 3.07240.024 3.37+0.10*
SRM 2711 0.004 +0.002 0.408 +0.013 0.762 + 0.046 0.400 +0.008 0.988 +0.011 2.61010.003 2.88+0.06*
SO-1 0.030+ 0.000 0.62410.026 1.875+40.025 1.836+0.029 1.151+0.027 5.669 +0.067 5.99 +0.22*
SO-2 0.148 +0.002 0.785+0.007 1.238+0.012 0.178+0.015 2.424+0.072 4.775+0.079 5.51+0.21*
SO-3 0.032 1+ 0.004 0.283 +0.000 0.668 +0.005 0.101 +0.005 0.454+0.013 1.54140.019 1.55+0.07*
SO-4 0.001 +0.000 0.443 +0.003 0.984 +0.006 0.159+0.022 0.665+0.010 2.254+0.014 2.354+0.10*
MAG-1 0.001 +0.000 0.647 +0.009 1.45+0.054 1.03+0.037 1.196 +0.249 4.327+0.062 4.75+0.21*
LKSD-4 0.026 +0.000 0.656 +0.008 1.08 +0.008 0.546 +0.010 0.444 +0.005 2.749 +0.003 2.85+0.2*
TILL-2 0.019+0.000 0.762+0.013 1.757+0.016 0.643+0.019 0.528 +0.003 3.711+0.123 3.84+0.17

* Recommended value.
T See Table 4 for relevant references.

Table 13 Results for La (mean+s in mg kg ™!): application of sequential leach procedure to CRMs in triplicate

) CRM AEC Am Fe ox Cry Fe ox Organic-sulfide Silicate Sum Literature valuet
SRM 2709 1.77+0.07 3.48+0.17 4.09+0.13 3.12+0.09 7.92+0.32 2044043 23
SRM 2710 2.81+0.11 492+0.17 5.72+0.23 2.95+0.06 9.4140.27 25.8+0.23 34

¢ SRM 2711 2.76+0.22 5.78 £0.02 4.7040.01 4.464-0.03 18.040.38 35.7+£0.37 40
SO-1 16.240.19 11.24+0.53 13.6+0.13 7.02+0.31 5.58+0.05 53.6+0.25 54 +2*
SO-2 1.79+0.04 11.1+0.03 8.02+0.16 1.87+0.03 21.6+1.19 444+1.13 46.54+0.7%
SO-3 4.02+0.18 1.18+0.04 2.4440.06 1.50+0.05 6.19+0.17 15.340.40 16.9+1.3*
SO-4 0.1540.02 3.87+0.04 4.68+0.18 2.81+0.05 102+0.18 21.8+0.12 282+1.7*
MAG-1 2.90+0.01 7.35+0.12 6.60+0.23 5.82+0.09 17.940.40 40.6+0.54 43 +4*
LKSD-4 1.8640.02 6.39+0.37 10.5+0.37 1.22+0.06 4.70+0.05 24.7+0.18 26+2*
TILL-2 2.03+0.02 3.75+0.03 2.831+0.07 7.95+0.12 284+1.57 4494148 44+4

4 * Recommended value.
1 See Table 4 for relevant references.

} Table 14 Results for Li (mean +s in mg kg™ ?): application of sequential leach procedure to CRMs in triplicate

? CRM AEC Am Fe ox Cry Fe ox Organic-sulfide Silicate Sum Literature valuet

i SRM 2709 2.04+0.14 5444018 14.84+0.09 4.39+40.06 28.9+1.49 55.7+1.7 —

i SRM 2710 1.06 +0.09 1.93+0.02 7.9240.10 6.19+0.21 21.5+0.29 38.6+0.56 —
SRM 2711 0.4240.01 1.55+0.03 5.5040.09 2.41+0.04 16.4+0.27 26.34+0.31 S
SO-1 1.08 +0.02 4.72+0.12 17.74+0.19 1174045 11.240.33 46.440.07 48 4 2*
SO-2 <0.02 0.2540.03 2.27+40.03 0.2140.03 7.81+0.11 10.640.08 9+2
SO-3 0.61+0.01 0.56 +0.00 4.71+0.03 0.8340.08 4.58+0.05 11.440.09 9+3
SO-4 0.14+0.02 0.88 +0.02 422+0.19 0.94+0.01 14.7+0.10 20.9+0.30 1744
MAG-1 2.60+0.00 8.02+0.20 24.7+0.85 9.25+0.67 32.040.26 76.74+0.71 79 +4*
LKSD-4 0.13+0.00 0.54+0.00 4.50+0.10 1.7740.09 4.85+0.09 11.84+0.08 1242*
TILL-2 0.16+0.01 2.01+0.07 17.840.29 8.09+0.25 20.0+0.63 48.1+0.68 47+4

* Recommended value.
1 See Table 4 for relevant references.

Table 15 Results for Mn (mean+s in mg kg™ !): application of sequential leach procedure to CRMs in triplicate
CRM AEC Am Fe ox Cry Fe ¢x organic-sulfide Silicate Sum Literature valuet
i SRM 2709 135+4 16642 103+2 25+1 63+1 49245 534+17*
SRM 2710 1005+7 4522415 1525+6 16542 1851425 9068 140 10100 +400*
SRM 2711 236+4 12442 58+1 23+1 129+1 570+ 6 638 +28*
SO-1 30+1 280+9 159+1 138+7 17343 78045 851 +40*
. SO-2 17+1 63+1 58+2 610 509+10 652+11 666 +40*
SO-3 ‘ 229+10 84+1 52+1 7+0 78+2 450+10 542 +30*
SO-4 12342 315+2 39+1 610 58+1 54242 6191 30*
MAG-1 135+2 14342 181+9 82+4 112+1 654+8 758 + 70*
LKSD-4 223+2 62+1 68+1 1711 84+1 453+3 464 +30*
TILL-2 70+1 253+3 15642 64+1 158+2 701+3 780+28

* Recommended value.
+ See Table 4 for relevant references.

differences in the results from these two schemes are illustrated much higher percentage of element in the ‘residual’ phase,
in Fig. 2. The concentrations of elements reporting to phases usually taken to mean silicates and, to a lesser extent, resistant
(1) and (2)in Li et al. have been added together and represented sulfides and refractory organics.® The postulation that the
by AEC, whereas phase (3) has been labelled as equivalent to predominant form of elements such as Zn and Cu in these
am Fe ox, in contrast to their interpretation but more in soils is in the silicate phase rather than bound as oxides,
keeping with applications described by Tessier et al.?! The oxyhydroxides, carbonates, adsorbed on iron, manganese or
contrast in results is alarming. In general, Li et al. found a aluminium oxides or with organic substances (as complexes,
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Table 16 Results for Ni (mean+s in mg kg™ '): application of sequential leach procedure to CRMs in triplicate

CRM AEC AM Fe ox Cry Fe ox Organic-sulfide Silicate Sum Literature valuet
SRM 2709 4.01+0.23 26.1+0.51 394+1.02 7.85+0.26 12.84+0.56 90.14+1.02 88+ 5%
SRM 2710 <1.0 1.5040.25 2.53+0.09 3.59+0.13 4.354+0.19 12.840.53 1434 1.0*
SRM 2711 1.1240.65 5.09+0.38 6.30+0.32 2.754+0.17 4.7940.16 21.0+0.46 20.6+1.1*
SO-1 <1.0 9.540.81 359+2.28 25.240.20 23.8+1.41 95+2.66 92+ 12*
SO-2 <1.0 <1.0 <10 0.96+0.68 2.534+0.34 482+1.12 8+2
SO-3 <10 <1.0 5.17+£0.08 1.68 +0.19 4.36+0.65 13.14+0.76 1445
SO-4 <1.0 8.610.34 8.30+0.53 1.99+0.04 6.35+0.37 25.34+0.73 24+4
MAG-1 3.40+0.20 11.6 +0.74 19.0+0.93 9.494+0.57 10.84+0.50 54.3+1.36 53+8*
LKSD-4 4.85+0.11 9.2+0.50 8.85+1.23 6.04+0.25 5.38+0.16 344+1.36 31+5*
TILL-2 <1.0 3.284+0.24 16.74+0.36 8.80+0.17 7.51+0.28 35.6+0.51 32+3

* Recommended value,

t See Table 4 for relevant references.

