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INTRODUCTION

The sequential, selective extraction of elements from
geochemical samples using different chemicals is
becoming a routine procedure for determining the
distribution of metals in mineral phases which commonly
constitute weathered materials. Several seguential
extraction techniques have been developed 1o aid in the
interpretation 2eochemical data by measuring the relative
mobility of the elements in the near-surface convironment
(Tessier ez al., 1979; Hoffman and Fletcher, 1979;
Gatehouse ef al.,1977). Scqueatial extraction analysis
has been applicd to assessing environmental problems by
determining the bio-availability of potentially toxic
metals such as chromium, lead, mercury and cadmium in
contaminated sediments and soils (Campbell ef al.,
1988). The efficiency of the extraction procedure to
selectively remove all of the metal from samples and the
quality of the data produccd are important for reliably
interpreting the results of sequential analysis.

Research has focused on establishing the most
suitable sequence of extraction for treating different
sample types and for improving the efficiency of the
extraction method (Rose, 1975; Chao and Sanzolone,
1992; Papp et al., 1991; Hall ef al., 1993). This paper
describes the extraction of copper, silver, molybdenum,
iron and manganese from geochemical reference
materials and selected sampies using a sequence of
sodium acetate solution, hydroxylamine hydrochloride
solution, sodium hypochlorite solution and Lafort agqua
regia.

The method used in this study is modified from a
procedure developed by Hall ef al. (1993). Sodium
acetate solution {pH 5) removes metal adsorbed on
colloidal iron and manganese oxides, metal adsorbed on
organic particles, metal held in exchange sites on the
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surface of clay minerals and metal in the form of
carbonales. An example of the exchange >f copper from
clay with sodium acetate is;

Cu-clay + CH,COONa = CH,COOCu + Na-cliy

Hydroxylaming hydrochloride (NH,YH.HCI)
solution reduces amorphous manganese : nd iron oxides
and releases absorbed trace metals in the process. The
reaction between mangancse dioxide and hydroxylamine
hydrochloride is:

2NH,OH.HCI + Mn(, = MnCly + D O, + 3H,0

Alkaling sodium hypochlorite (Na() 1} selution
oxidizes organic maltter to release absorb :d and
complexed metals. Mineral sulphides are not oxidized by
this reagent (Papp ef al., 1991). An exan ple of the
oxidation reaction for a simple organic ¢ »mpound such
as oxalic acid is:

2NaOCl + C,0,H, = 2NaCl + 41,0 + 2C0,

Lefort aqua regia (3 volumes concer trated nitric acid
mixed with 1 volume concentrated hydrc chloric acid)
oxidizes sulphide minerals and dissolves noble metals
such as gold and platinum, The initial re wction betwreen
nitric acid and hydrochloric acid product s nascent
chlorine which dissolves metals and oxic izes sulphides.
An example of the reaction Tor the oxida ion of pyrite is:

HNO, + 3HCI = NOCI + 2H,0 + 2¢11°
NOCI = NO + C1°
FeS, + Cl0=Fel* + C1" + 28

The Lefort digestion was chosen for the final stage of
the sequential extraction because this acid mixture is a
powertul oxidizing agent, especially for sulphides, and is
commonly used in the analysis of region d geocheriical
samples collected in British Columbia.

In addition to the sequential extracti »n, the reference
materials and samples were also analyse | separate v for
the same elements, using 4 concentrated hydrofluoric-
perchloric-nitric-hydrochloric acid digesiion. This
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mixture will dissolve most of the silicate, oxide and
sulphide minerals found in weathered materials. Certain
aluminosilicate and oxide minerals, however, are
resistant to the attack by this acid mixture and arc only
partially dissolved (Chao and Sanzolone, 1992).

ANALYTICAL METHODS

QUALITY CONTROL AND SAMPLES

The CANMET reference materials LKSD | and 3,
and the United States Geological Survey reference
material GXR3 were used to monitor the analytical
precision of the extraction data. Each batch of 24 samples
contained a replicate sample, LKSD1T and LKSD3
standards and a solution blank. In one batch, GXRI1 was
substituted for LKSD 1. A description of each reference
material, the recommended mean value, the uncertainty
range for each element and the loss on ignition are
shown in Table 1. The information is taken from
compilations by Lynch, 1990 and by Gladncy and
Roelandts, 1990.

