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PIXE MULTIELEMENT ANALYSIS OF SERPENTINITE
ROCKS FROM LOWER SILESIA (POLAND)

Abstract. The proton-induced X-ray emission method (PIXE) has been applied to multielement
analysis of some serpentinite rocks from Lower Silesia (Poland). The major and trace elements
with the atomic numbers from 14(Si) to 41(Nby and Pb have been determined. For some elements
(Rb, Sr, Y, Zr, Pb, Br) the obtained data give the first geochemical findings on their abundance
in Lower Silesian serpentinites and contribute to general knowledge of geochemistry of ultrabasic
rocks. The data were evaluated statistically using simplified graphical method. Some elements
(Ca, Fe, Sr, Cr, Mn and Pb) display 2 or 3-modal cumulative frequency distributions but only in
very few cases this phenomenon is connected with locality and with the degree of serpentinization
of ultrabasites.

INTRODUCTION

Inducing characteristic X-ray emission by charged particles is actually one of
the most common methods of X-ray fluorescence analysis, X-ray production cross-
-sections for charged particles exceed by several orders of magnitude those necessary
for excitations by photons, which opens wide possibilities for the determination of
trace elements. Another advantage of applying that method is that the charged
particles can be strongly focussed, which makes possible the excitation of micro-
-areas, several mm in diameter. Due to lower intensity and lower energy of brems-
strahlung radiation that forms the background superposing on fluorescence radiation
of samples, the utilization of heavy ions is particularly convenient,

The proton beam was first applied for the excitation of X-ray emission in multi-
clement analysis (PIXE) by Johansson et al. (1970). The number of works concern-
ing the applications of this method in geology, mineralogy and geochemistry increases
[e.g. Kullerud and Steffen 1979, Kullerud et al. 1979, Clark et al. 1975, Carlsson
and Akselsson 1981). A presentation of the applications of that method for solving
various scientific problems can be found e.g. in the works of Johansson S.A.E.
and Johansson T, B. (1976) and Cahill (1980).

In Poland, the PIXE method has so far been mostly applied in medical and
biological rescarch but hardly ever in geology. In this study, the method was applied

"Institute of Physics and Nuclear Techniques. Academy of Mining and Metallurgy, Cracow

(30059 Krakow, A. Mickiewicza 30). ; ¢
? Institute of Nuclear Physics, Cracow (31-342 Krakéw, ul. Radzikowskiego 152).

23



to selected samples of ophiolitic Lower Silesian serpentinites. They were collcclqd
from three mafic-ultramafic rock bodics situated in the surmun(llngs of the Sowie
Gory (Mt.) Block (Lower Silesia, SW Poland) i.c. from !!_r:mmwrcc- Qroclmwu.
Szklary and Gogolow——Jordanow (Slgza Mt. Group) massifs (l’x:zyhylowxcz 1986).
More detailed data on their geological setting and petrology are given among others
by Nargbski et al. (1982).

METHOD

The bombardment of atoms present in a sample (which in this ethod is called
“target”) by a beam of protons causes the ejection of inner shell electrons and sub-
sequent emission of characteristic X-rays. The encrgetic spectrum obtained is compos-
ed of characteristic X-ray lines from different elements present in the sample asg
well as of the background radiation due to proton and secondary electron brems-
strahlung radiations and nuclear gamma emission. X-rays are detected by a semi-
conductor detector and next analyzed in a multichannel analyzer,

Two main kinds of targets — “thin” and “thick” - are used in this method.
In the thin one the effective (mean) X-ray production cross-section v(£) is 5%, smaller
than that for incident proton energy Lo (Campbell 1977). The specimens which
are thin in the case of protons are also thin for X-rays. Therefore, for such targets
the attenuation corrections are negligible. Thin targets arc generally used in the
analysis of biological materials and of all liquids. They require special preparation
techniques.