Table 17 Results for P (mean +s in mg kg™'): application of sequential leach procedure to CRMs in triplicate

CRM AEC Am Fe ox Cry Fe ox Organic—sulfide Silicate Sum Literature valuet
SRM 2709 <10 281+11 169+7 <10 61+3 519+15 620 + 50*
SRM 2710 13+1 748 + 64 109+1 <10 12447 996 + 69 1060 + 150*
SRM 2711 31+4 650442 75+5 <10 83+6 840132 860+ 70*
SO-1 <10 303+29 268+29 <10 37+2 608 +44 654 + 80*
SO-2 10842 1470453 1566 +4 <10 39+4 3184452 3008 +200*
SO-3 <10 124+19 275423 <10 <10 399+9 479 +70*
SO-4 <10 204 +8 178 +36 22247 226+5 840+ 54 872 +70*
MAG-1 5242 319+27 82+12 46+8 159+2 660+ 28 710+ 90*
LKSD-4 3143 455+6 48349 216+13 223+16 1410+3 1438 +130*
TILL-2 <10 126 +31 296+25 <10 188+4 611+53 750+ 80

* Recommended value.
T See Table 4 for relevant references.

Table 18 Results for Pb (mean+s in mg kg~*): application of sequential leach procedure to CRM:s in triplicate

CRM AEC Am Fe ox Cry Fe ox Organic-sulfide Silicate Sum Literature valuet
SRM 2709 1.00+0.11 4.68+0.32 6.70+0.12 0.653+0.048 7.1740.67 20.2+0.98 18.9+0.15*
SRM 2710 2797+7.0 2021 +5.0 359+73 63.0+1.16 217+2.38 545748.6 55324 80*
SRM 2711 843+6.2 235429 4824194 3.68+0.08 13.440.40 1144485 1162+ 31*
SO-1 0.3524+0.017 3.79+0.30 5.4240.55 0.820+40.066 8.23+0.12 18.740.48 20+ 3*
SO-2 1.0240.03 2.38+0.03 2.01+0.04 0.109+0.017 13.14+0.51 18.74+0.40 20+2*
SO-3 2.96+0.19 1.3240.05 4.45+0.07 0.285+0.090 3.82+0.12 12.84+0.12 13+3
SO-4 0.16340.004 4.90+0.16 4.1840.07 0.237+0.020 5.68 +0.09 15.14+0.14 1442*
MAG-1 10.04+0.25 7.284+0.27 42340.16 0.847+0.050 6.45+0.17 28.9+0.38 24+ 3*
LKSD-4 43.940.67 32.6+0.64 124+0.39 0.436+0.029 3.58 +0.11 92.9+0.84 91 +6*
TILL-2 4.03+0.04 8.88+0.02 8.38+0.06 1.64+0.02 9.54+0.19 325+0.15 31+3

* Recommended value.

t See Table 4 for relevant references.

Table 19  Results for Ti (mean +s in mg kg™!): application of sequential leach procedure to CRMs in triplicate

CRM AEC Am Fe ox Cry Fe ox Organic—sulfide Silicate - Sum Literature valuet
SRM 2709 <0.5 0.6440.05 164422 186 +1.9 3329 +52 3533+52 3420+ 240*
SRM 2710 <0.5 3.444+0.04 355+0.5 525+4.3 2321475 2885+78 2830+ 100*
SRM 2711 <0.5 0.78+0.23 15140.2 18243 2748 +48 2946 +46 3060+ 230*
SO-1 <05 7.06+0.51 165+2 2533+71 2870+ 145 55774196 5211 +200*
SO-2 8.05+0.09 8.5940.13 12440.7 116+4.7 8661 +395 89194399 85651 500*
SO-3 1.45+2.05 <0.5 433415 823433 1686+ 52 1813+ 59 1976 + 200*
SO-4 <0.5 <0.5 8.07+0.14 79.6+1.1 2767+3.3 2854 +4 3474 4+ 240*
MAG-1 <0.5 2.30+0.10 412421 353420 4178 +182 4576+ 185 4498 + 400*
LKSD-4 1.70+0.19 1.1940.19 458409 391+8 1476 +41 1916 +33 2156 +470*
TILL-2 2.67+0.11 13440.1 217+6 616+13.0 4088 1247 4938 +247 53004190

* Recommended value.
T See Table 4 for relevant references.

chelates) is in conflict with the soil science literature.2? Besides
occurring in a chelated form in organic-rich upper horizon
soils, Fe occurs largely as oxides and hydroxides (e.g., as
goethite, FeO,H; lepidocrocite, FeO,H; ferrihydrite,
Fe,0;.nH,0; hematite, Fe,O;; and maghemite, Fe,0,). It is
likely that much of this Fe is reporting to the final fifth step
(residual) under the conditions employed by Li et al. This was

794

found to be the case in a study by Kheboian and Bauer?® who
examined the procedure of Tessier et al. and found, for example,
goethite to be little dissolved until the final step. The present
scheme generally extracts a greater percentage of element
reporting to the organic-sulfide phase than does the phase (4)
extraction in the work of Li et al, reflecting the stronger
oxidizing action of the KCIO;—-HCI-HNO, attack. In fact,

Journal of Analytical Atomic Spectrometry, September 1996, Vol. 11



Table 20 Results for Tl (mean+s in pg kg™ '): application of sequential leach procedure to CRMs in triplicate

CRM AEC Am Fe ox Cry Fe ox Organic-sulfide Silicate Sum Literature valuet
SRM 2709 7+1 65+3 119412 82+7 40743 685+24. 740 + 50*
SRM 2710 146+ 6 117410 23845 159+11 615118 1275428 1300
SRM 2711 177+14 368 +8 651+41 213+13 883+38 2292+16 2470+ 150*
SO-1 <5 2548 141417 181426 255411 606+ 20 (640)1
SO-2 1342 41420 <10 <10 406+ 15 475436 (580)
SO-3 542 21+12 37+18 14+5 15242 229 +14 (180)
SO-4 <5 20+1 109+8 26+1 310+4 468 +6 (260)
MAG-1 12+1 1743 12449 49+4 532+7 735413 (590)
LKSD-4 17447 142410 5649 3714 17449 583+15
TILL-2 2142 49+6 11616 79+7 646 126 910+ 11

* Recommended value.

