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PREFACE 

The bedrock of Finland, which is mainly 
Precambrian in age , is on average covered by 
some 7 metres of Quaternary sediments , such 
that only 3 % of the surface area is exposured. 
Because till , the most abundant material in the 
overburden , was derived from bedrock it gen
erally corresponds compositionally to bed
rock, though because of mixing and transport, 
ti 11 analysi only provides an overall view. On 
the other hand , the degree of exposure makes 
representative sampling of bedrock areal 
challenge. 

A rock geochemistry research program was 
established in 1991 by the geochemistry de
partment of Geological Survey of Finland. 
The final decision to start the research pro
gram was preceded by intensive discussions 
on the need, on the content , and on the meth
ods of the program throughout most of the 
whole 1980 ' s. Essential support to the pro
gram was given by Prof. G. Govett in his 
reports in 1986 and 1988, when he was eval
uating the scientific achievements and role of 
the geochemistry department. The rock geo
chemistry program started and took shape 
rapidly following his second evaluation re
port. Raimo Lahtinen made the first prelimi
nary project proposal in 1988 , and a working 
group consisting of Pekka Lestinen (chair
man) , R. Lahtinen and Esko Korkiakoski was 
established in the department in order to pre
pare a plan for the whole research program. 
Their proposal was finalized already by the 
end of 1988. The essential content of this 
proposal was a pilot study project for the 
years 1989-1990 . Because this kind of re
search program was quite unique even from an 

international viewpoint, it was natural to com
mence with a pilot study more thorough than 
usual. These publications were collected from 
the results of the pilot study , processing the 
data , and their practical applications. The 
research program began very soon after the 
results of pilot study were available, and the 
field work phase of the research program has 
already been completed. 

The main emphasis of the pilot phase was to 
study the representativeness of sampling, se
lecting the correct sampling grid , determining 
the amount of sampIes needed , and selecting 
the analytical methods. All these more or less 
technical aspects were reported in an internat 
report in 199 I. 

One of the main principles of the rock ge
ochemistry research program has been the use 
of the most modern analytical techniques , 
wh ich make possible, in addition to ordinary 
major element analysis the obtaining of high 
quality data for minor and trace elements. In 
addition to geochemical data , petrophysical 
parameters of the sampIes are determined. 
The public domain data bank covering the 
whole country , which will be available on 
completion of the program, thus offers an 
exceptionally broad and high quality source 
of data for application and interpretation in 
bedrock geochemistry studies. 

The aim of the rock research program was 
determined 'to collect geochemical data con
centrated in trace elements from the area of 
the whole country, to produce background 
data for interpretations of regional till ge
ochemistry data, to classify the rock types , 
and to clarify the metallogeny of the bedrock. 
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Geochemical cha nges pertaining to the crusta l 
evolution will be studi ed, too'. 

These issues of the GSF Bulletin are con
cerned with app lication of the data and pro
vide examp les of potential ways of using the 
data. Recently it has also been realized that 
the data are va luable in other quite unforeseen 
applicat ion s, such as in eva lu ation of water 

Espoo 19 .11.1996 

Publications: 

quality in drilled wells. The final results of 
the research program are planned to be pub
lished as soon as possible for the benefit not 
only of researchers in Finland but also in oth
er countr ies interested in problems of Archean 
and Proterozoic bedrock as weil as for those 
studing regional health and environmenta l 
problems. 
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INTRODUCTION 

Th e G eolog ic a l Survey of Finland has 
launc hed a re g io nal Roc k Geoc he mi s try Re
sea rc h Proj ec t (RGRP) wh ic h eventu a ll y will 
cover th e wh o le country. Toge th e r with the 
ex is tin g reg ion a l geoc hemi cal d ata fo r till , the 
reg ional geoc he mi ca l da ta for bedroc k, based 

on sys te matic sampling , will form an in valu

a bl e geoc hemi cal data ba nk o f the Finni s h 
bedroc k a nd o ve rburden. Th e a na I yti ca l 
sc he me pro posed fo r the Roc k Geoc he mi s try 
Researc h Proj ec t is co mprehe ns ive, cove rin g 
the maj o r co mpo nents as we il as about 40 

min o r a nd trace el e me nts . It is es tim ated th at 
the sa mpi e pre treatme nt a nd a na lyti ca l cos ts 
will make up abo ut 30% of the to ta l cos ts of 
the proj ec t. Because of th e uniqu e na ture of 

the proj ect, spec ia l attention mu st be paid to 
the qu a lity ass ura nce of the wh o le data acqui-

s iti o n process, in c ludin g sa mplin g, sa m pi e 

pretrea tme nt a nd a na lys is. Beca use th e 
proj ec t is sc hedul ed to run for ni ne yea rs 
(19 9 1- 1999) a nd w ill utilize a nal ytica l meth 
od s reac hin g s ub ppb concentrati o n leve ls, 
a nd beca use e ve n s ma ll de vi a ti o ns in bac k

ground le vel s ma y influ e nce th e overa ll geo
chemical co nclu s io ns, the control of prec is ion 
and drift is mo re importa nt th a n acc uracy. Fo r 
thi s reaso n, a qu ality co ntrol sys te m has bee n 
ta il or-des ig ned fo r th e proj ec t w ith spec ial 
e mphas is pa id to prec is io n and drift co ntro l 
bo th within batc hes a nd be twee n batc hes. In 

o rd e r to tes t a nd o ptimi ze th e pro posed sa m
plin g me th od , the da ta aqui s iti o n , a nd th e 
method s o f a na lys is a nd interpre ta ti o n, a pilot 
proj ect w as impl e me nted in th e T a mpe re
Hä meenlinn a a rea . 