While applying “thick™ targets, however, the loss of energy of proton beam
and the attenuation of the emitted X-rays there are significant. The target that absorbs
the beam completely is called “infinitely thick”. The main advantage of using thick
targets is a very simple and fast preparation of the sample. Besides, the risk of intro-
ducing some contaminants is very small there,

It has been shown that thick targets can be successfully used in quantitative
trace clement determinations (Willis et al. 1977, Johansson S.A.E. and Johansson
T.B. 1976). High homogencity of the target is required in this method because
otherwise the analyses of small parts of the target (small amounts of the material,
several to 100 mg in weight, are irradiated by proton beam) may be unrepresentative
for the whole sample,

In quantitative analysis the comparative method is commonly used, It consists
in simultancously exposing to radiation, in the same configuration, the analyzed
samples and analytical standards. Similar chemical composition of both will Cnsure
the same proton stopping power (Clark et al. 1975),

By assuming that the p‘roton.hcum is completely stopped in the targets and that
the geometry of the recording of f:mmcd X-rays is identical in both the sample and
the standard cases, the content of element (Z) in the analyzed sample can be caleu-
lated by means of a simple formula;

Cod Ny
o
where: C and C’ — contents of element (Z) in the analyzed sample and in the analy-
tical standard, respectively (in ppm),

Nz and Nz'— numbers of counts of X-ray emission for the line corresponding

to the determined element (Z) in the sample po )
y i n lh. ang L’ 7
respectively, p ¢ analytical standard

Since peological materials generally consist of several major elements within
a narrow range of atomic numbers, their stopping powers are similar (Clark et al.
1975). Consequently, by using for comparison analytical rock standards of similar
composillliun, we may neglect corrections because the differences in stopping powers
are small,

EXPERIMENTAL

Our analyses were carried out in the Laboratory of Applied Nuclear Spectro-
scopy, Institute of Nuclear Physics in Cracow, Thick targets were prepared from
the powdered sample by pressing in into pellets, 1 ¢m in diameter and ca, 0.5 mm
thick, in a stainless steel vessel, A corundum bottom layer was placed to avoid
direct contact of the material with the steel,

The targets so prepared were placed in a target chamber with a 12-position manual
target support. For more detailed description of the chamber see Szymezyk et al.
(1981). Small cyclotron C-48 was used as the source of protons. The proton energy
was ca, 2.6 MeV and the beam intensity was up to 5 pA, The beam diameter on
the target was about 5 mm, The X-rays emitted by the target were detected by the
ORTEC Si (Li) semiconductor detector, 5.4 mm thick, of the 30 mm? effective area
and of the resolution of ca, 180 ¢V (at 5.9 keV Mny,). The target — detector distance
was approx. 25 mm, CAMAC clectronics and CIA-70 multichannel analyzer (with
a paper tape puncher for off-line processing of the results) were applied, The final
processing which involved the least-square fitting of individual peak areas to Gaussian
functions was carried out on the ODRA 1305 computer by using three computer
codes: “FAFIK"”, “AZOREK” and “KUBA" (Kajfosz 1976). The beam intensity
was found by counting the protons scattered from the aluminium foil placed across
the beam path, with a ring-shaped silicon detector. The measurements were normali-
zed to an equal number of scattered protons,

The considerable amounts of iron in the analyzed samples (up to 10% Fe) rendered
impossible the estimation in one measurement and with required accuracy of trace
clements in the whole range of atomic numbers Z, X-ray emission of this major
clement caused overloading of the detector, Consequently, the elements showing
lower and higher atomic weights were determined in two separate measurements,
Shielding of the detector by means of an Al-filter of 45 mg/em? mass per unit area,
allowed the determination of the elements of the atomic numbers higher than 26,
This was duc to a much better absorption of X-rays coming from the iron atoms,
compared with those of higher energy emitted by an element of higher atomic number.
Lighter elements (Z < 26) were estimated with the detector shielded by a pinhole
Alfilter of 18 mg/em® mass per unit area, Such a technique made possible partial
absorption of the disturbing X-rays from the iron and the detection of lower energy
radiation emitted by atoms of elements of lower atomic numbers,