Table 1. Mean values and uncertainty range (+ 2 standard
deviation) for elements in reference samples

Deseriptlon Silver Copper Iron Manganese  Molybdenum  LO1
(ppm) {ppm) (%) {ppm} (ppm) {%)

LKSD 1 Q.6+1G.1 444010 2.8+4-0.2 7004460 10+/-4 23.5+4-1.0
Lake bottom
sedinient
LKSD 3 274102 35416 4.044-0.4 1440+ 160 <0.5 L1L8+12
Lake bottom
sediment
GXR1 ard THO+A1L8 254512 880+1-70 18+/-6 534007
Jasperond
rock saniple

Other samples analysed were pulverised lake bottom
sediments (Cook, 1993) and the -63 micron fraction of
glaciolacustrine sediments (Bobrowsky er al., 1993). All
of the samples were collected in central British
Columbia.

SEQUENTIAL EXTRACTIONS

Standards and samples were analysed for copper,
silver, molybdenum, iron and manganese by the
following sequence of extraction reagents.

SODIUM ACETATE SOLUTION

A 2.00-gram sample was weighed into a 25 by 100
millimetre Pyrex test tube (calibrated at 20 mL) and
mixed with 20 mL of 1.00 M sodium acetate solution
{136.00 g anhydrous sodium acetate dissolved in 800 mL
of distitled water and 20 mL glacial acetic acid. The pH
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was adjusted 10 5.0 + 0.1 with acid and the solution
diluted to 1 L with distilled water), Each tube was
stoppered and the contents carefully mixed to avoid loss
of material (due to frothing) using a Vortex mixer every
20 minutes for 6 hours. The samples were then
centrifuged tor 10 minutes at approximately 3000 rpm.
Turbid solutions were centrifuged again for another 5
minutes, Clear solutions were decanted into clean 25 by
150 millimetre glass test tubes (calibrated at 30 mL).
Residues were mixed thoroughty with 5 millilitres of
distilled water, centrifuged for 10 minutes and the
washings added to the extracts. The washing was
repeated with another 5 millilitres of distilled water and
combined washings and extracts diluted 10 30 millilitres
with distilled water. Samples were stored in the dark to
limit loss of silver by precipitation. Residues were
digested in hydroxylamine hydrochloride.

HYDROXYLAMINE HYDROCHLORIDE
SOLUTION

The residue from the sodium acetate extraction was
added 10 20 millilitres of 0.25 M hydroxylamine
hydrochloride (17.36 g of hydroxylamine hydrochloride
dissolved in 500 mL of distilled water. mixed with 21 mL
of concentrated hydrochloric acid and diluted to 1 1) in
stoppered bes and mixed thoroughly using a Vortex
mixer every 5 to 10 minutes uatil frothing subsided. The
samples were heated at 60°C for 2 hours in a water-bath
with shaking and vortexing every 30 minutes. After
extraction the residues were washed twice with distilled
water using the same procedure as in the sodium acetate
extraction. Hydroxylamine hydrochloride extracts and
distilled water washings were combined and solutions
diluted 1o 30 mitlilitres. The residues were digested in
sodium hypochtorite solution.

SODIUM HYPOCHLORITE SOLUTION

Twenty millilitres of 5% sodium hypochlorite
sohytion (pI1 9.5) was mixed with the hydroxylamine
hydrochloride extraction residue. if frothing occurred the
samples were carefully mixed every 5 to 10 minutes until
the frothing subsided. The samples were heated at 100°C
for 1 hour in a water-bath with shaking and vortexing of
each sample every 20 minutes. After the extraction stage
was completed the residue was washed twice with
distilled water using the same procedure as in the sodium
acetate extraction. Sodium hypochiorite extracts and
distilled water washings were combined and solutions
diluted to 30 millilitres. The residues were digested in
Lefort aqua regia

LEFORT AQUA REGIA

Five millilitres of concentrated nitric acid (ACS
grade) were mixed thoroughly with the sodium
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hypochlorite residues and the samples allowed to stand
overnight. The samplc ubes were then heated at 90°C
for 30 minutes in a water-bath, the contents mixed, 1.5
millilitres of concentrated hydrochloric acid added and
the mixing repeated. The samples were then heated at
909C for a further 90 minutes in the water-bath, the
contents cooled and then diluled to 20 millilitres with
distilled water. The solutions were mixed, centrifuged
and the residue discarded.

HYDROFLUORIC-PERCHLORIC-NITRIC-
HYDROCHLORIC ACIDS

One gram of sample was mixed with § millilitres
coticentrated hydrochloric acid, 5 millilitres of a nitric-
perchloric acid mixture (3:1 v/v) and 5 millilitres
hydrofluoric acid in a teflon beaker and reduced to
dryness on a hotplate. Residues were heated for 10 to 15
minutes with 4 mitlilitres concentrated hydrochloric acid
and 1.5 millilitres concentrated nitric acid, cooled and
the contents of the beaker ransferred 1o calibrated test
tubes. The soluticns were made up to 15 millilitres with
distilled water, mixed thoroughly and centrifuged.

