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INTRODUCTION 

geochemical s:nnplcs using dillt!rent chemicals i s  
hecoming a routine procedure lor determining Ule 
distrihutiotl of  Inctals in minerill phases which conmonly 
constitute weathered m;wrialh. Scvcri~l scqucnti;d 
extraction techniques have hccu dcvelopetl t o  ;lid in the 
il~terpretalion  ,jeochemicel data hy  tne;u;uring  the relative 
mobility ofthc elctnenw i n  the tear-surfzlcc ctrvirontnent 
(Tessier el nl., 1979; Holfmnl and Fletcher, 1979; 
Gatehouse er d.,1977). Sequential extraction ;ul;llysis 
has heen applied to ;wessing envirotunenL?I prohletns hy 
determining the hio-availahilily of  potentially toxic 
metals such as chromium, lead, mercury and  carllnium in 
contminated iediments ;uld soils (Camphell (:I (11.. 

selectively remove all o f  the metal lrom samples and the 
19XX). The  efficiency o f  lhc extraction procedure to  

quality of  the data produced are ilnportant for  reliahly 
interpreting the results nf sequen1i;d  culalyhis. 

The sequential,  selective  extraction 01clelnent. from 

suitahle sequence of extraction for treating  different 
sample types ;u~d for improving lhe efficiency of the 
extractiotl method (Rose, 1975; Chao and Sanzolone, 
1992: Papp el al., 1991; Hall (:I ( I / . ,  1093). This paper 
describes the f!xtractioo olcopper, silver. Inolyhdrnuln, 
iron and tnang;ome from geochemical rcfcrcnce 
materials and selected samples wing  21 sequence o l  
sodium acetate solution, hydroxyl;unine  hydrochloride 

regia. 
solution, sodium hypochlorite holutiotl and Lafort aqua 

Research has locused on estahlishiog thc most 

procedure developed by Hall e r  it/. (1993). Sodium 
acemk solutiou (pH S) removes tnetal adsorbed on 
colloidal irou and tnanganese oxides, tneull adsorhed on 
organic particles, metal held in exchange sites 011 tl~e 

The tneth>,)d used in this study is modified  from a 
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surface of clay  miner:lls and mctal  in  the Fonn of 
cuhollalcs. An exanplt: ot'the exchange If copper Iron 
clay with  sodium aceli~te i:;: 

Cu-clay + C€13(:OONa = CH,COOC u + Na-clly 

Hydroxylamine hydrochloride (NH,I )H.€fCl) 

and releases ahsorhed trace metals in the process. The 
solutiou reduces ,unorphous manganese ; nd iron o:rid(:s 

hydrochloride is: 
reaction hetween Inangalcsc: dioxide and hydroxyl:lcnine 

2NH20H.IX'I + M I I O ~  = MII( 'I~ + P 0, + 3H20 

oxidizes organic tnattcr t o  rdease ahsorh :d and 
Alkaline sodion1 hypochlorite (NaOIX) solution 

complexed metals. Mineral  :;ulphides are not oxidi:!ed  hy 
this reagent (Papp e r  ( I / . ,  1991). An exm ple of the 
oxidation  reaction Tor a simple  organic c ~tnpountl such 
as oxalic  acid is: 

2NaOCI + C,O,H, = 2NaCI + 4II,( 1 + 2 C 0 ,  

Lefort  aqua regia ( 3  volumes concet trated nitric :rid 
mixed  with 1 volume concentrated hydrc chloric acid) 
oxidizes sulphide minerals a.nd dissolves noble mel;ils 
such as gold and platinum. The initial re d o n  hetriecn 
niuir: acid and hydrochloric acid  product s ~lascetlt 
chlorine which dissolves tnmls and o x i c  izes  sulphides. 
An example o f  the reactiou .for the oxida ion of pyite is: 

HNO, + 3HCI = NOCI  + 2H,O + 2('1" 
NOCI = N O  + CI" 
FeS, + (:lo = Fez+ + (:I.' + 2s 

' ihe lxlort digestiou 'N~LI chosclI lor UIC lll~i~l stage of 
the  sequential exudctiotl hccause this ac~ i mixture : s  ; I  

powerlul oxidizing agent, e:;pecislly for ;ulphides, ; m i  is 
cotntnouly used i o  the  ;ulalysis of region II geochmicll 
samples collected  in  British Columhia. 