STUDY AREA AND SAMPLING STRATEGY 

The s tud y area is s ituated in southe rn Fin
land , in th e ce ntra l part o f the Fe nn oscandi a n 
shi e ld . The reg ion li es e ntire ly within th e 
S vecofe nni a n do main (see Fi gure 1) . Thi s 

area was c hosen for the pil o t s tud y bec au se 
1: 100000 sca le bedroc k and lo w a ltitud e ae r
o mag ne ti c m aps a re ava il abl e fo r th e area. 
Added to thi s, co ns ide ra bl e geoc he mi ca l da ta 
are ava il a bl e o n the overburde n, and so me in

teresting base and prec io us me ta l a no ma li es 
have bee n indi ca ted. The geo logy o f the ta rge t 
a rea is descr ibed by L a htine n ( 1996) . Th e 
s tud y a rea covers approx im ate ly 9600 km 2 

a nd the to ta l number of samplin g s ites is 358. 

Th e sa mplin g pl a n was based o n th e e xi s t
in g I : 100 000 bedroc k maps, wh e re th e roc k 

types were di vided into main gro ups of grani
to ids, mafi c pluto ni cs, fe ls ic vo lcani cs a nd 
g ne isses , mafic vo lca ni cs a nd a mphibo lites , 
sedime ntary rocks and "other" including all other 
rock types (e.g . metaso mati c rocks) . The OCC Uf

rence of these rock types was ca lcul a ted in 100 
km 2 squ ares as percentages. If the area l di stri 
buti o n e xceeded 5% o ne sampie was take n, 
and if it exceeded 20% for volcani cs and mafi c 

pluto ni cs o r 50% fo r granitoids and sedime ntary 
rocks, two sampies were take n. The sampling 
s ites were chosen to inc lude all the main roc k 
types and we re as evenl y di stributed as poss ibl e 
in o ne I : 100 000 map sheet. A mo re detai led 
desc ription ofthe sampling s trategy is presented 
by Lahtin e n ( 199 6 ). 
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From each site, four subsampies were col
lected with a small-scale percussion drill 
(sampie diameter 2.5 cm and length 15-20 
cm) or occasionally with a hammer in stead. 
The actual sampling area varied from 10-cm
wide turbidite beds to approximately 2 m2 for 
homogeneous granites. A composite sampling 
strategy was used for <5 cm veined mi gma
tites. In all cases, the visible weathered cover 
of the sampies was removed. The four sub
sampies were combined into a single sampie 
in the laboratory for analysis. For granitoid 
sampies, a total volume of approximately 300 
cm 3 was equivalent to 900 g. 

To control the representativenes s of the 
collected sampie for the particular rock type, 
on average every tenth sampling site was sam-

ITIIIIIIIll A [=:J B 1:::::::::::;::::;:;:":::1 c ~ D ~ E t":':':':':'1 F 

Fig. I. The simplified geological map of southern Finland after 
Simonen (1980). The rectangle masks the study area. A. Ar
chaean rocks; B. Karelian schists; C. Svecofennian schists, 
gneis ses and migmatites; D. Svecofennian pluLOnic rocks; E. 
rapakivi granites ; F. 10tnian sedimentary rocks. 

pled in duplicate. The duplicate sa mpie, sub
sequently referred to as the duplicate outcrop 
sampie, was taken from the same outcrop, 
about 1-2 metres from the original sampie. 
Again, each sampie comprised four subsam
pies . The distance between the original and 
duplicate sampies was chosen so as to be less 
than the location accuracy in the field. The 
duplicate outcrop sampie was se lected so that 
it represented the same rock type as the orig
inal sa mpie. Veins, inclusions and aggregates 
were avoided as far as possible. As a control 
on th e homogeneity of the whole geological 
formation, in about 40 cases, another dupli
cate samp ie was taken from an outcrop of 
similiar lithology about 200-1000 m away. 
These sa mpIes are subsequently referred to as 

ORIGINAL 
SAMPlE 
(10.8912345) 

LABORATORY 
SAMPlE PAIR 
z> s(lab) 

OUPLICATE 
OUTCROP SAMPLE 
(10. 8912345R) 

OUTCROP 
SAMPlE PAJR 
=> s(syst) 

SPLrmNG 

GRINDING 

Fig. 2. Scheme showing generation of the duplicate sampies. 
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duplicate formation sampIes . The ana lytical 
results for these duplicate outcrop and forma
tion samp Ies were used in evaluating the sam-

pling precision and formation homogeneity, 
as described below (see the section "Analyt
ical and samp ling precision" and Fig. 2). 

METHODS AND INSTRUMENTATION 

Sampie pretreatment 

The fo ll owing equipment was used for sam
pIe pretreatment in the laboratory: 

- Jaw crusher, Retsch BKI, with iron-manga
nese plates 

- Riffle sp litter , 12 pcs of 2 cm riffles made 
of stainless stee l 

- Vibrating mill , Herzog HSM 100P, with car
bon stee l grinding vesse l 
Hydraulic presser , Herzog HTP40 

The sampIe was crushed to <5 mm with the 
jaw crusher. With the riffle splitter, about 
200 g of the crushed samp Ie was separated and 

ground in a carbon steel grinding vesse l in a 
vibrating disc mill, to grain size <60 /J.m. A 
carbon steel grinding vesse l was chosen to 
avoid the cobalt and tungsten contam inati on 
likely with a tungsten carbide grindi ng vesse!. 
The pulverized sam pIe was stored for ana ly sis 
in a 60-ml plastic tube . 

Duplicate laboratory sampIes were pre
pared for the laboratory quality contro!. After 
crushing, the original sampIes of the duplicate 
outcrop sampIe pairs were split with a riffle 
sp litter into two portions. The sp lit portions 
were submitted to the same pretreatment and 
analytical process as all other samp Ies (see 
section "Analytical and sampling precision" 
and Fig. 2). 