Among possible disturbing cffects (ef, Dziunikowski 1979), the most essential
one is a partial overlapping of radiation peaks of the K, and K series of the elements
with slightly differing atomic numbers, This effcet is particularly important for light
clements and muy sometimes preclude the determination of those oceurring in
considerably lower amounts than other elements with similar atomic numbers Z.
This occurs for scandium (disturbing cffects of Cagy and Tiy,), vanadium (effect
of Tigy and Cry,) and cobalt (effect of Feg,). In other cases of the overlapping of
peaks (Bryy and Rby,, Rbygy and Yy, Srygy and Zry,, Y x5 and Nbg,), deconvolution
of interfering peaks was possible but rather difficult, due to the application of filters,
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variously absorbing K, and K radiations Qf various ele'mcnts. Thercforcz the ratios
of intensities of K, and K, lines were estimated cxpcnmentully by adding kn'o'wn
amounts of determined clements to the sample of typical chemical composition
for the rocks studied (serpentinite of Grochowa). The correct Ky/K, ratio was comp-
uted from the difference of measurements between the primary sample and that con-
taining known amounts of one of the element of overlapping peaks. Moreover,
measurements of the contents of individual elements were performed for 10 targets
of the same sample of Grochowa serpentinite and, subsequently, the average (mean)
values of numbers of counts and their standard deviations were computed, It was
found that errors due to method differed for the different elements. The lowest
relative standard deviations found were for Fe, Br, Ni and Pb (4—-6%,) and a little
higher — for Sr (ca. 8%). The largest errors are characteristic for determinations
of Rb and Zn (relative standard deviations 16 and 15%). Besides, relative standard
deviation values tell if the homogeneity of the analyzed material is sufficient, which
is necessary for obtaining representative 1esults.

Quantitative analysis was made from the sensitivity calibration curves showing
the relation between the number of counts of detector per | ppm content of individual
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Fig. 1. Sensitivity calibration curve for
Ka-lines (Z > 26)

Detector shielded by an Al-filter of 45 mg/em?

mass per unit area. Number of scattered protons

2105, R — multiple correlation coefficient, Confi-

dence interval estimates computed for |—u =095

ATOMIC NUMBER Z

Fig. 2. Sensitivity calibration curve for
K.-lines (Z < 26)
Detector shielded by a pinhole Alfilter of
18 mg/em? mass per unit area. Number of
scattered protons 2 + 104, R — multiple correlat-
ion coefficient, Confidence interval estimates
computed for 1—a =095
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elements and their atomic numbers Z (Fig. 1 and 2). These curves were obtained
from the results of 10 measurements performed for the two targets of multielement
standards, one made by International Atomic Energy Agency (lake sediment SI-1,
Dybezyniski and Suschny 1979) and the other made by the Institute of Geology of
Ore Deposits, Petrography, Minerology and Geochemistry, Academy of Sciences
of USSR in Moscow (peridotite PIM-1), The error of the quotient of the number
of counts by the content of an element (in ppm) is computed by using the error
propagation law while taking into account the standard deviation of mean count
numbers and the determination error given by producers of analytical standards,
Calibration curves are plotted in a semi-logarythmic system, Experimental points
were estimated by means of the 2nd order polynomial, with the inverse squares
of errors taken as statistical weights of these points,

Table 1
PIXE sensitivity as a function of the atomic number (Z = 26) for K,-lines. Detector shielded by
an Al-filter of 45 mg/ecm? mass per unit area, Number of scattered protons 2« 109

Sensitivity [counts/ppn - 2+ 109]
Atomic + v . Detection Determina-
number| Element | measured for estimated | estimation limit tion limit
: standard SLé from the error for
Z curve l—o=0.95 Ly Lq
26 Fe 3.6340.10 3.22 2.58 50 150
28 Ni a 9.05 3,21 9 27
29 Cu 814 1.6 14,00 7.70 8 24
30 Zn 17.74 1.6 19.54 10.84 4 12
31 Ga — 24.61 14.16 4 12
34 Se — 33.24 19.12 1.5 5
35 Br 43411 32.36 18.77 1.2 4
a1 Rb 278 £33 2291 11.67 1.2 4
38 Sr 20.3 + 1.1 17.18 8.26 2.2 7
39 Y 4.5 4 0.6 11.91 5.78 33 10
40 Zr 8.1 + 0.6 7.64 4.17 4 12
41 Nb 6.6 4 1.0 4.53 3.04 4.5 14
82 Pb! 39.2 & 7.8 — — 1.7 5
! For L,-line

Apart from experimental data and the obtained results, Tables 1 and 2 contain
estimation errors (confidence intervals) calculated for confidence level (1-—a) = 0.95,
which answer the question of type (1) (Natrella 1966)'. For the atomic numbers,
for which no experimental data were obtained, the mean estimation error accepted
was computed for the whole calibration curve. Detection (L) and determination
(Lgy) limits presented in these tables were calculated on the basis of Currie’s (1968)
proposal by assuming a well known background value for confidence level equal 0.95.