I n  addition to the sequential extracti m ,  the rderence 
materials and samples were also analyse, I separate':, for 
the sane element$, using a concentrated hydrofluoric 
pcrcllloric-nitric-hydrochloric acid  diger tion. This 
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mixture will dissolve most of the silicate, oxide ;md 

aluminosilicate ;u~d oxide minerals, however, are 
sulphide  minerals found in weathered materials. Certain 

partially dissolved (Chao m d  Sanzolone, 1992). 
resistant to the attack by this acid mixture arid arc o n l y  

ANALYTICAL METHODS 

QUALITY CONTROL  AND SAMPLES 

The  CANMET reference materials I>KSI) I i u l d  3, 
and the IJnited States Geological Survey reference 
material GXR3 were used to monitor the ;malytical 
precision  of the extraction data. Each  hatch  of 24 samples 
contained a replicate sample, LKSDl and LKSD3 
standards and a solution blank. I n  one hatch, GXRI was 
substituted for  LKSD I. A description of each reference 
material, the recommended mean value, the uncertainty 
range for each element and the loss on ignition are 
shown  in Tahle 1. The information is taken f r o m  
compilations by Lynch, I990 and by  Ciladncy  and 
Roelandts, 1990. 

Table 1. Mean values and  uncertainty range (+ 2 standard 
deviation) for element5 in reference ramplcs 

U n r r i p l h  Si,"., copprr *rm M.n..nn. Mnly"""" 1.01 

,ppm, ,ppm, ,%, (PI") ips-, < % I  
LIS" I obr,.o., m*,uo i.X.,~O.* imrag /0./1 2lS.i.l.O 

L"krm,on, 
rai,, ,rn, 

LIS", l . , * i 0 2  ,5* ,~6  l D t i ~ 0 I  IUO*i.i60 m . 5  il.S+ili 

WVbl,a,,, 

d,1,11111 

<;xu, .l.,., ,110+*115 i l* i , i  I X 0 4 7 "  1 8 4 6  i l* i  ... 7 

IV<d  

ru*u,,lpir 

Other samples analysed were pulvcriscd lake hottom 
sediments  (Cook, 1993) and the -63 micron  fr;Iction ol 
glaciolacustrine sediment< (Bohrowsky ('I ul.. 1993). All 
of the samples  were collected in central British 
Columbia. 

SEQUENTIAL  EXTRACTIONS 

silver, molybdenum, iron and m;ulganese by the 
following sequence of extraction reagents. 

SODIUM ACETATE  SOLUTION 

Standards and samples were analysed for copper, 

millitnetre 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 distilled water and 20 InL  glacial acetic acid.  The pH 

A 2.00-gran sample was weighed into a 25 by 100 

was adjusted to 5.0 2 0.1 with acid auld the solution 
diluted t o  1 L with distilled water). Each tube was 
stoppcrcd and the contents carefully mixed to avoid loss 
of material (due t o  frothing) using a Vortex mixer every 
20 minutes for 6 hours. I h e  sanples were then 

Turbid solutions were centrifuged again for  another 5 
centrifuged for 10 minutes at approximately 3000 rpm. 

minutes. Clear solutions were decanted into clean 25 by 

Residues were  mixed thoroughly with 5 millilitres of 
150 millitnetre glass test tubes (calibrated at 30 mL). 

distilled water, cenuifuged for 10 minutes and the 

repcated with another 5 millilitres o f  distilled water and 
washings added to the extracts. The washing was 

comhincd washings m t l  extracts diluted to 30 milliliucs 
with distilled water. Samples wcrc stored in the dark to 

digested in hydroxykunine hydrochloride. 
limit loss 01 silver by precipitation. Residues were 