Chemical analysis 

The instrumentation and short descriptions 
of the methods used at the GSF are presented 
below. Acid digestion followed by analysis by 
inductively coupled plasma atomic emission 
(lCP-AES) method was included in the pro
gramme to provide reference information for 
the existing till geochemical data obtained by 
aqua regia digestion method. Graphite furnace 
atomic absorption (GAAS) methods based on 
partial leach , were used for precious and semi
metals and so me other elements because of the 
superior sensi ti vi ty . Flame atomic absorption 
(FAAS) determination of iran was included 
when it was found that the carbon steel grind
ing vessel used in the X-ray fluorescence 
(XRF) method caused significant iron con-

tamination (see section "Analytical accuracy" 
below) . Instrumental neutron activation anal
ysis (INAA) was subcontracted to the Techni
cal Research Centre of Finland (Rosen berg et 
a!. 1982) . Commercial laboratory services (X
Ray Laboratories Ltd) were also used for el
ements not routinely determined at the GSF. 

XRF analysis 

The powdered sampIe (7 g, approx. <60 
/J.m) was mixed with 2 10 mg binder wax 
(Hoechst-Wachs C) and ground in a high fre
quency vibrating mill (1500 r/min) in a hard
ened carbon steel vessel for two and a half 
minutes (Note! The original method involves 
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a tungsten carbide grinding vessel in order to 
obtain fine powder, < I 0 )J.m) . The powder was 
pressed on a wax base at 20 tonnes press ure 
for 20 seconds. The intensities of the charac
teristic X-ray lines were measured with a se
quential XRF instrument and concentrations 
were calculated with a fundamental parameter 
method , RRFPO (Ala-Vainio 1986). A Philips 
PWI480 sequential wavelength di spersive spec
trometer was used, with a 100kW generator, 
side window 3 kW Rh-tube , and PX-I , PE, 
GE-C (curved), LIF200 , and LIF220 crystals. 

GAAS determination of Au, Pd, Te 

The pulverized sampie (I g) was digested 
with aqua regia at room temperature over
night , and co-precipitated with mercury , in 
the presence of SnCI

2 
as reducing agent. The 

precipitate was dissolved in aqua regia and 
diluted to two millilitres , and elements were 
determined by graphite furnace atomic ab
sorption spectrometry (GAAS) . APerkin 
EImer PE3030 instrument with Zeeman back
ground corrector was used to determine Au 
and Te , and aPerkin EImer PE2280 instru
ment was employed for Pd. A detailed de
scription of the method is presented by Kontas 
et al. (1990). 

GAAS determination of As, Ag, Bi, Sb, Se 

The sampIe (0.5 g) was digested for one 
hour with aqua regia at 90°C, diluted to 15 ml 
and analysed for As and Ag by GAAS. For 
Se, Bi and Sb determination the sampIe was 
then s ubjected to reducing co-precipitation 
with mercury, with NaBH

4 
as reducing agent, 

and the pfec ipitate was dissolved in aqua re
gia. GAAS determination s were carried out 
with aPerkin EImer PE3030 instrument with 
Zeeman background corrector. The described 
procedure is a modification of the method 
reported by Niskavaara et al. (1990). The re
ducing agent in the original method , SnCI

2
, 

was replaced by NaBH
4 

to ensure the copre
cipitation of Sb and Bi (Niskavaara et al. 
1992) 

ICP-AES analysis 

The powdered sampie (150 mg) was digest
ed in a glass test tube with 3 ml aqua regia 
(HCI:HNO J = 3: I) for one hour at 90°C. lt was 
then diluted to 15 ml. ICP-AES determina
tions were made with a laffeIl Ash Atomcomp 
Series 8000 instrument with 34 fixed element 
channels. 

FAAS determination of Fe 

The powdered sampIe (500 mg) was digest
ed overnight in a teflon beaker with 20 ml 
aqua regia , 20 ml hydrofluoric acid and 5 ml 
perchloric acid and then evaporated on a hot 
plate to dryness. The residue was dissolved in 
hydrochloric-nitric acid mixture (0.5 and 10 
ml , respectively) and diluted to 50 ml. 

Determinations of C and F 

Total carbon was determined with a Leco 
CR 12 carbon analyser by igniting the sampie 
(0.5 g) at 1370°C in oxygen flow. Carbon was 
determined as CO

2 
using an infrared detector. 

Calibration was based on natural reference 
sampies. 

For fluoride determination the sampIe (100 
mg) was fused with 2 g of sodium hydroxide in 
a nickel crucible in a muffle furnace (600°C) 
for 20 minutes , with the melt mixed after ten 
minutes. Fifty ml of deionized water was 
poured into the crucible. The mixture was 
warmed at 70°C for one hour and then let 
stand overnight at room temperature. Tt was 
filtered and diluted to 100 ml , and the fluoride 
was measured with an ion selective electrode, 
with TISAB III buffer used to adjust the ionic 
strength of the sampie solutions. 
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ANALYTICAL ACCURACY 

The total accuracy study is not relevant for which were based on partial leach. However, 
the ICP-AES and GAAS determinations, international reference sampIes introduced by 

Table I. XRF detennination of elements (wt%) in international reference sampies SY-2, SY-3, Br and MA-N . 