+ See Table 4 for relevant references.

1 Values in parentheses are proposed or for information.

Table21 Results for U (mean+s in pg kg™!): application of sequential leach procedure to CRMs in triplicate

CRM AEC Am Fe ox Cry Fe ox Organic—sulfide Silicate Sum Literature valuet
SRM 2709 428 +36 97+12 508 +13 239+2 1594491 2866+ 150 3000
SRM 2710 10800 + 399 1898 +79 57014101 2511483 2840425 23749 +396 25000
SRM 2711 13443 48+3 336+9 323435 1682+ 116 2523 +84 2600
SO-1 359+27 175+11 330+ 18 222410 492+16 1579452 1710+ 40*
SO-2 90+16 57+1 184+8 43+12 301+16 675+19 980+ 50*
SO-3 129+15 42+2 12945 5245 597+ 14 949 +31 1110+20*
SO-4 123421 24+2 140+13 335419 1232422 1853 +51 2380+ 70*
MAG-1 543427 65+6 484420 292+33 1316 +7 2700425 2700 + 300*
LKSD-4 19650+ 179 448422 4719477 5162+77 590+17 30569+ 153 31000+ 1800*
TILL-2 602 +35 215+21 1088 +26 589+34 2232+28 4726+ 50 57004400

* Recommended value.

+ See Table 4 for relevant references.

Table 22 Results for V (mean+s in mg kg™ !): application of sequential leach procedure to CRMs in triplicate

CRM AEC Am Fe ox Cry Fe ox Organic—sulfide Silicate Sum Literature valuet
SRM 2709 <0.5 15.54+0.29 259+041 8.124+0.15 55.54+2.04 105+19 1124 5*
SRM 2710 <0.5 183+1.3 1244+0.14 7.80+0.22 27.9+1.43 66.5+2.6 76.6 +2.3*
SRM 2711 <0.5 6.90+0.41 14.5+0.37 6.4610.05 40.1+14 679414 81.6+2.9*
SO-1 <0.5 242412 399+14 21.0+0.7 29.2+2.0 1144+3.0 133 4+4*
SO-2 <0.5 5.39+0.36 14.140.31 2.47+0.26 7.234+1.35 29.242.1 57 +4*
SO-3 <0.5 1.80+0.08 6.64+0.25 1.35+0.09 15.1+043 24.8+0.8 36+4*
SO-4 <0.5 5.58 +0.02 12.540.10 3.89+0.03 46.9+1.34 689+1.4 85+ 5%
MAG-1 0.7240.15 18.540.86 25.7+1.62 15.840.49 60.5+2.8 121432 140+ 6*
LKSD-4 1.0740.13 6.65+0.19 14.8+0.27 3.17+0.07 14.440.20 40.2+0.28 49+ 8*
TILL-2 <0.5 494+0.29 19.94+0.21 6.53+0.16 33.8+3.0 653432 77+10

* Recommended value.
+ See Table 4 for relevant references.

Table 23 Results for Zn (mean +s in mg kg~*): application of sequential leach procedure to CRMs in triplicate

CRM AEC Am Fe ox Cry Fe ox
SRM 2709 340 18+1 56+1
SRM 2710 148145 1743 £26 1467+17
SRM 2711 45+1 99+1 88+1
SO-1 1+0 20+1 54+1
SO-2 540 540 35+1
SO-3 8+1 440 26+1
SO-4 240 1440 4440
MAG-1 310 28+1 53+2
LKSD-4 68+1 50+1 40+1
TILL-2 3+0 12+1 66+1

Organic—sulfide . Silicate Sum Literature valuef
1441 15+1 107+2 106 £ 3*
1043+ 16 556+3 6291423 69524-91*
58+1 3241 32243 350.4 +4.8*
43+1 1740 135+1 144 +8*
540 58+2 107+3 1154 6%
340 6+0 48+1 48.3+1.8*
1040 18+1 8942 94 +4*

24+1 18+1 126 +1 130+ 6*
144-0 11+1 183+2 194 +19*
2240 1542 118+1 130+8

* Recommended value.
+ See Table 4 for relevant references.

elements bound in humic and fulvic forms will dissolve to a
considerable degree in both the am Fe ox and iron-manganese
oxide leaches of both methods.? Note also in Fig.2, the
contrasting distribution in P in SO-1 evident in the two
methods; this behaviour is repeated in the other four soils
common to both studies. Crystalline forms of phosphate
minerals rarely occur in soils but many varieties of metastable

and metamorphous phosphates are abundant and should be
dissolved prior to the last mixed acid attack.*? Li et al. dried
their test suite of samples at 105 °C prior to application of the
sequential extraction, an action which could easily lead to
redistribution of elements to more crystalline forms and which
nullifies the purpose of selective leaching.!® Further investi-
gation is needed to clarify whether drying at such a high
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Fig.2 Bar charts showing the comparison of results using the present
method and that of Li et al.?® The first bar of each pair represents the
results of Li et al. and the second represents the present work

temperature could sufficiently explain the differences found in
these two studies. However, previous studies have shown that,
although drying oxic samples at elevated temperatures
(50-100°C) does have a significant redistribution effect on
element associations, it is unlikely to explain differences of this
magnitude under discussion (Fig. 2).11:24

The comparison of results shown in the present paper
suggests that further research (mineralogical and chemical) is
needed to improve the understanding of the capabilities and
limitations of these leaches. The final goal of such work is to
provide an arsenal of thoroughly examined selective leaches
some or all of which would be used in a particular sequence
to quantify the form(s) of an element for the objectives at hand.

CONCLUSIONS

Excellent precision, mostly in the range 2-10% RSD at levels
a decade higher than detection limits, is achievable by this
sequential extraction scheme. Somewhat inferior precision
would be expected for samples other than CRMs which would
probably not undergo such rigorous blending and homogeniz-
ing protocols during preparation. Determination of elements
such as Co, Cu, Ni and V would benefit from the use of a
more sensitive technique such as ICP-MS rather than ICP-
AES, but matrix effects would require careful evaluation.
Further research is needed to facilitate the comparison of
results obtained by different selective extraction schemes, and
in so doing, geochemists and analysts should strive to be
more, rather than less definitive, in the phases described and

‘specifically’ extracted. Detailed mineralogical studies are
required together with chemical analysis, to assess the true
degree of specificity of each step and to obviate the inherent
weaknesses of testing with synthetic compounds and phases.
Assignment of very broad categories to phases of a sequential
scheme, in order to standardize protocols for comparison
purposes, defeats the purpose of applying selective leaches and
indeed, can lead to misinterpretation.
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COMPARISON OF TWO REAGENTS, SODIUM PYROPHOSPHATE AND
SODIUM HYDROXIDE, IN THE EXTRACTION OF LABILE METAL ORGANIC
COMPLEXES

o

G.EM. HALL and P. PELCHAT

Geological Survey of Canada, 601 Booth St., Ottawa, ON, Canada, K14 OE8

Abstract. The international reference lake sediment, LKSD-4, was used to compare Hg, organic C and Zn
extracted from its ‘soluble organic’ phase by two commonly used reagents: 0.1 M Na,P,0, solution at pH 10 and
0.5 M NaOH solution at pH 12. While recoveries of Hg and Zn by 0.1 M Na,P,0, are not affected by changes in
sample weight to reagent volume ratio (W/V) or contact time, those by NaOH show a marked dependency. In
general, the NaOH leach extracts more organic C and Hg from LKSD-4 but less Zn. Over the range of conditions
studied, the NaOH-based method extracted 4.7-9.8% C, 27-103 ng g* Hg and 19-69 pg g* Zn from LKSD-4,
compared to 2.3-2.8% C, 17-24 ng g* Hg and 64-72 pg g* Zn by the Na,P,0, leach. Clearly, different groups of
organic substances are being dissolved by these two reagents and therefore a comparison of data from different
laboratories becomes meaningless. This paper suggests that more research is needed into the exact nature of metal-
organic associations extracted by selective leaches and into associated artifacts of extraction such as readsorption
phenomena.