SOLUTION 
HYDROXYLAMINE  HYDROCH1,ORIDE 

added to 20 millilitres 010.25 M hydroxylamine 
The residue from the sodium acetate extraction was 

hydrochloride (17.36 g of hydroxylamine hydrochloride 
dissolved in 500 mL o f  distilled water. mixed with 21  mL 
o fconc~~~t ra t ed  hydrochloric acid and dilnled to 1 1.) io 

mixer every 5 t o  I O  minutcs until  frothing subsided. The 
stoppered tuhes and mixed thoroughly using a Vortex 

samples were hcated at 60°C for 2 hours ill a water-bath 
with sh'aking and vortexing every 30 minutes. After 
extraction the residues were washed twice with distilled 
water  using the sane procedure as in the sodium acetate 
extraction. 1Iydroxyl;unine hydrochloride extract$ and 
distilled water washings were  combined and solutions 
diluted to 70 millilitres. The residues were digested in 
sodium hypochloritc solution 

SODIUM HYPOCHI,ORITE  SOLUTION 

 solutio^^ (pH 9.5) was mixed with the hydroxylamine 
Twenty millililres of5'% sodium hypochlorite 

hydrochloride exuaction residue. If frothing occurred the 
samples were carefully mixed every 5 to 10 minutes until 
the frothing  suhsided.  The  samples  were heated at l0OoC 

each sample every 20 minutes. After the extraction stage 
for 1 hour  in a water-bath with shaking  and vortexing of 

was completed the residue was wahed twice with 
distilled water using  the sane procedure as in the sodium 
acetate  extraction. Sodium hypochlorite extracts and 
distilled wxter washings were combined ;uld solutions 
diluted to 30 millilitres. The residues were digested in 
Lcfort aqua regia 

LEFORT AQUA FUXIA 

grade) were mixed thoroughly with the sodium 
Five millilitres of cnnceatrated nitric acid (ACS 
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hypochlorite residues and the samples allowed to stand 
ovenlight. The smplc tuhes were then heated at 'J0"C 
for 30 minutes in a water-bath, the contetlts mixed, 1.5 
millilitres of concentrated hydrochloric acid added and 
the mixing repeated. The  samples wcre then heated at 
9 0 T  for a further 90 minutes in the water-halh, thc 
contcnts cooled ;u~d then diluted to20 tnillilitrcs with 
distilled water. The solutions were mixed, centrifuged 
and the residue  discarded. 

HYDROFLUOKIC-PERCHI,OKIC-NITRIC- 
HYDROCHLORIC ACIDS 

One gram of mnple wa? mixed with 5 millilitres 
concentrated hydrochloric acid, 5 tnillilitres of a nitric- 
perchloric acid  mixture (3: I v/v) and 5 milliliues 
hydrofluoric acid in  a teflon he,aker and reduced to  

dryness on a hotplate. Residues were heated for 10 u1 15 
minutes with 4 tnillilitres concenlrated hydrochloric acid 
and 1.5 tnillilitres, concentrated nitric acid, cooled and 
the contents of the he'aker transferred to calihrated test 
tuhes. The  solutions were made up to 15 milliliues with 
distilled water, mixed thoroughly and centrifuged. 

ANALYSIS OF EXTRACTS FOR METALS 

nitric-hydrochloric: acid digests wcre ;uralyzed inr copper, 
The extracted solutions and hyrlrotluoric-perchloric- 

silver, molybdenum, iron and manganese using a Perkin 

correction was applied ior silver which was analysed tirst 
Iltner 2280 atomic ahsorption spcclrometer. Background 

(preferably on same day ins the extraction). to avoid silver 

milligrams of aluminum chloride was added to a 2- 
loss from solution hy precipitation. ,Approximately 10 

tnillilitre aliquot of the solutions for the molybdenum 
aadysis. The calitxation  standards were made with a 
similar concentration of aluminum chloride. 

Table 3. Precision for LK9D 3 (mean of 1 analyses., "." 
sodium ~ ~ d ~ . ~ w ~ , ~  w u n l  I w n l n l D r i r  
*Ceb,e Hydrahlolld- ",phll.ril " rB A111 

*#"Cui IW",, 0 I ,.I I .4 

AL,%WOI 0 2, 2 ,  7 

<Y~MCS"lA*"I 1 I 

TU i"hWD1 I9 I5 3, 

IS 
L 

M"~MIM,rp"I MI 

M"i%RS"l 

4 3 5  101 ~ 17 , > x  
1% ! 