Component 

Na,O 

MgO 

SiO, 

P,o; 

S 

CI 

K,O 

CaO 

TiO, 

v 

Cr 

MnO 

Ni 

Cu 

Zn 

Rb 

Sr 

Y 

Zr 

Nb 

Ba 

La 

Ce 

Pb 

Th 

SY-2 

XRF 

4.42 

2.43 

12.19 

58 .67 

0.46 

0.019 

0.021 

4.43 

7.89 

0.13 

0.0052 

0.0038 

0.31 

6.05 

0.0014 

0.0000 

0.0266 

0.0207 

0.0274 

0.0125 

0.0316 

0.0028 

0.0441 

0.0074 

0.0163 

0.0118 

0.0339 

reference 

4.31 

2.69 

12.04 

60.05 

0.43 

0.016 

0.140 

4.44 

7.96 

0.14 

0.005 

0.0009 

0.32 

6.31 

0.00099 

0.00052 

0.0248 

0.0217 

0.0271 

0.0128 

0.028 

0.0029 

0.046 

0.0075 

0.0175 

0.0085 

0.0379 

SY-3 

XRF 

4 .19 

2.42 

11.81 

59.11 

0.57 

0.055 

0.01 9 

4.25 

8.32 

0.14 

0.0056 

0.0036 

0.33 

6.40 

0.0010 

0.0011 

0.0267 

0.0198 

0.0308 

0.0725 

0.0367 

0.0164 

0.0432 

0.1283 

0.2240 

0.0183 

0.0877 

reference 

4 .12 

2.67 

11.75 

59.62 

0.54 

0.051 

0.015 

4.23 

8.26 

0.15 

0.005 

0.0011 

0.32 

6.49 

0.0011 

0.0017 

0.0244 

0.0206 

0.0302 

0.0718 

0.032 

0.0148 

0.045 

0.134 

0.223 

0.0133 

0.1003 

Br 

XRF 

3.17 

13.35 

10.04 

37 .59 

1.10 

0.039 

0.040 

1.37 

13 .57 

2.62 

0.0337 

0.0366 

0.20 

12.65 

0.0269 

0.0077 

0.0176 

0.0043 

0.1367 

0.0030 

0.0304 

0.0117 

0.1005 

0.0086 

0.0152 

0.0022 

0.0011 

reference 

3.05 

13 .28 

10.20 

38.20 

1.04 

0.039 

0.035 

1.4 

13 .8 

2.6 

0.0235 

0.038 

0.20 

12.88 

0.026 

0.0072 

0.016 

0.0047 

0.132 

0.003 

0.025 

0.0098 

0.105 

0.0082 

0.0151 

0.0008 

0.0011 

MA-N 

XRF 

5.90 

0.02 

17.72 

66.41 

1.53 

0.01 

0.021 

3.18 

0.59 

0.01 

0.0006 

0.0026 

0.04 

0.56 

0.0010 

0.0133 

0.0246 

0.3518 

0.0088 

0.0043 

0.0026 

0.0227 

0.0042 

0.0000 

0.0001 

0.0039 

0.0001 

reference 

5.84 

0.04 

17.62 

66.6 

1.39 

0.01 

0.014 

3.18 

0.59 

0.01 

0.00046 

0.0003 

0.04 

0.47 

0.0003 

0.014 

0.022 

0.36 

0.0084 

0.0001 

0.0027 

0.0173 

0.0042 

0.00004 

0.0029 

0.0001 
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Table 2. Elemental contamination estimated by analysing 
a quartz sampie, ground in a tungsten carbide (n=2) and a 
carbon steel grinding vessel (n=IO). All figures in wt%. 

Component 

MgO 

AI,0 3 

SiO, 

S 

CI 

KP 
CaO 

TiO, 

v 

Cr 

MnO 

Ni 

Cu 

Zn 

Rb 

Sr 

y 

Zr 

Steel 

0.00 

0.0073 

0.1522 

92.93 

0.0028 

0.0028 

0.0032 

0.0093 

0.0185 

0.0026 

0.0011 

0.0065 

0.0459 

6.84 

0.0029 

0.0024 

0.0008 

0.0002 

0.0000 

0.0000 

0.0000 

Tungsten 
carbide 

0.00 

0.0085 

0.1150 

98.16 

0.0000 

0.0000 

0.0074 

0.0210 

0.0125 

0.0031 

0.0004 

0.0026 

0.0053 

0.05 

0.0011 

0.0000 

0.0018 

0.0000 

0.0000 

0.0000 

0.0000 

Error 

0.00 

-0.0012 

0.0372 

-5.23 

0.0028 

0.0028 

-0.0042 

-0.0117 

0.0060 

-0.0005 

0.0007 

0.0039 

0.0407 

6.79 

0.0019 

0.0024 

-0.0009 

0.0002 

0.0000 

0.0000 

0.0000 

the Institute of Geophysical and Geochemical 
Exploration, IGGE (Langfang, Hebei , China) , 
were analysed as a check on the GAAS meth
od. The results for these stream sediments 

(GSO 1-12), soils (GSR 1-8) and rock sam
pies (GSR 1-6) are presented in Figure 3 and 
compared with the values recommended by 
Govindaraju (1989). As can be seen, arsenic, 
antimony and selenium are only partially dis
solved by aqua regia attack, while Bi is almost 
totally dissolved. The acid digestion proce
dures were used to obtain reference values for 
the existing till geochemical data. 

The accuracy of the XRF method was ap
proved by analysing four international refer
ence sampIes: syenite SY-2, syenite SY-3 , ba
salt Br and granite MA-N. The results togeth
er with the reference values (Govindaraju 
1989) are presented in Table I. Note that the 
results for the reference sampies are based on 
sampie preparates that were ground in a tung
sten carbide vessel , whereas our sampies were 
ground in a carbon steel vessel (see above). 
As can be seen for the quartz sampie in Table 
2, the contamination from the steel vessel is 
significant. Oue to the dilution of the sam pie 
with iron, there was a greater than five per 
cent decrease in the silicon concentration , ex
pressed as Si0

2
. For other major components 

the decrease was within normal analytical 
precision at the concentration level of the 
components in quartz. Elemental contamina
tion from the steel grinding vessel was ob
served for Cu, Cr and Ni. In six randomly 
chosen routine sampIes from the batch , ana
lysed after steel and tungsten carbide grind
ing, the decrease in Si0

2 
concentration varied 

between 1 and 4%, and the contamination for 
Cu, Cr, and Ni was less than 5 ppm on aver
age. For the interpretation of iron, the deci
sion was made to use FAAS rather than XRF 
results. 
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ANALYTICAL AND SAMPLING PRECISION 

The overall variance of the analytical sys
tem can be ex pressed as 

(1) 

where s2,a refers to the sampIe variance , 
caused by sampIe heterogeneity and sampling 
errors, and S2

1ab 
refers to the laboratory vari

ance, caused by errors in sampIe pretreatment 
and analysis. The laboratory variance can 
further be divided into subvariances to esti
mate, for example, sampIe preparation and 
instrument variances. Thus S2

1 
b = S2 + S2 

a prep Ins 

The standard deviation, s, is the square root 
of the variance , and can be further divided 
into subdeviations. The relative standard de
viation (s" coeffic ient of variation) is ex
pressed as folIows: 

S 
r 

.1* 100% x (2) 

wherex is the mean of the measurements. 