ANALYSIS OF EXTRACTS FOR METALS

The extracted solutions and hydrofluoric-perchloric-
nitric-hydrochloric acid digests were analyzed tor copper,
silver, molybdenutn, iron and manganese using a Perkin
Elmer 2280 atomic absorption specirometer. Background
correction was applied for silver which was analysed first
{preferably on same day as the extraction), to avoid silver
loss from solution by precipitation. Approximately 10
milligrams of aluminum chloride was added to a 2-
millilitre aliquot of the solutions for the molybdenum
analysis. The calibration standards were made with a
similar concentration of aluminum chloride.

DISCUSSION OF RESULTS

Copper, silver, molybdenum, iron and manganese
precision expressed as relative standard deviations
(%RSD) for the reference materials LXSD 1 and LKSD 3
are shown in Tables 2 and 3.

Table 2. Precision for LKSD 1 (mean of 7 analyses)

Sodium Hydroxylamine Sodium Aquu  Hydrofluoric
Aceiate Hydrochloride Hypochlerite Regla Acid
Cu-Mean {ppm) 1 L] 18 It 43
Cu (BRSD)Y 28 17 1] 15 3
Mo-Mean (ppun 0% 0.5 3 2 1
Mo (BRSN EH 53 48 51 1
Mp-Mean (ppm) 23 26 37 64 686
Mn (%RSDH 7 L} 205 18 5
Fe-Mean (%) 0.01% 0.043 0.044 1.36 2.79
Fe (%RSD) 44 b2 57 22 1
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Table 3. Precision for LKSD 3 (mean of 7 analyses)

e

Sodium Hydroxylomire Sodium A qua Hydrofl soric
Acetnle  Hydrouhloride _ Hypochlurite  H gls Adl
Ag-Mean (ppm} as 14 1.4 l 2.8
Ag (RS 0 21 23 7 5
Cu-Mean (ppn) 3 L3 9 1l 15
Cu {%RSD) v 13 kL] o t
Mn-Mean (ppm) 647 433 el 147 127
Mn (%RSD) 3 L} 255 3 W
Fe-Mean (%) 0.029 1.%2 001 i 83 RN
Fe (%RRSLH 4 0 L) 5 L

The mean and RSD vailues for each ele nent were
calculated from seven repeat determination: of the
reference materials analysed by the sequent al extractions
and by the hydrotluoric-perchloric-nitric-hy drochloric
acid digestion. Table 4 shows the copper, molybdenurs,
iron and manganese precision calculated from sequential
extraction data for ten replicate samples ins rted in
batches during routine analysis. Silver precision for
LKSD 1 and for the replicates samples and 1nolybdenum
precision for LKSD 3 are not reported beca se values are
below or just above defection limils,

Table 4. Precision calculated from ten replic ate sampl:s

Sodiumm Hydroxylamine Sodibu: v Aqua

Acelate Hydenchlorde Hypochl. rite Regia
Replicate Mean Cu 100 17 13 N}
RSD Cu (%) & 3 14 3
Replicate Mean Mo ] 3 14 2
RSD Mo (%) 7 13 L1 1]
Replicate Mcan Mn 154 433 11 129
RSD Mn {%) 149 5 5 3
Replicate Mean Fe 0.132 1.04 0.03 1.73
RSD Fe (%) 160 3 21 3

Most precise silver, copper, molybdenu.n, iron ani
manganese determinations (< 8% RSD) are 1or the
reference samples analysed with the hydroflyoric-
perchloric-nitric-hydrochioric acid digestion. Good
precision (< 8% RSD) is also revealed for m:nganese
extracted from the reference samples with sodium acetzie
and hydroxylamine hydrochloride. The mana gnese
precision for the sodium hypochiorite extract on of the
reference samples (Tables 2 and 3) and the s¢ dium
acetate extraction of the replicate samples is poor ( >140
% RSD) reflecting large differences between epeat
determinations (Table 4). However, precision calculatex!
froin replicate analyses, improves for the sodi 1m
hypochlorite extractable manganese,

Copper precision (RSD) ranges from 349 for the
sodium hypochlorite extraction of LKSD 1 (T ible 2) to
15% for Lefort aqua regia digestion of LKSD 3 (Table 2.
The variation of iron and manganese precision for the
different extractions resembles copper in that he largest.
RSD is for the sodium hypochlorite extraction (Table 3).
The relatively poor precision for the sodium b rpochlorits
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extractable copper, iron and manganese may be due 10
variations in the amount of organic matter oxidized from
the reference sample and precipitation of colloidal
hydroxides in the alkaline solution. Replicate sample
analysis for iron reveals that RSD) values are greater
100% for the sodium acetate extraction. This precision
reflects a large difference between the iron values for one
of the replicate samples. Molybdenum replicate data
reveal improved precision due to the higher
concentrations of molybdenum in the replicates
compared to the reference samples.