FI~MCWIR, 0 oiu I 12 001 

Fri'hRsL,, 

, I 3  1 I" 

2." 

2" 

calculated from seven repeat dmmtination: of the 
The mean and KSD  values for each ele nent were 

reference materials analysed by the sequent al extract~on:; 
and by the hydrotluoric-perchloric-nitric-hy jrochloric 
acid digestion. Table 4 shows the copper, m )lybdenun, 
iron and manganese precision calculated frc m sequential 
extraction dala for ten replicate samples  ins'xted in 

LKSD 1 and for the replicates samples and ~nolybdemnm 
hakhes during routine analysis.  Silver preci ;ion for 

precision for LKSD 3 are not reported becat se values are 
below or just ahove detection lirniL% 

Tahle 4. Precision calculated from ten replig ate samph 

WLrn Hrdloxl~nln. sod," I A9". 
- 

A d d .  ~ ~ l 0 , l d C  HYporhl ,I<. n.Ri. 
'm Rrphc& Mrru 1'" 1 0 0  1 1 7  

RSD 1'" (%I 
13 

D 

Rcplic.rk Mcm Mo R 
I4 3 

RSD Mo (%J 

14 

7 11 I 1  16 

2 

Replirr8c Msrn  Mn IS4 
RSDMn <%I 

43 I 11 

149 

129 

Rspl~cals Mean Fc 0 112 1 . m  
RSD FI (%J 1 6 0  3 21 3 

3 
1 

S 
0.03 1.73 

S 3 

manganese determinations (< 8% RSD) are 13r the 
reference samples analysed with the hydrofluoric- 

precision (< X% RSD) is  also revealed form; nganese 
perchloric-nitric-hydrochloric acid digestion. Good 

exuacted from the reference samples with sculium acetidle 
and hydroxylamine hydrochloride. The manapese 
precision for the sodium hypochlorite extract  on of tht! 

reference samples (Tables 2 and 3) and the s( dium 
acetate exlraction of the replicate samples is l w r  (>14:1 
4h RSD) reflecting large differcnces between epeat 
determinations (Tahle 4). However, precision calculatW 
from replicate analyses, improve,$ for the sodi nn 
hypochlorite extractable mang:ume. 

Most precise silver, copper,  molybdenu,n, iron anl 

sodium hypochlorite exwactton o I  LKSD I (Ttblt: 2) to 
Copper precision (RSI)) ranl:es from 344' for the 

IS% for Lzfort aqua regia digestion of LKSD 3 (Table ?;I, 

The varialion of UOII and manganese precisioin for the 
different exuactions resembles copper in that h e  largesl. 
RSD is for the sodium hypochlorite extraction (Table 3), 
The relatively poor precision for the sodium h  cpocblorik 
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extractable  copper, iron and  manganese may  be due to 
variations in the moun t  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 irou values for one 
of the replicate samples. Molybdenum replicate data 
reveal improved precision due to the higher 
concentrations of moiyhdenum in  the replicates 
compared to the reference  samples. 

Metal concentrations  extracted by each reagent from 
the reference  materials  LKSD I ,  LKSD 3 m d  GXK 1 are 

million and as a percentage of  the reported mean 
shown in Tahle 5. Values  are  expressed in parts per 

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 to 1 IO%, indicating 
that the  sequential  extraction  process has removed the 
bulk of the metals from the reference  sample.  The  sums 
of  percentage  silver  extr,xted  at each stage from LKSI) 
3, copper from LKSD 1 and  manganese from LKSD 3 
are also close to 100%,  compared to values ohklined 
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  mangmese 
in LKSD 1 and copper in  LKSD 3. are much  lower or 
significaltly  higher than 100%.  The  analytical  error 
determined in each  extract and the depletion of the 
sample during the extraction process may he contributing 
factors  responsible  for excessively large  or small sums of 
percentage  extracted mekd. 