The precision (P) takes into account the 
confidence limits and is related to the relative 
standard deviation as folIows: 

P I .. Ox 
(3) 

where x is the risk in percentage ; t(f)Ox is the 
t-function value with f degrees of freedom (f= 
n-l, where n is the number of measurements) 
and x % risk; and s, is the relative standard 
deviation (=s/x). For 95 % confidence limit 
and when the number of measurements ex
ceeds 30, the formula for precision is 

(4) 

The accepted procedure for estimati ng the 
precision of an ana lytical method is to analyse 
a reference sampIe (or a monitoring sam pIe 
selected from the batch) several times and ca l
culate the standard deviation: 

s (5) 

where XI is the sing le measurement, x is the 
mean of the measurements and n is the number 
of the measurements (ISO 5725- 1986). The 
standard deviation, calcu lated as above , gives 
a quantitative estimate of the repeatability of 
the method because the test conditions are 
stabi li zed (same operator, same in struments 
etc.) and the time scale is short. In long-term 
projects like ours , the reproducibility of the 
method is usually more informative. One way 
to obtain information on the long-term stabi l
ity of a method is to ana lyse the same refer
ence or monitoring sampIe in different batch
es , and prepare a so-called x-chart contro l 
(Chemistry Quality Assurance Handbook). 
This method was included in our work , but 
with recognition of its drawbacks . Prominent 
among these drawbacks is the fact that the 
monitoring sampIe is usually extreme ly weil 
homogenized and thus not comparable to real 
sampIes . In addition , the monitoring samp Ie 
represents on ly one matrix and o ne co ncentra
tion level of the ana lyte. Dealing with a wide 
variety of matrices, as is the case with rock 
sampIes , means that the precision estimate 
based on one sampIe is not satisfactory. 

An alternative way to estimate precision is 
to utilize paired sampies as described by 
Youden (1951). In this case the precision is a 
function of the concentratio n, however, wh ich 
has to be taken into account in estimating the 
overall precision. The estimation of precision 
as a function of co ncentration is dealt with by 

Howard and Thompson (1976) and Thompson 
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(1988) among others . In our work we adopted 
the simplified procedure for the estimation of 
precision presented by Minkkinen (1976, 
1986). 

The relative standard deviation is a hyper
bolic function of the concentration as foliows: 

S 
r 

S 
( ...!2 + k)*IOO % 

C 
(6) 

where C is the concentration s is the con-, rO 

centration-independent relative standard de-
viation (standard deviation of the method at 
zero concentration) and k is an empirical fac
tor, wh ich can be determined . It is clear that, 
as the concentration increases , the first term 
of the sum , in parentheses, approaches zero 
and the relative standard deviation is ex
pressed as 

S r k * IOO % (7) 

In practice , when the concentration exceeds 
the detection limit by five to ten times, the 
relative standard deviation can be assumed to 
be constant. Applying formula (5) for two 
measurements the standard deviation esti
mate, with one degree of freedom , can be cal
culated as 

Si ...)(X ., - xV + (x 2 - xY 
sir =T= ' , - ' '* 100% (8) 

X i 

where Xii' Xi2 and Xi are the original meas
urement, the duplicate measurement and the 
mean, respectively. By substituting d i for \1 
- Xi2 a nd di r for d/xi , formula 8 can be rewritten 
as 

S . 
" 

Id) 

12 
(9) 

When n pairs are available and the relative 
standard deviation is not a function of concen
tration, the relative standard deviation, with n 
degrees of freedom, can be calculated as 

S 
r (10) 

As noted above , approximately every tenth 
outcrop was sampled in duplicate. Table 3 
shows the distribution (as percentage of oc
currence) of rock types in these duplicate 
sampies compared with the distribution of 
rock types in the overall study. In the labora
tory the orig inal member of the outcrop sam
pie pair was split after crushing, as described 
above . This split sampIe then formed the lab
oratory sampie pair (U sampie). The sampie 
duplication is schematically presented in Fig
ure 2. Forty-five duplicate outcrop sampIes 
and 45 laboratory sampie pairs were proc
essed in the study , and used to estimate the 
system precision (P ) and laboratory preci-

SYSI 

sion (Plab)' as described below . 
Applying formula 9, for every duplicate 

outcrop sampIe and laboratory sampIe pair , 

si r(syst) and s ir(lab) were calculated for every el 
ement and every method. Because the preci
sion should be only the measure of random 
errors in the process , the mean of d. should be 
zero. Students t-test was used to t'~st that d 
was not significantly different from zero (t'~ 

Table 3. The distribution of rock types in duplicate outcrop 
sampies and in the all entire sampies ofthe study. 