Keywords: selective leach; erganic; humic; fulvic; analysis; mercury; zinc

1. Introduction

The efficiency of sodium pyrophosphate solution in extracting metals bound to humic and
fulvic complexes in humus, soil and sediment samples has been studied recently at the
Geological Survey of Canada (Hall et al., 1995; Hall et al., 1996). This work was stimulated
by interest amongst the mineral exploration community in distinguishing that portion of
metal held in a relatively labile form, in the surficial environment, from that portion present
in mineralogical structures such as crystalline oxides or silicates (e.g. Antropova et
al.,1992). The high scavenging capacity of humic and fulvic complexes is usually attributed
to their carboxylic acid functional groups, with contributions from other groups such as -
NH, (amine) and -SH (thiol). As metals can be adsorbed, complexed or chelated by these
organic substances, design of a phase-specific leach is challenging. Oxidative destruction of
the organic matter, by reagents such as H,0, or NaOCl, is undesirable as other phases such
as sulphides and Mn oxides may also be dissolved and precipitation can occur at high pH.
Dissolution of organic matter by sodium pyrophosphate, Na,P,0,, has been adopted by soil

. scientists (e.g. McKeague, 1968; Bascomb and Thanigasalam, 1978; Jeanroy and Guillet,
1981) and, moreover, the ratio of C in humic to C in fulvic components of the extract has

- been used to classify A and B horizons. The normal procedure employed by soil scientists
is that described by McKeague ez al. (1971) where 1 g of sample is stirred for 16 h in 100
ml of 0.1 M Na,P,0, at room temperature. Application of this procedure to 70 soil and
sediment samples and the international lake sediment reference material, LKSD-4,
demonstrated that the commonly used period of 16 h for the 0.1 M Na,P,0, leach could be
shortened to 1 h without significant decrease in extraction efficiency (<5%); indeed, the
shorter contact time is of benefit to elements such as Ni which are prone to readsorption
(Hall et al.,, 1996). Analyses of 28 1-g samples of LKSD-4 over a two year period

Water, Air and Soil Pollution 99: 217-223, 1997.
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demonstrated relative standard deviations in the range 2-6% for elements such as Zn, Pb,
Cu, Fe, Mn and C.

While the Na,P,0, leach is being adopted widely in exploration geochemistry, the
NaOH reagent remains that suggested by the International Humic Substances Society
(Kersten and Forstner, 1989) and is prominent in environmental studies in sediment analysi
(e.g. Dmytriw et al., 1995). Kersten and Forstner (1989) warn against the use of NaOH for
two main reasons: it causes unacceptable dissolution of clay minerals; and metals tend to
hydrolyze and readsorb onto reactive surface sites following removal of their organic
coatings. This paper compares the efficacy of extraction of Hg, Zn and C bound to ‘soluble’
organic matter in the geological reference material (GRM), LKSD-4, using these two
popular leach solutions, 0.1 M Na,P,0, and 0.5 M NaOH.

2. Methods

The GRM, LKSD-4 (from the Canadian Certified Reference Materials Project, CCRMP),
was used to study the effects of (a) the ratio of sample weight to volume of reagent and (b)
contact time in both the 0.1 M Na,P,0; (at pH 10) and 0.5 M NaOH (at pH 12) leaches.
This GRM contains 17.7% C, 190 ng g total Hg and 194 pg g Zn (Lynch, 1990). Each
test was performed in triplicate. In the first half of the study, contact times of 1 h (Na,P,0,)
and 18 h (NaOH) were used, 18 h having being recommended by Schnitzer and Skinner
(1968) in the development of the NaOH procedure. Ratios of sample weight:reagent volume
examined were 0.005, 0.01, 0.02, 0.04 and 0.1 g ml”, the minimum sample weight taken
being 0.25 g. The NaOH leach was carried out under N, (to minimise auto-oxidation and
hydrolysis) and constant shaking was employed for both leaches.

Contact times of 1, 2, 3, 4 and 18 h were tested, using two ratios of sample
weight:reagent volume: 0.005 and 0.01 for the Na,P,0, procedure; and 0.04 and 0.06 for the
NaOH extraction. These ratios reflect those commonly used in the literature. Each solution
was centrifuged at 2800 rpm for 10-15 min for separation from the residue prior to analysis.

Each leach solution was diluted with water and, for Hg determination, the solution
immediately made 4 M in HCI and 0.5% in BrCl (to maintain Hg in solution as Hg™). The
dilution factor was variable, the criterion being that the final solution contained less than 400
ng I'' Hg, the uppermost calibration standard. Mercury was determined in the resulting
solutions by ICP-MS with NaBH, as reductant in-line to form Hg® vapour which was swept
into the central channel of the ICP torch (for details, see Hall and Pelchat, 1997). Zinc was
determined by flame AAS at 213.9 nm. Organic C in solution was determined using the
Schimadzu Model 5000 TOC instrument, based on combustion at 680 °C and non-
dispersive infra-red detection.

3. Results and Discussion .

The influence of changing the sample weight to reagent volume ratio on the extraction of Hg
and organic C in LKSD-4 is illustrated in Fig. 1 for both methods. Change in this ratio, from
0.005 to 0.1, has little effect on the Hg or C concentrations extracted by Na,P,0, which are
about 18 ng g™ and 2.5%, respectively (Fig. 1a). However, there is a marked increase in Hg
(exponential?) extracted by NaOH solution when the sample weight:reagent volume ratio
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decreases below 0.04, resulting in a maximum average Hg concentration of 102 ng g as
compared to a minimum of 55 ng g (Fig. 1b). This increase is not evident in the behaviour
of C which is constant at about 8.4% except for the increase to 9.8% at the minimum sample
weight:volume ratio of 0.005. Clearly, a much greater component of the organic C is being
extracted by the NaOH leach (8.4 vs. 2.5% C) but the lack of coherence between the Hg and
C graphs for this leach suggests that much of the corresponding Hg is not associated with
organics. The results for Zn are presented in Fig. 2.