Metal concentrations extracted by each reagent from
the reference materials LKSD 1, LKSD 3 and GXR ! are
shown in Table 5. Values are expressed in parts per
million and as a percentage of the reported mean
concentration for the element in the reference material.
Silver distribution in LKSD 1 and molybdenum
distribution in LKSD 3 have not been included in Table 5
because many of the element concentrations are below
detection limits. Sums of the percentage copper, silver,
molybdenum, iron and manganese, extracted at each
stage from GXR 1, range from 90 to0 110% indicating
that the sequential extraction process has removed the
bulk of the metals from the reference sample. The sums
of percentage silver extracted at each stage from LKSD
3, copper from LKSD 1 and manganese from LKS[) 3
are also close to 100%, compared to values obtained
using the hydrofluoric-perchloric-nitric-hydrochloric acid
digestion. This range shows that the sequential extraction
process effectively removes the bulk of these metals in
the reference samples. However, the sum of percentage
metal extracted for other elements, especially manganese
in LKSD 1 and copper in LKSD 3, are much lower or
significantly higher than 100%. The analytical error
determined in each extract and the depletion of the
sample during the extraction process may be contributing
factors responsible for excessively large or small sums of
percentage extracted metal.

Progressive loss of sample during the extraction
process through oxidation or organic matter and transfer
of material from stage 10 stage can also give misleading
values because the metal concentration is calculated from
the original sample weight rather than the actual weight
of the residue from each extraction. The low percentage
sums for molybdenum and manganese relate to the more
highly organic reference material LKSD 1. Precipitation
of metal hydroxides in the alkaline sodiwm hypochlorite
extract, despite the neutralizing effect of the weakly acid
distilled water, may be one reason for the low total sums
of the extracted iron and manganese. However, this
factor does not appear to have influenced the extraction
of manganese from LKSD 3 which contains a higher
manganese content than LKSD 1.
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Table 5, Extraction of metals from GXR 1, LKSD 1 and

LKSsD 3
Sordivm Hydpixylamine Sadiwin Aqus Hydyofluonic  Suti of
Acwtate Hydrocioride Hypachlarite Regtfu Aced extracts { %)

Ag m GXRI as i) 3 I 3

% Ag cruracied 2 74 g 3 100 80
Mean Agin LKSD 3 0s 1.4 14 a1 28

% Ag extracied | 50 30 3 103
Cuw GXRI 184 520 2 60 1166

% Cuextracred 17 a7 05 n 100 96
Mean Cu wn LXSD | i 2 1] 1% 44

% Cu extracied 5 1% 41 41 i 106
Mean Cum LKSD 3 8 % 2l 15

%o £ u eatracted 9 23 26 a0 100 118
Mo in GXR! a5 0.8 4 15 19

% Mo extracted 1 i o a3 100 105
Mean Mo in LKSD | 05 a5 3 2 o

% Mo exacted 0 10 w 20 1) 70
Mo GXRI 143 91 1 L RRG

Fo Mo extracted 16 67 0.5 10 [Ly w3
Mean Mn n I KSiY | 230 86 k) o4 HRG

% Cu extracied k! 2 f 0 E ] 3
Muaa Ma w LKS 3 67 435 gl 187 127G

% Mn extrated 45 0 7 i3 2R 95
Fe.a GXRI 0. 386 Q.00+ 23 Ned

® Fe axtracred 0% 5 ns by Aearrmmned 07
Mean Fe in LKSD | 0039 0.04% 0,044 136 i

% Fe extracted 2 15 N 0 o0 L)
Mean Fein LKSD 3 G029 132 am (3] 186

F Feexiracted 1 KE] 05 4 w7 RO

Data represents 1 determination of GXR1 and the mean of 7 analyses of LKSD 1 and LKSD 3.
The extraction of metals from two different sample
types is shown in Table 6.