Rock type Distribution in Distribution 
duplicate in the overall 
sampies, % study, % 

granitoids 44.4 41.0 

mafic plutonics 13.3 8.4 

felsic volcanics 2.2 3.8 
and gneisses 

mafic volcanics 22 .2 17.3 
and amphibolites 

sedimentary rocks 17.9 29.9 
(inc1uding mica 
gneisses and 
migmatites) 
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value exceeding 2.14 when n ~15). The ob
served systematic error , confirmed by t-tes t 
was studied further by plotting d ir vs. analysis 
time (t) and concentration (C = i). Normally 
the pairs should be analysed random ly a lon g 
the batch to include al l possible sources of 
error. However , analysis of th e duplicate 
sa m pies separate ly at the end of the batch 
allowed the with in-batch smooth or step-like 
dr ift to be observed in a plot of d ir vs. time 
(see Fig . 4). We used this practice for XRF , 
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ICP-AES and INAA analyses of dup licate lab
oratory sampie pairs. The systematic error 
confirmed by t-test , was corrected by calcu

lating th e mean of d ir' d ir = f(t) or d ir = f(C) , 
when the error was constant , a function of 
time or a function of concentration, respec
tively. 

To study the s tandard de viation as a f unc 
tion of concentration, s ir values were plotted 
against concentration C (= i). According to 
formula 6, the sta ndard devi ation is either a 

/ 
Sc (INAA) 

25 30 35 40 

40 

30 

20 

10 

0 

-10 

-20 

-30 

45 

;;0 
a> 

~ :;::. 
a> 
c. 

~ .. 
a> 
::J 
n 
a> 

~ 
0 ..... 
Cf) 
n 

Z 
> 
~ 
::J 

C. 
I: 
~ 
o' 
Q) -a> 

iii 
er 
0 .. 
Q) -0 

-< 
1/1 
Q) 

3 
'0 
(;" 
'0 
Q) 

"ö' 
1/1 

Analytical sequence of laboratory sam pie pairs 

Fig. 4 . The relative difference (%) ofS i02 and Sc in laboratory sampie pairs measured by XRF (b lack line) and by INAA (grey line) , 
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hyperbolic fit is calculated by linear regression lIC versus relalive standard deviation, 
where C is concenlration. 

linear function of l/C (s = a x l/C + k) or is 
constant (s = k). Using linear regress ion anal

ysis the parameters of the linear functions s = 

f(l/C) or s = constant were calculated. If s = 

f(C) gave better fit, the parameters of formula 

6 were calculated. Figure 5 presents the stand
ard deviation of the XRF determination of Th , 
where a hyperbolic curve is fitted . 

After a correction for possible systematic 
error, the relative standard deviation for the 
concentration range where sr can be regarded 
as constant was calculated for every element 

and method , using the formula 

Sr (11) 

The threshold value of the concentration 
after which the standard deviation can be re

garded as constant was estimated visually 
from s vs C plots . If x; was smaller than the 
threshold value , the corresponding s;r value in 
formula 1I was neglected . From the outcrop 
sampie pairs and laboratory sampie pairs , 

sr(syS<) and sr(lab) , respectively , can be calcu
lated by formula 11. By applying formula I , 
the standard deviation due to the sampling and 

sampie hete rogeneity can then be estimated as 

S r(sample) 
-J S 2 S 2 

r(syst) r(lab) 
(12) 

Since the number of the meas urements ex
ceeds 30, formula 4 can be used to calculate 
the corresponding precision s at 95 % confi
dence level. Figures 6-9 summarize the sys

tem , laboratory and sa mpie precision s in 
concentration ranges where the preci s ion can 

be regarded as constant. The sys tem can be 
expanded to include the formation heteroge
neity (see a bove " Study area and sa mpling 
s trategy") by appl y ing th e same procedure as 
for the outcrop and laboratory sampie pairs to 
the formation sampie pairs. This expanded 
procedure , in which the system precision is 

calculated in formation sc ale (sr(fOrm ))' auto
matic a lly ta kes into account sam pie heteroge
neity as weil as sa mplin g and laboratory er-
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rors. Table 4 presents for XRF analysis the 
relative standard deviations, the threshold 
concentration value after which the given pre
cis ion applies , the parameters for formula 6 
and the concentration range of the elements in 

the duplicate sampIe batch (xi(min) -xi(max » . Ta
ble 5 gives the same values for the ICP- AES 
determinations. The system precision in for

mation scale (sr(fOrm » is also given for selected 
elements in Tables 4 and 5. By expressing the 
values of the formation sampIe pairs as an X

Y plot and using the P 95(SYSl) as tolerance lim
its , an average 30% of the measurements can 
be seen to lie outside the tolerance limits . The 
fit varies from 18 % for silicon to 46 % for Nb 
(see Fig . 10). In regard to chemical composi
tion , an average 70 % of the sampled sites can 
thus be considered to represent the particular 
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Fig. 8. The system, laboratOI'y and sampie precisions of element 
determinations by GAAS (aqua regia leach), n = 45. 

lithological unit in formation scale as weil. 
In addition to the duplicate sampIes dis 

cussed above, there were 34 sites sampled in 
duplicate earlier by hammer for petrophysical 
purposes. The method described above was 
also applied to these hand specimen sampIe 
pairs to calculate the relative standard devia
tion of the system in outcrop scale. To enable 
comparison of the system precisions of the 
adopted sampling s trategy and the earlier 
hand specimen alternative, the system preci

sions (S,(hSpec) for se lected elements are in
cluded in Table 4 . In most cases the relative 
standard deviation for the ha nd s pecimen 
sampling is considerably worse . Mostly this 
can be attributed to the hand specimen sam
pling not being originally des igned for geo
chemical use . 
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determinations by INAA , n = 45. 
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Table 4. The relative standard deviation (%) ofthe XRF determination ofthe elements for system (s('''''»' laboratory 
treatment (s(l.b»and sampling (S(umpl'» . When the relative standard deviation is a function of concentration (C), the hyperbolic 
formula is given . Relative standard deviations are given for the system based on hand specimen sampies (s",oo"», and for the 
system in regional scale (s!r~l) and the concentration range of the mean values of the sam pie pairs. 