N

0.1M Na,P,0, leach

120 4
100 o Hgingg" | ['°
o TOC (%) .
~ 80
o
6
2 60
o
I 40 4
20 E:::::" -2 2
0 . . . 0
000 002 004 006 008 010 012
WIV Ratio (g mi)

0.5M NaOH leach

TOC (%)

|
TOC (%)

20 ¢ Hg(ngg")
= TOC (%)

()

0

0.04 0.06 0.08
WIV Ratio (g mI*)

0.02

0.10 0.12

Fig. 1 Effect of sample weight to reagent volume ratio (W/V) on Hg and organic C extracted from LKSD-4 by (a)
0.1 M Na,P,0, and (b) 0.5 M NaOH solutions.
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Fig. 2 Effect of sample weight to reagent volume ratio (W/V) on Zn extracted from LKSD-4 by 0.1 M Na,P,0, and
0.5 M NaOH solutions.

Note the plateau again evident for the Na,P,0, graph and a sharp increase in Zn extracted by

» NaOH at the minimum sample:volume ratio which coincides with the increase in C. Here we
see the converse in trends: Zn in the ‘labile organic’ component of LKSD-4 is about 65 pg g’
! by the Na,P,0, extractant, whereas it ranges from a low of only 31 ug g to 69 pg g using
NaOH. The Hg and Zn graphs suggest that more than one ‘phase’ is being dissolved by
NaOH and that readsorption could be occurring. If 0.1 M Na,P,0, is extracting the’humic
and fulvic component of LKSD-4 with adequate specificity (as indicated by McKeague,

1968; McKeague et al., 1971; Bascomb and Thanigasalam, 1978), then the 0.5 M NaOH
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leach is over-estimating the associated labile Hg and under-estimating Zn. Clearly it is
undesirable to select conditions of extraction where slight deviations cause major changes in
recovery, as would be the case when operating below a ratio of 0.04 in Fig. 1b (see Dmytriw

etal., 1995).
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Fig. 3 Effect of contact time on Hg and organic C extracted from LKSD-4 by (a) 0.1 M Na,P,0, and (b)-(c) 0.5 M
NaOH solutions.
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Contact time has a slight effect on the extraction of Hg and C by 0.1 M Na,P,0, at
the lower sample weight of 0.25 g of LKSD-4 which may be a reflection of heterogeneityand
noisier measurements at the lower concentrations (Fig. 3a). Extraction of Hg and C by 0.5M
NaOH differs over the 4 h period examined: Hg concentrations fall at hour 2 and 3
compared to that at hour 1 and rise again slowly whereas C concentration increases
continuously with time from 1 hon (Figs. 3b, c). Triplicate analyses indicate inferior

- reproducibility by the NaOH leach (Fig. 3).
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80 - %0 —
] A4 10giIn25ml
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Fig. 4 Effect of contact time on Zn extracted from LKSD-4 by 0.1 M Na,P,0; and 0.5 M NaOH solutions.

The effect of contact time on Zn extraction by both methods is shown in Fig. 4: Zn levels are

' unchanged (702 pg g*) with time using Na,P,0, but increase gradually with NaOH
reagent, from 24-26 pg g at 1 h to a concentration of 30-37 pg g at 18 h.

. Relatively little is known about the extent to which the organic matter extracted by
0.5 M NaOH differs from that dissolved by 0.1 M Na,P,0,. In a comparison of the two
reagents applied to several different soil types, Schnitzer and Schuppli (1989a) found there
to be a tendency for the humic acids derived from the 0.1 M Na,P,0, leach to be more
aromatic and of higher molecular weight but did not find the significant difference in
recoveries of organic C we find in LKSD-4 (2.5 vs. 8.4% C). They recommended the 0.1 M
Na,P,0, leach as an attractive alternative to 0.5 NaOH as the probabilities for auto-

oxidation and hydrolysis are greatly diminished. A sequential extraction procedure then
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developed by Schnitzer and Schuppli (1989b), to define various organic fractions in soil,
placed 0.1 M Na,P,0, before 0.5 M NaOH to specifically dissolve organic matter
complexed to metals and clays as opposed to “free” organic matter including less
decomposed material which would finally be leached with the latter reagent. In outlining
knowledge gaps yet to be addressed, Schnitzer (1991) calls for future research into metal,
clay and humic sustance (humic acids, fulvic acids and humin) interactions. Given the
complexity of these interactions (via adsorption, chelation and complexation) and the range
of chemical structures involved (e.g. aliphatic-, aromatic-, phenolic-, carbohydrate-C), the
classification of the ‘soluble’ or ‘poorly soluble organic’ phases liberated in commonly used
‘selective’ leaches is very oversimplified. It is hardly surprising, therefore, that dissimilar
metal concentrations are obtained by the application of these different reagents. Further
attention should be given to exactly what group(s) of metal-organic substances are of
interest, to, for example, distinguish between diagenesis in a sediment core and a process
taking place prior to deposition.

4. Conclusion

The 0.1 M Na,P,0, leach at pH 10, designed to dissolve the *soluble organic’ phase of a soil
or sediment, shows minimal change in the amount of organic C, Hg or Zn leached from
LKSD-4 when parameters of sample weight to reagent volume (W/V) and contact time are
altered. This is in contrast to the 0.5 M NaOH leach at pH 12, where there appears to be an
exponential increase in Hg (and Zn) extracted with decrease in W/V which does not
correspond to the behaviour of organic C. Contact time has a less dramatic effect on
recoveries by NaOH which are seen to increase generally with time for all three elements,
though Hg does show a slight decrease initially after 1 h. Thus, the ratio of W/V selected in
the NaOH procedure will have a significant effect on the results. Over the range of
conditions studied, the NaOH-based method extracted 4.7-9.8% C and 27-103 ng g* Hg
from LKSD-4, compared to 2.3-2.8% C and 17-24 ng g"! Hg by the Na,P,0, leach. Unlike
Hg, extraction of Zn by the Na,P,0, leach was consistently higher, at 64-72 pg g over this
range, compared to 19-69 pg g by NaOH. Clearly the two reagents are extracting different
groups of organic substances and results for both cannot be equated to the same nominal
phase.
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Abstract

Extraction of soils by leaching 20 g in 50 ml of unbuffered 1 M NH;NO; for 2 h has become the standard German
protocol (DIN 19730) to estimate mobile and potentially hazardous forms of trace elements. This protocol was examined
using soil controls of chernozem and podzol character collected in the Canadian Prairies and Ontario. It was found that
this procedure was not robust with respect to change in sample weight per unit volume of reagent or to contact time. A
3- to 15-fold increase in Cd extracted was produced by decreasing sample weight from 10 g to 1 g in 50 ml of reagent.
This change in extractable-Cd was more pronounced with increasing pH of the soil, ranging from 5.2 to 8.1 amongst
the control samples. Leach period was less significant in determining results but longer time (1-3 h) generally produced
lower extractable-Cd, suggesting readsorption. Lack of stability of Cd in this reagent was further demonstrated by spiking
experiments where Cd was added at the beginning of the leach. Recoveries of Cd at 50 and 200 ppb were below 20% for
soils of pH 6.1 and 6.9. Such severe adsorption of Cd was not encountered with another unbuffered reagent, 1 M NH,ClI,
operating at a similar initial pH of 5. Cadmium levels extracted from soils by NH,CI and 0.1 M NayP,O; were comparable
and could be used to predict uptake in durum wheat on the Canadian Prairies, whereas data by the 1 M NH4;NO; leach
were generally near the detection limit of 0.1 ppb (ng g~') Cd. Readsorption of Cd and lack of equilibrium in the 1 M
NH;NO; extraction could lead to underestimation of plant-available Cd in neutral and alkaline soils. © 1998 Elsevier
Science B.V. All rights reserved.