Detection and determination limits (in ppm) of individual elements were expressed
in terms of the sensitivity defined as the number of counts (peak area after back-
ground subtraction) for 1 ppm of a given element for a given number of scattered

! In that interval, for a given confidence level, there is a true value of dependent variable (sensiti-
vity) corresponding to a definite value of an independent variable (atomic number).
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Table 2

PIXE sensitivity as a function of the atomic number (Z < 26) for K, -lines. Detector shielded by
a pinhole Al-filter of 18 mg/cm? mass per unit area. Number of scattered protons 2+ 10*

Sensitivity [counts/ppm + 2+ 10%]
Atomic measured for ; A Detection | Determina-
number| Element SlHHdREd: estimated estimation limit t.m?
(1) — SLA; from the error for limit
2 (2) — PIM-1 curve 1—a=0.95 s e
14 Si 0.213+0.003® 0.23 0.06 900 2740
16 S — 0.87 0.20 170 520
17 Cl - 1.46 0.33 90 270
19 K 3.0 £02W 3.08 0.69 50 150
20 Ca 6.9 +£04® 3.87 0.87 45 140
22 i 3.7 0.3 4.55 1.00 30 90
34 4179
24 Cr 31 403" 3.63 0.79 45 140
8i3 0.3
25 Mn 3.0 40.2® 2.80 0.63 65 200
26 Fe 2.39 +0.06" 1.96 0.46 130 400

protons. The detection limits obtained are close (for some elements slightly lower)
to those reported by Carlsson and Akselsson (1981) for geological standards.

Lead was the only element determined from the £, line. For all the others elements
the K, lines were used. The application of this calibration curve is possible on the
assumption that for each element the effect has a linear character i.e. that the de-
pendence of number of counts for a given line of X-ray emission on the content of
the element emitting it is a straight line. The correctness of this assumption was
confirmed by the results of measurements for analytical standards, containing
different amounts of trace clements. The standards used in our work were prepared
in the Institute of Geology of Ore Deposits, Petrogtaphy, Mineralogy and Geo-
chemistry (IGEM), Academy of Sciences of USSR in Moscow (peridotite PIM-1),
Institute of Geochemistry, Sibirian Branch of Academy of Sciences of USSR in
Irkutsk (plateau-basalt ST-1A and essexite gabbro SGD-1A) and by International
Atomic Energy Agency (lake sediment SL-1).

RESULTS

The geochemical data obtained were statistically evaluated using simplified graphi-
cal method (Nargbski 1983). The results and data on cumulative frequency distri-
bution types, means and standard deviations are presented in Table 3. Some com-
ments on geochemical regularitics in individual groups of the elements determined

using the PIXE method are given below.
Major elements: silicon, calcium and iron

' All these e!gm.enls'display. normal cumulative frequency distributions but only
in the case of Si it is unimodal in character, Calcjum frequency distribution is 3-modal
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and that of iron — bimodal, In general, the data obtained on the abundances of
these elements in Lower Silesian serpentinites are similar to those reported by other
authors (e.g. Kubicz 1966, Bakun-Czubarow 1966).

Trace alkali and alkaline-earth elements: rubidium and strontium

In the serpentinites analyzed Rb shows a unimodal normal frequency distri-
bution. Its average content — 13.8 ppm — is rather high when compared with the
data for two Canadian serpentinites (1.036 and 7.75 ppm respectively — Stueber
and Murthy 1966) and clark value proposed by Turekian and Wedepohl (1961) for
ultramafic rocks — 0.2 ppm.