Component and S(S ~-Sl) S(I.b) S(sampk) S (form) S (twnds) Concentration range in 
conccntration to % % % % % duplicate sarnples, 
which values apply ppm 

AlP, 3.77 0.74 3.70 6.43 8.15 13 .55 - 19.85% 

Ba 13.04 2.77 12.74 129- 1130 

CaO 13.52 1.46 13.44 28 .51 33.49 0.70- 10.50% 

Ce 12.07 11.57 3.44 37- 121 

CI 17.45 5.38 16.60 35 - 522 

Co > 20 ppm 17.73 9.41 15.03 10- -53 • 
< 20 ppm 3.45/C + 0.023 5.585/C - 0.116 

Cr > 66 ppm 10.05 5.83 8.19 40- 355 •• 
< 66 ppm 4.77/C + 0.063 4.374/C +0.009 

Cu > 30 ppm 63.42 14.95 61.63 58.74 8- 187 • 
< 30 ppm 2.855/C + 0.056 

K,O 11.37 1.96 11.20 24 .25 30.9 0.75- 5.36% 

La 21.56 12.96 17.23 15 - 62 

MgO 11.16 1.62 11.04 31.45 0.28- 5.33% 

MnO 7.66 2.7 7.17 0.043- 0.194% 

NaO 7.71 1.25 7.61 15 .56 1.68- 4.57% 

Nb > 10ppm 19.83 9.62 17.34 4- 17 • 
< 10 ppm 0.185/C + 0.138 1.13/C - 0.009 

Ni > 25 ppm 13.66 8.36 10.80 16- 88 
< 25 ppm 2.448/C + 0.050 3.8311C - 0.028 

P,O, 14.73 2.13 14.58 39.65 0.048- 0.434% 

Pb > 26 ppm 8.18 5.46 6.09 14- 48 
< 26 ppm 1.688/C + 0.009 1.837/C - 0.006 

Rb 15.08 6.16 13.76 21.67 39.17 21 - 180 

S > 100 ppm 52.2 8.71 51.47 47 .57 41 - 1455 
< 100 ppm 5.236/C + 0.093 5.22/C + 0.043 

SiO, 2.86 0.42 2.83 4.07 8.49 47 .80- 71.40% 

Sr 9.63 2.25 9.36 30.22 22.92 71 - 995 

Th > 6 ppm 22.12 16.73 14.47 28 .76 1- 16 • 
< 6 ppm 1.082/C +0.0822 0.934/C +0.023 

TiO, 12.21 1.37 12.13 0.171 - 1.410% 

V 12.13 5.61 10.75 31 .26 21.76 25- 327 

Y 9.87 7.38 6.55 8- 49 • 

Zn 9.35 4.74 8.06 41 - 159 

Zr 10.7 2.47 10.41 25.38 38.99 75 - 389 

• Lower end ofthe range is und er the detection limit 
•• Note! Approximate ly 30 ppm background level in the analysis method 
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Table 5. The relative standard deviation (%) ofthe ICP determination ofthe elements for system (s(""»)' laboratory treatment 
(SO.b») and sampling (s("mp,,»)· When the relative standard deviation is a function of concentration (C), the hyperbolic formula is 
given. The relative standard deviations are given for the system based on hand specimen sampies (s(h,n<h») and for the system in 
regional scale (s([O""!), and the concentration range in duplicate fjeld sampies are indicated. All concentrations are in ppm units . 

Element and S{SYSI) S("b) s (sample) S(fonn) Concentration range in 

concentration to % % % % duplicate sampies 
which values apply 

Al 13 .71 5.08 12.73 5395 - 45100 

Ba 21 .78 6.89 20.66 36-529 

Ca 17.82 4.63 17.21 703 - 19400 

Co 10.48 4.27 9.57 30.12 4-31 

Cr > 5 ppm 19.1 5.57 18.27 2- 132 
$ 5 ppm 0.638/C + 0.144 0.6201C + 0.011 

Cu 55.35 11.76 54.09 51.09 4 - 162 

Fe 11.03 3.29 10.53 12850- 53200 

K 18.2 5.01 17 .50 2055 - 22400 

La 21 .25 7.41 19.92 6- 44 

Li 14.11 4.58 13.35 9- 68 

Mg 9.77 3.73 9.03 1745- 23350 

Mn 11.11 4.25 10.26 147- 755 

Na 20 .75 10.53 17.88 737 - 4310 

Ni > 5 ppm 17.66 6.55 16.40 35.3 2- 60 
$ 5 ppm 0.37/C + 0.125 0.42/C + 0.028 

P 16.27 4.76 15.56 40.53 113 - 1570 

Pb 12.94 11.42 6.08 17- 53 

Sc 16.77 4.65 16.11 2- 19 

Sr 31.82 8.4 30.69 5- 138 

Ti 11.29 3.15 10.84 587 - 4540 

V 17.02 3.48 16.66 9- 154 

Y 12.35 3.87 11.73 3- 24 

Zn 11.49 5.34 10.17 14- 146 

Zr 24 . 11 13.07 20 .26 3- 45 
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DISCUSSION 

The total concentrations of elements, as 
provided by X RF, are preferred to partial 
leach result s for the geoc hemica l study of 
rocks. T he XRF method is relative ly inexpen
sive, it provides good element coverage and 

the sam pIe pretreatment is simp le. In add iti o n 

the accuracy and precision of the overa ll XRF 
method are good. XRF ana lysis is thus a 
natural choice as the basic ana lytica l method 
for the larger projecL For so me trace e le
ments, nevert heles s, the detection l imit 
ac hi eved with XRF is insufficient re lative to 
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the normal background concentrations. For 
example, the XRF method can be used for Th, 
Nb , Y only when concentration levels exceed 
5 ppm, and in many rock types this is not the 
case . Moreover , the geochemical interpreta
tion of the results for base metals like Ni, Cu, 
Pb and Co suffers from too high detection 
limits. Elements like Cs , Ga, Hf, Sc, Ta, U 
and REE, excluding La and Ce in anomalously 
higher concentrations , are se i dom measurable 
by XRF technique. As mentioned above , the 
XRF method used in this work normally is 
applied to sampies ground to a very fine grain 
size « I Ollm), which is achieved with reason
able grinding time only in a tungsten carbide 
grinding vessel. In practice , the contaminants 
from the tungsten carbide vessel, W, Co, and 
to lesser extent Ta, prevent the analysis of 
these elements, even though the calculation 
and correction program includes a contami 
nant correction option. The carbon steel ves
seI used in our study in turn causes severe Fe 
contamination in the samp ies, which cannot 
be corrected . Carbon steel vessels also carry 
contaminants such as Cu, Cr and Mn. For 
chromium, a base level of about 30 ppm was 
observed in the XRF results. This is caused by 
an inadequate background correction in the 
XRF measuring program and by contamina
tion from the carbon steel grinding vessel. 