Keywords: ammonium nitrate; extraction; soil; cadmium; DIN 19730

1. Introduction meetings such as the ‘Cadmium Workshop’ (Sources

of Cadmium in the Environment) held in Sweden in

There is global concern for the negative ef-
fects on human health and ecosystems of excessive
amounts of heavy metals such as Cd (Chaney, 1997).
The search for sound protocols designed to predict
‘bioavailable’ forms of toxic metals such as Cd in
soils is evident in the focus of recent international

* Corresponding author. Tel.: +1 613 992 6425; Fax: +1 613
996 3726; E-mail: hall@gsc.nrcan.gc

1996 and hosted by member countries of the Organ-
isation for Economic and Cooperative Development
(OECD).

A procedure to determine mobile concentrations
of trace elements (viz. Ag, As, Bi, Cd, Co, Cr, Cu,
Hg, Mn, Mo, Ni, Pb, Sb, Tl, U, V and Zn) in soils
was adopted in 1995 in Germany, to be used for
risk assessment, for limiting agricultural use and as
a tool to identify soils with high amounts of leach-

0375-6742/98/$19.00 © 1998 Elsevier Science B.V. All rights reserved.

Pll: S0375-6742(98)00029-6




154 G.E.M. Hall et al. / Journal of Geochemical Exploration 64 (1998) 1 53-159 -

able elements (DIN 19730, 1995; Priief3, 1998). This
protocol, known as ‘DIN 19730’, is based on ex-
traction of 20 g of air-dried soil in 50 ml of 1 M
NH,NO; for 2 h at room temperature. Application
of this leach in Germany has been used to derive
background, action and threshold values for mobile
trace elements in soils (PriieB, 1992). For example,
the ‘action value’ for NH;NOj-extractable Cd is set
at 20 ppb (ng g~ "), a soil concentration below which
critical element concentrations in plants should not
be exceeded in 95% of the cases. The correspond-
ing threshold value for limiting agricultural use is
40 ppb NH4NO;-extractable Cd for food plants (e.g.
broccoli, wheat, spinach). Adoption of this protocol
by other countries, such as those within the Euro-
pean Community or even internationally, has been
proposed (Anderson et al., 1994).

This procedure (DIN 19730) is based on work
by Symeonides and McRae (1977) in their assess-
ment of plant-available Cd in soils. They compared
the extraction efficiencies of seven reagents (e.g.
NH,OAc, AcOH, EDTA) used to recover Cd which
had been added to 25 samples of various surface
soils collected in Kent, England. Results were then
plotted against the Cd found in dry radish tops grown
in these soils and soil extraction by 1 M NH4NO3
showed the best correlation, with a coefficient of
0.97. The pH of the soils ranged from 4.9 to 8.0;
Cd was added at unnaturally high levels, as CdCl,,
equivalent to 50 and 100 ppm in the dried soil.
Ammonium acetate, buffered at pH 7, showed the
next best correlation coefficient, at 0.50, with Cd ex-
tracted in the range 878 ppm (cf. 0.6—66 ppm in 1
M NH;NO;). Symeonides and McRae (1977) argue
that the best correlation with crop response would
be expected with an unbuffered reagent such as 1 M
NH,;NO; so that extraction takes place near the pH
of the soil encountered by the root system. The only
significant difference found by altering conditions
of soil weight: extractant volume and equilibration
time was that less Cd was extracted by longer shak-
ing (e.g. 18 h) which suggested readsorption. They
recommended a 1-h equilibration, with agitation, of
a 10-g sample in 100 ml of 1 M NH4NOs.

Later work by Stuanes et al. (1984) advocated the
use of 1 M NH,NO; to provide data on exchangeable
elements, exchangeable acidity, exchangeable Al,
cation exchange capacity and base saturation of the

soil. They found results by this reagent to be identical
to those produced using 1 M KCl and 1 M NH4Cl for
the purpose of evaluation of soil status. Furthermore,
there were no differences in the amounts of Na, K,
Mg and Ca extracted by 1 M NH4NO; and NH4OAc
at pH 7 from the various acidic soils investigated.
Ammonium nitrate was preferred over the Cl-based
reagents as the latter posed problems in the analyt-
ical techniques employed. In their development of
a sensitive ICP—MS-based method to determine As
and Se in soils, Anderson et al. (1994) analysed three
standard reference samples (soil GXR-5, sediment |
MESS-1 and coal fly ash NIST 1633a) for both total
and NH,NO;-extractable As and Se. Although total
concentrations were as high as 132 ppm in As and
10.6 ppm in Se in NIST 1633a, extractable-As and
Se were found to be below the detection limits of 5
and 10 ppb, respectively, in all three samples.
Garrett and colleagues (Garrett et al., 1998; R.G.
Garrett, pers. commun., 1997) have studied different
extractants applied to soils collected in the Canadian
Prairies (Garrett, 1994) in an attempt to estimate
that amount of Cd which would be phyto-available |
to various cultivars of durum wheat. The reagents
tested comprise: 0.1 M NayP,0; (McKeague, 1968; |
Hall et al., 1996); 0.005 M DTPA (Lindsay and |
Norvell, 1978); 1 M NH,Cl (Krishnamurti et al.,,
1995); and 1 M NH4NOs. It was during this study |
that problems with the NH;NO; extraction became
apparent; this paper documents those limitations. g

2. Experimental

Six soil control reference materials (CRMs) were |
prepared: three (CR-Ap, MO-1 and MO-7) were |
collected on the Canadian Prairies and another three
(HIG-1, FOR-1 and ROS-1) in Ontario (Table 1).
These bulk samples werc air-dried, coarse material |
removed by hand and finally they were screened
to pass a 2-mm sieve. With the exception of a
small split which was ball-milled for total metal |
determination (by HF-HCIO4—HNO;), they were
used ‘as is’ for the extraction experiments.

All reagents used in this project were Baker
(Phillipsburg, NJ, USA) ‘analysed reagent’ grade. |
Standard solutions employed for calibration in the
measurement techniques were purchased from High
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Table 1

Description of soil CRMs used in the study; all had been air-dried and screened to pass a 2-mm sieve

Soil CRM Description pH? Total Cd (ppb)
CR-Ap Ploughed horizon, dark brown chernozem 6.4 322+ 8(n=3)
MO-1 Ploughed horizon, black chernozem 6.4 1600

MO-7 C-horizon, black chernozem 8.1 2400

HIG-1 Ploughed horizon, melanic brunisol 6.9 428 £ 5(n=23)
FOR-1 A-horizon forest, humo-ferric podsol 5.2 198+ 7 (n=3)
ROS-1 Ploughed horizon, melanic brunisol 6.1 199+ 8 (n=23)

* Measured in 0.01 M CaCl, according to Peech, 1995.

Purity Standards (Charleston, SC, USA). Distilled
deionized water was used throughout. Ultrex nitric
acid, at 1%, was used to dilute leachates prior to
analysis by ICP-MS.