process through oxidation  or  organic matter and transfer 
Progressive loss of sample  during the extraction 

of material from stage to 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  fhe more 
highly organic  reference  material  LKSD 1. Precipitatiou 
of metal  hydroxides in the alkaline  sodium  hypochlorite 
extract,  despite the neutralizing effect of the weakly acid 
distilled water, may be one reason for the low  total  sunns 
of the extracted iron  and manganese.  However, this 
factor does no1 appear to  have influenced the extraction 
of  manganese  from  LKSD 3 which conlains a higher 
manganese  content than LKSD I .  

sample batch. Group A comprises eight pulverised 1,ake- 
Both groups were analysed as part of the same 

sediment  samples  (mean LO1 of 29%) a l d  group B 
consists of twelve glaciolacustrine  sediment  samples 
(mean LO1 of 4%). The  stronger  association of the 

clearly revealed by the greater  abundance (49%) of 
copper with organic matter in the lake  sediments  is 

much smaller  amount ( I % )  liberated from group B 
sodium hypochlorite extracted  copper  compared  to the 

each stage  from hoth groups  ranges  from 90 to 100%. 
samples.  The mean sum  of the manganese  extracted  at 

ranges from 75% in group B to X7% in group A. 
However the mean sum of iron extracted  at  each  stage 

Precipitation of iron hydroxide in  the  alkaline  sodium 
hypochlorite may  be responsible for the  low mean sum of 
extracted iron. 

lake sediment and glaciolacustrine  sediment  samples  is 
shown in Figures I and 2. 

Extraction of  copper and mauganese from individual 
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100%, for ease o f  comparison. A greater iunount of thle 
All of the extractinti sums have heen mmalizel tu 

copper is extracted hy the sodium hypochl xite and ;qua 
regia from the lake-sediment  samples and the referem 
materials LKSI) 1 and LKSD 3 than front the 
glaciolacusuine samples. However, more of  the coplr:r is 
extracted by sodium acetate and hydroxyl8  mine 
hydrochloride froln the glaciolacusuine sa nples. More 
manganese is extracted hy the hydroxylamine 
hydrochloride from the g1ac:ic:lucustrine  scdimnenL? than 
from the lake scdilncnts  (Figure 2). I lnl ikt  copper, 
manganese disuihution in the extractions I rom the two 
satnple groups is less uniform. 

CONCLUSIONS 

gccrchetnical reference samples, lake-sedin ent samplt:~ 
and glaciolacustrine sedbnerlt samples revt als the 
following featurcs. 

Results of sequential exmction analys s of 

Copper and tnmganese precision (e [pressed a s  
relative standard deviation) is less klan 20% f x  
the majority of extracts. Sodium hyl  ochloritt: 

determinations  are less precise and he larger 
extracted copper and tnanganese 

error may he due incomplete exuact on of 
tnetds from reference materials. Relxtively 

extracted from the reference materials LKSDl 
poor precision for silver and tnolyhcenum 

and LKSI) 3 reflects low element 
concentratiolls il l  the samples. Data 'or sodium 

samples rcveals a large error and esrecially fiw 
hypochloritc extractcd iron for the rc ference 

the more organic rich LKSD 1. Prec pitation of 
iron hydroxide during tlle sodium hypochlorite 
exuaction stage and variation in the mount o t  
organic matter oxidized may the resl onsihle fcr 
the poor precision. 

l'hc extraction process removes mort than 909,) 
of all metals from thejasperoid refen :nce 
satnple GXR I .  The high t o t a l  of exu cted 
copper for fie reference Inaterids LF SD 1 and 
3 may reflect loss of sample during rlie 
extractioll process and analytical err( r. The low 
total of exlracted iron aud manganes? for the 
lnore organic rich LKSD 1 sample m ~y he due 
to precipitation of eletnents as hydro, ides 
during the sodium hypochlorite oxidr tion. 

Acculnulation of copper by organic n atter in 

high concentratioli o f  tnetal in the so( i u m  
lake-hottom sediments is clearly rev= led hy rt~c 

satnples the greater ah!rndance of cop wr and 
hypochlorile ~ X U B C I .  111 i:laciolacustri.~e 

manganese in the hydroxylamine hyd ochloride 

:!I1 



and Leforl aqua regia  extracts  indicate that 
Inore of  the melals are associated with 
secondary minerals fonned during weathering. 
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