To analyse those elements that cannot be 
adequately handled by XRF, an alternative 
method has to be se lected . The instrumental 
neutron activation method (lNAA) used in 
this study proved suitable for many of the 
missing elements (Co , Sc , Th , U , Y) The 
overall precision of INAA for these elements 
is sufficient (see Fig. 8), though so me within
batch drift , as for Sc , was observed. The de
termination of REE's by INAA is not in prac
tice possible, but the ICP-MS method em
ployed by X-ray Laboratories Ltd. appears ad
equate. 

Although the aqua regia attack comprises 
only a partial leach, combined with graph ite 
furnace determination it is the best practical 

alternative for elements like Au, Ag, Bi and 
Te. The analytical precision for Ag , Bi and Te 
is good considerin g the low concentration 
range. The reference results (see Fig. 3) show 
that the analysis of Ag and Bi can be regarded 
as quantitative. Very few reference results 
are available for Te and little in general is 
known about the occurrence of Te in rocks. 
As a pathfinder element for gold its (Nurmi et 
al. 1991) occurence in various rock types in 
regional scale is nevertheless of great interest. 
The occurrence of gold as nuggets in geolog
ical sampies usually leads to poor precision of 
the determinations. The overall and especially 
the laboratory precision was also relatively 
poor in this study. However, the analytical 
method used for gold has proved to be sensi
tive (Kontas 1981) and precise enough for 
geochemical mapping, indicating traceable 
gold anomalies even in regional scale . The 
accuracy of gold determinations by graphite 
furnace atomic absorption spectrometry after 
aqua regia leach is demonstrated in Figure 11 , 
where GAAS results are compared with INAA 
results . Arsenic , Se and Sb are only partially 
dissolved (see Fig. 3), but can clearly be used 
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Fig. 11. Comparison of gold values obtained by instrumental 
neutron activation (INAA) and by graphite furnace atomic 
absorption technique after aqua regia leach (GAAS). 
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as indicators of the anomalous areas and rock 
types because the precision is satisfactOl·Y. On 
the other hand , the precision of the determi
nation of palladium is pOOl' and it cannot re

ally be measured by GAAS method from eve

ry rock type. 
Excluding Co , Cs , Ga , Hf, U , Wand REE ' s, 

the system precision of the introduced XRF 
measuring program for major and minor com
ponents is evidently satisfactory , average 

RSD = 20 % at 95 % confidence level. The 

sometimes poor system precision for Cu and 
S is most likely due to the heterogeneous oc
currence of chalcopyrite and other sulphides . 
The system precision for the partial leach 

ICP-AES method is normally adequate , RSD 
under 30 % at 95 % confidence level, except 

for As , Mo , Sb , Th, U and Yb , for wh ich the 
detection limit is clearly too high for the con
centration levels normally encountered. The 

sometimes poor system precision for Sr is due 
to unevenly distributed Sr-bearing carbonate, 

or more likely to the alteration of plagioclase. 
The system precision for the precious and 
semi-metals is relatively poor , especially for 

gold . However , the concentration levels in 

this study mostly represent background values 
of these elements , and one can expect anom
alous concentrations to be adequately ob
served even for gold. 

CONCLUSIONS 

With the exceptions noted, the XRF method 
is clearly the method of choice for element 
determinations in the forthcoming research 
projecL The ICP-MS and ICP-AES methods , 
based on hydrofluoric and perchloric acid 

digestion and fusion , will replace INAA for 
elements excluded from the XRF programme. 
Because of the better precision, elements like 
Pb, Th and U , whose background concentra
tions often are lower than the detection limit 

of the XRF method , also will be determined 
by [CP-MS. The method of aqua regia leach 
and GAAS will be included for precious and 
semimetals , since there are virtually no alter

natives offering the same sensitivity. Despite 
the poor precision even palladium should be 

measurred, but the interpretation should be 
focused on ultramafic rocks only. It is further 
proposed that the aqu a regia based ICP-AES 
determination be included because it can pro
vide information valuable for the interpreta
tion of existing overburden geochemical dat a . 
In particular , the solubility of rock types of 
different mineralogical composition is of 
great interesL Determinations of As, Mo, Sb , 

Th , U and Yb by the ICP-AES method used in 

this work are virtually useless because these 
elements normally occur in concentrations 
below the detection limit of the method. 

The results of this pilot study show the 
necessity of tight quality control. The system 

of duplicate analysis, of outcrop and labora
tory sampIe pairs, can ensure the control of 
precision during the several years of the 

s tudy. When more sampIes are available the 
information obtained from the duplicate anal
yses should be interpreted for specific rock 
types, and even the mineralogical composi
tion will need to be taken into account in in
terpreting the results. [n addition , a batch of 

control sampIes chosen from the first year ' s 
sampIes should be analysed in each succeed
ing year. Any annual drift will be better con
trolled in this way than only with the refer

ence sampIes included in normal laboratory 
practice. A quartz sampIe of known concen
tration should be included in the procedure to 

control the conta mination during the sampling 
and sampIe pretreatmenL 
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