Initial results showed that the reagent, 1 M
NH4NO3;, contained high concentrations of the trace
elements of interest and therefore required clean-
ing. This procedure comprised passing the reagent
through a column of Chelex-100 resin (100-200
mesh) in the NH, state. If necessary, the pH of the
reagent was then adjusted to 4.7 (that before con-
tact with Chelex resin) and this solution was used
throughout the study.

The ICP-MS analysis was carried out using the
VG PlasmaQuad II+ (Winsford, Cheshire, UK). In
addition to Cd, measured at m/z 114 and 118, anal-
ysis was also carried out at m/z: 63 for Cu; 57 for
Fe; 55 for Mn; 208 for Pb; and 66 for Zn. Correc-
tions were made for spectral interferences of Sn and
MoO on '"*Cd by monitoring '"*Sn and '*Mo. All
analyte solutions were diluted at least 10-fold in 1%
HNO; just prior to nebulisation ICP-MS. Calibration
solutions were run after every eight samples; internal
standards were not employed. Periodically, measure-
ment by standard additions was carried out to confirm
the absence of non-spectral matrix interferences.

The effects of changing leach time and sample
weight : reagent volume from those stipulated in the
DIN 19730 procedure were investigated using the six
soil CRMs. All tests were carried out in triplicate for
each CRM. The basic procedure is as follows.

(1) Weigh 20 g of <2 mm dried sample into a
250-ml high-density polyethylene bottle. Add 50 ml
of 1 M NH4NO; and cap. Place on a horizontal
reciprocating shaker at 180 cycles min~' for 2 h.
[These ratios and times were changed to evaluate
their effects.]

(2) Pour into centrifuge tube and spin at 2800 rpm
for 10 min.

(3) Decant and filter through 0.45-wm Millipore
filter paper (type HAWP) under vacuum.

(4) Dilute filtrate 10-fold with 1% HNO; prior to
analysis by ICP-MS (overall dilution factor 25).

The detection limit for Cd under these experimen-
tal conditions was 0.1 ppb in the original sample.

The three Ontario CRMs were used to measure
the recovery of Cd added at equivalent concentra-
tions of 5, 50 and 200 ppb (ng g™') at the beginning
of the DIN 1 M NH,NOs procedure. A set of spiked
blank solutions was also carried through the pro-
cedure to test for any Cd lost to the walls of the
vessels. This experiment was repeated for two other
extractions: 0.1 M NayP,0-, as described by Hall et
al. (1996); and 1 M NH,Cl, as described by Krish-
namurti et al. (1995). Cadmium was added as CdCl,
in solution for the 1 M NH,ClI leach, whereas the
standard stock solution in 2% HNO; was used for
spiking in the other two leaches.

3. Results and discussion

Initial indication of readsorption occurring in the
NH4NO; leach was given by comparison of blank
reagent values (prior to cleaning v’ith- Chelex-100)
for Cd, Cu, Fe, Mn, Pb and Zn with element concen-
trations in the leachates of the suite of CRMs. For
example, the data presented in Table 2 show that,
although the reagent blank (1 M-NH,NO;) contains
9 pg 17! Pb, levels of Pb found in the leachates of the
CRMs are much lower, in the range 0.2 to 2 pg 17!,
Similarly, the blank concentration of Fe (6.4 g 1-")
is higher than that in any of the CRMs (<4 pg17!).
Hence, contact of the NH;NOj3 reagent with the soils
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Table 2

Element concentrations (in g 17!y in 1 M NH4NOj3 leachates of soil CRMs (5 g/50 ml)

Medium Cd Cu Mn Pb Zn

1 M NH4NO; 0.21 £ 0.01 30102 64 +02 150 £ 04 9.0+ 0.5 57£0
CRMs 0.29-0.55 0.54.9 <1-4.0 1-650 0.2-2.0 3.3-15

4 Six processed blanks.

is effectively cleaning it for these elements! The con-
centration of Cd in the CRMs is just above that of
the blank reagent. All further work carried out with
NH4NO;, which had been cleaned by passing the
solution through a column of Chelex-100, showed
blank analyte concentrations below detection limits.
Precision was acceptable throughout, with RSDs
of triplicate analyses averaging 10% except at lev-
" els of Cd extracted below 1 ppb where analytical
variability was dominant, and at sample weights of
1 g where sampling variability was dominant. Fig. 1
shows the effect of leaching time on the extraction
of Cd from 5 and 10 g weights of the three Prairie
CRMs. Leaching time appears to have little effect on
MO-1, but the other two show varying decreases in
Cd extracted over 3 h compared to 2 or 1 h. More
significant is the difference in results obtained at the
two sample weights taken. For example, 2.8 4= 0.3
ppb Cd is leached from 5 g of MO-7 in 1 h compared
to only 0.48 + 0.08 ppb from 10 g. The equivalent
values for CR-Ap are 2.0 £ 0.2 ppb and 0.8 & 0.1
ppb, respectively. These data could be even lower if
the ratio of 20 g to 50 ml specified in DIN 19730 had
been implemented. Results for 5 and 10 g of MO-1
are similar at 1 h extraction but diverge at longer
leaching times, with decreases in Cd for the 10-g
aliquot suggestive of readsorption. Manganese deter-
mined in these solutions of CR-Ap showed different

I
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|=—-CR-Ap, 10g
¢ |—2—MO-7,5¢
—-MO-7,10g
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L
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Cd extracted, ppb
s n

o
=T ¢

1 2 3
Leaching time, h

o

Fig. 1. Effect of contact time on Cd extracted by 50 ml of 1 M
NH4NO; leach of 5 and 10 g sample weights of Prairie CRMs.

behaviour to that of Cd, with consistent increases
extraction with time and a greater amount extracte
in the 10-g sample (Fig. 2).

In another set of experiments with the Prair
CRMs, even lower weights of 1 and 2.5 g wer
leached for 1 and 3 h (Fig. 3). By lowering th
absolute amount of sample from 10 gto 1 gin 50 n
of NH;NO3, a 3- to 15-fold increase in Cd extracte
in 1 h is obtained, the greatest difference being ft
MO-7 (0.48 + 0.08 to 7.3 £ 2.3 ppb) and the lea
for MO-1 (2.1 0.2 to 7.2 £ 2.3 ppb Cd). Soil MO-
is the most alkaline of the three (pH 8.1 compared t
6.4, Table 1). Similar patterns are evident for the 3
data set (Figs. 1 and 3). The anomalous behaviour «
MO-1 in that more Cd is leached from a 1-g samp!
in 3 h (9.4 & 0.6 ppb) compared to 1 h (7.2 & 2.
ppb) may not be significant in view of the deviatio
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Fig. 2. Effect of contact time on Mn extracted by 50 ml of 1 ]
NH4NOj leach of 5 and 10 g sample weights of soil CR-Ap.
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Fig. 3. Effects of contact time and sample weight in extraction ¢
Cd by 50 ml of 1 M NH4NO3 leach on Prairie CRMs.
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Fig. 4. Effects of contact time and sample weight in extraction of
Cu by 50 ml of 1 M NH4NOj leach on Prairie CRMs.