Table 6. Mean percent metal extracted from eight lake
sediments and twelve glaciolacustrine sediments

Sodinm Hydroxylamine Sudiam Ayua Sum of
Acctate Hydrochloride Hyuochlorite Regia Extracty
Fe Extracted %o Extracted % Extracted % Extracted (%)

Cu-A 4 H 49 4% 13
Cu-B 5 40 1 21 w7
Ma-A 22 22 42 44 135
Meo-B 9 17 18 13 Y
Mn-A 44 30 3 22 oR
Mn-B 25 47 0 20 93
Fe-A 1S 25 4 5% 87
Fe-B 1 30 0.01 43 75

Both groups were analysed as part of the same
sample batch. Group A comprises eight pulverised lake-
sediment samples (mean LOIT of 29%) and group B
consists of twelve glaciolacusirine sediment samples
(mmean LOI of 4%). The stronger association of the
copper with organic matter in the Jake sediments is
clearly revealed by the greater abundance (49%) of
sodium hypochiorite extracted copper compared to the
much smaller amount {1 %) liberated from group B
samples. The mean sum of the manganese extracted at
each stage from both groups ranges from 90 to 100%.
However the mean sum of iron extracted at each stage
ranges from 75% in group B to 87% in group A.
Precipitation of iron hydroxide in the atkaline sodium
hypochlorite may be responsible for the low mean sum of
extracted iron.

Extraction of copper and manganese from individual
lake sediment and glaciolacustrine sediment samples is

shown in Figures 1 and 2.
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Figure 1. Copper extracted from lake sediments (Lk.Sed.)
and glaciolacustrine sediments (Glac.)

Y4 NaCAc = nHzoH HEL NI NadiCl 5 Aqua Regia

S 7= |||l [l AAN\\\\\\\\\\Y

LKSO1 7 Eﬂ!!“!“!“[IHIHHHHHIHIHﬂllﬂlll&m
Glac.143
Glac.142 Wm—_m
Glac.140  277%
SR ————
Glac.138 R —————— N\
Glac.137 Y ===\

Glac.136

Glae.135
Glac.134
Glac.133
Lk.Sed 2158

Lk.Seq 214 %ﬁumnﬂnnmmmmnmmmu&\m
Lie0.213. 7 D
Lk Ses.212 _@mnmunmnnmmmmnmmm
Li:sea 21z
Lesed 210z IR
w.Sed.208 ZE NN Y
Lseaz07 =TI

0% 0% 40% B0% 80% 100%

Pecanl extracted copper

Figure 2. Manganese extracted from lake sediments
(Lk.b‘ed.) and glaciolacustrinc sediments (Glac.)
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All of the extraction sums have been 1ormalized o
100% for ease of comparison. A greater arnount of the
copper is extracted by the sodium hypoch]orite and agua
regia from the lake-sediment samples and the refere1ce
materials LKSD 1 and LKSD 3 than from the
glaciolacustrine samples. However, more of the copper is
extracted by sodium acetate and hydroxyl: mine
hydrachlaride from the glaciclacustrine sanples. Mure
manganese ts extracted by the hydroxylam ine
hydrochloride from the glaciclucustrine s¢ dimeats than
from the lake sediments (Figure 2). Unlike copper,
manganese distribution in the extractions irom the two
sample groups is less uniform,

CONCLUSIONS

Results of sequential extrction analys s of
geochemical reference samples, lake-sedin ent samples
and glaciolacustrine sediment samples rew als the
following featurcs.

¢ Copper and manganese precision (e (pressed as
relative standard deviation) is less than 20% for
the majority of extracts. Sodium hyj ochlorite
extracted copper and manganese
determinations are less precise and he larger
error may be due incomiplete extract on of
metals from reference materials, Relatively
poor precision for silver and molybéenum
extracled from the re(erence materials LKSD1
and LKSD 3 reflects low element
concentrations in the samples. Data ‘or sodium
hypochlorite extracted tron for the re ference
samples reveals a large error and esf ectally for
the more organic rich LKSD 1. Prec pitation of
iron hydroxide duaring the sodium hy pochtorite
extraction stage and vanation in the amount of
organic matter oxidized may the resy onsible fcr
the poor precision.

®  The extraction process removes maort . than 90%:
of all metals from the jasperoid refer:nce
sample GXR1. The high total of extricted
copper for the reference materials L¥ SD 1 and
3 may reflect loss of sample during (e
extraction process and analytical errcr. The low
total of extracted iron and manganes 2 for the
more organic rich LKST 1 sample m 1y be due
to precipitation of elements as hydros ides
during the sodium hypochlorite oxid: tion.

®  Accumnulation of copper by organic w atter in
lake-bouom sediments is clearly reve; led by the
high concentration of metal in the socium
hypochlorite extract. In glaciolacusirine
samples the greater abundance of cop ner and
manganese in the hydroxylamine hyd ‘ochloridge
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and Lefort aqua regia extracts indicate that
more of the metals are associated with
secondary minerals formed during weathering.
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