in results at the 1-g weight. Copper, measured in
these solutions, shows similar behaviour to Cd in
that much more is leached using the 1-g aliquot
rather than 2.5 g (Fig. 4). For example, 62 & 1 ppb
Cu is extracted from 1 g of MO-1 in 1 h compared to
26 & 1 ppb from 2.5 g. Slightly more Cu is leached
from all three CRMs at greater equilibration times.
The effect of sample weight and contact time in
leaching Cd from the more acidic Ontario CRMs
is shown in Fig. 5. Decrease in Cd recovered with
increase in sample weight taken is again evident. For
example, the amount of Cd extracted by 25 ml of
NH4NO; in 2 h decreases from 4.0 & 0.1 ppb Cd
at 2 g of HIG-1 to 2.1 £ 0.1 ppb at 10 g (the ratio
used in the DIN protocol). This sample, with the
most “total” Cd (428 ppb) and the highest pH (6.9) of
the three, shows the least NH;NO;-extractable Cd.

l Conversely, the most acidic soil (pH of 5.2), FOR-1,

exhibits the greatest amount of extractable Cd. The

. pH of the solutions following application of the DIN

[

E

. protocol were 5.8, 4.9 and 4.0 for HIG-1, ROS-1 and

FOR-1, respectively. Time of leaching, at 1 or 2 h,

! had little influence on Cd results.
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Fig. 5. Effects of contact time and sample weight in extraction of
Cd by 25 ml of 1 M NH4NO; leach on Ontario CRMs.
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Fig. 6. Recovery of Cd added at 5, 50 and 200 ppb to Ontario
CRMs leached according to DIN 19730.

Recovery, %

The Ontario CRMs were used to study the re-
covery of Cd, added in nitrate form, after carrying
out the 2-h leach at 10 g in 25 ml of reagent. Blank
reagent solutions which had also been spiked showed
complete recoveries of added Cd. The results for the
CRMs, shown in Fig. 6, demonstrate similar patterns
to those of Fig. 5 in that recoveries of Cd are high-
est for the most acidic soil, FOR-1. The degree of
adsorption of Cd added at levels equivalent to 50
and 200 ppb in the soil is high, at values greater
than 80% in ROS-1 (soil pH of 6.1) and HIG-1 (pH
of 6.9). Even FOR-1, with a soil pH of 5.2, shows
adsorption of greater than 50% at these Cd levels.
Measurement of Pb in these solutions, spiked at the
same concentrations as Cd, indicated 0% recovery
throughout. In contrast, a similar experiment, carried
out in 0.1 M NayP,0; at 2.5 g of sample in 50 ml for
1 h, exhibited full recoveries for all spike additions
of Cd. Results of the same experiment carried out for
the 1 M NH4Cl leach (16 h, 5 g of sample in 30 ml)
showed reasonable recoveries of about 80% or more
at the 5 ppb spike level (Fig. 7). Table 3 compares
the amounts of Cd extracted by these three leaches.

The much lower extraction efficiency of NH;NO;
compared to that of Na;P,O; or NH,Cl, shown in
Table 3, is also reflected in results for about 130
Prairie soil samples (R.G. Garrett, pers. commun.,

5 ppb
W50 ppb
(3200 ppb)

Recovery, %
0
o

HIG-1 FOR-1
Fig. 7. Recovery of Cd added at 5, 50 and 200 ppb to Ontario
CRMs leached in 1 M NH,;Cl.

ROS-1
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Table 3
Concentrations of Cd (in ppb) leached from triplicate samples of
CRMs by 1 M NH4NO3, 1 M NH4Cl and 0.1 M NayP,0,

CRM NH4NO; NH,4C1 0.1 M NayP-0O,
HIG-1 2.1 +£0.05 91 +£2 136 +2
FOR-1 5.96 + 0.34 25+1 19+ 1
ROS-1 32+0.1 51+2 56+2

1997). Most of the values for Cd by the NH4;NO;
extraction were below the detection limit of 0.1
ppb, consistent with those soils of pH greater than
about 7.4. Results rose to several ppb when the
pH of the soil decreased to the range 5.5-6.5.
However, concentrations of Cd extracted in 0.1 M
NayP,0; ranged from 5 to 500 ppb, with levels of
Cd generally slightly lower by the NH,4Cl extraction.
More importantly, in a subset of 34 paired soil and
wheat samples, a high degree of fit (ca. 75%) has
been found between the NayP,O;-extractable Cd (in-
cluding the extractable organic carbon) and the Cd
present in durum wheat (Garrett et al., 1998). No
such modelling was afforded by the NH,;NOj5 data as
most were below the detection limit. The comparison
of data for seven Prairie wheat/soil sites, shown in
Table 4, demonstrates the dependency of results by
the NH4NO; leach on the pH of the soil. Neither the
Cd in the durum wheat nor that extracted from the
soil by NayP,0; exhibits such pH dependency. The
soil, E, whose wheat contains the greatest amount
of Cd in this set (204 ppb) is extremely low in
NH,4NOs-extractable Cd (0.2 ppb). The most acidic
soil in this set, A at a pH of 4.6, contains the high-
est amount of NH4NOs-extractable Cd (19.3 ppb),
close to the German action level, but its wheat Cd
concentration is lower than that of soil E.

Table 4

4. Conclusion

The quest for a single robust soil leach to predict
metal availability to plants will probably never suc-
ceed. The action of metal uptake by plants is highly
complex, dependent on many parameters such as
species, soil biogeochemistry and local pH-Eh con-
ditions. Most of the numerous empirical extraction
methods designed to predict availability are based on
displacement of loosely held (‘adsorbed, exchange-
able’) metals by competing ions (see review by
Kennedy et al., 1997). Dissolution of ‘phases’ such
as carbonate, hydrous oxides and the humic and
fulvic component tends to reveal that proportion of
metal which was free or labile but is not necessarily
available subsequent to this mode of fixation. The
advantage of selecting a weak reagent such as 1 M
NH,NO; is attributed to the fact that it does not
radically change the soil pH and indeed, the results
shown here have demonstrated major soil pH control
in Cd released by this leach. However, pH is only
one soil characteristic which effects uptake of Cd
and its relative role is controversial (see literature
cited in Kabata-Pendias and Pendias, 1984). The ex-
tractant, 1 M NH,4Cl, is also unbuffered, its results
reflecting to a degree the soil pH; however, it does
not create the unstable environment for leached Cd
that NH4sNO; does. The strong dependency of Cd,
leached by 1 M NH4NO;, on sample weight per
unit volume indicates that soil-extractant equilib-
rium has not been reached at higher sample weights,
certainly not at the low ratio of 1:2.5 specified in
the DIN 19730 protocol. A 15-fold increase in Cd
extracted by a 10-fold reduction in sample weight, as
demonstrated here, makes this procedure unaccept-
able. These data show that use of the 1 M NH,;NO;
extraction will underestimate mobility of Cd in neu-

Comparison of Cd concentrations in durum wheat and parent soil extractions using NH4NO3 and NayP>0O4

Prairie soil, pH Cd in wheat (ppb) NH4NO3;-Cd (ppb) NayP,07-Cd (ppb)
A, 4.6 157 L 19.3 325
B, 6.0 138 2.9 194
C, 6.6 28 0.7 64
D, 7.1 126 0.3 91
E 72 204 0.2 145
F, 7.6 138 <0.1 52
G, 8.0 21 <0.1 31
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tral to alkaline soils such as those present in the
Canadian Prairies.
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