Strontium displays bimodal normal frequency distribution, and the artihmetic
means for two populations amount to 10 and 22 ppm. Because of small number
of data no standard deviations were calculated for them. The mean of the first
population is close to those reported for the Canadian serpentinites (8.36 and 5.85)
and to Turekian-Wedepohl’s range of Sr contents in ultramafic rocks (1-—10 ppm).

Trace transition elements of 3d group

In the rocks analyzed titanium shows a unimodal normal cumulative frequency
distribution. Its mean content in them amounts to 106 ppm and so it is approximately
three times lower than the clark value for ultramafic rocks (300 ppm — Turekian
and Wedepohl 1961). Higher contents of Ti are also reported by Bakun-Czubarow
(1966) for Biclice ultramafites, Klodzko region, Lower Silesia (average abundance
293 ppm) and for serpentinites of ultrabasic massif Belvidere Mountain, Vermont,
USA (0.02—0.059; — Labotka and Albee 1979). Similar data are given by Wicks
and Plant (1979). It should be mentioned that Ti occurs in these rocks mainly within
accessory chromites and magnetites and also, in very small amounts, in serpentine
minerals,

Chromium

This element generally concentrated in ultrabasic rocks is usually connected with
chromite and magnetite, though Cr-rich chlorites (containing up to 2% Cr,0;)
were also reported. In Lower Silesian serpentinites studied the bimodal frequency
distribution of chromium is shown by different slopes of straight lines corresponding
to the two populations. Their computed means are 1570 and 2320 ppm. These data
are close to those reported by Bakun-Czubarow (1966) for Bielice serpentinites
and by Kubicz (1966) for ultrabasites of Grochowa.

Manganese

This transition trace element also concentrates mainly in accessory chromite
and magnetite (Labotka and Albee 1979). In the analyzed serpentinites Mn shows
a 3-modal normal cumulative frequency distribution. The mean values for 2nd and
3rd population (750 and 1330 ppm) are higher than the average Mn contents in Bielice
serpentinites (Bakun-Czubarow 1966 — 457 ppm) and the values (480 and 540 ppm)
reported by Zeissink (1971) for nonweathered serpentinites from laterites of Green-
vale and Rockhampton, Australia.

Nickel

This characteristic trace element of ultramafic rocks displays unimodal normal
cumulative frequency distribution and mean content 3200 ppm. This value is a little
higher than the average Ni content in Bielice ultrabasic rocks (2607 ppm — Ba-
kun-Czubarow 1966) while Kubicz’s (1966) data for serpentinites of Grochowa—
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Characteristics of frequency distribution of some

elements in serpentinites from Lower Silesia

Table 3

Number Number of data above
Element Froquency distribution type, modality of samples detection limit

8i  normal, l-modn! 11 4 11
Ca normal, 3-modal

1) 260 710 ppm 9 9

2) 1880~ 3450 ppm 9 7

~3) 730011900 ppim 4 9
Fe  normal, 2-modal

1) 3.6— 6.9% 20 20

2) 8.3—11.3% 6 6

Rb  normal, l-gqugl' 77777 i i 28 22
St normal, 2-modal

1) '€2,7=-22} 23 17

M IR P it Y o

AT norqml.Nlr-mov.lul2 g 23 Y2I (

Cr normal, 2-modal

1) 8301980 ppm 13 13

2) 21102620 ppm 12 | : ]2
Mn  normal, 3-modal

1) 51— 260 ppm? 3 3

2) 560 870 ppm 10 10

__ %) 10701940 ppm ik 7 13

NI normql. l-mogl_nl 26 2_6

Zn lognormal, Jemodal g ¢ 27 27
Pb® normal, 2-modal

1) < 1.7-6.1 ppm’ 14 9

2) 8594 ppm? 5 5

Y@ 26 7

Zx loqp_o;ry}ajf_l-m()@l (E<0)* 28 13

8 lognormal, 17-7modul‘/ 7 26 22

1 Jognormal, 1-modal’ 7. 26 18

Br normal, 2-modal?? 2 "

' Not well defined due to high detect—i;;;imh.

? Result for one sample from Jordanow (710) ppm has been excluded,

* Insufficient amount of data,
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Mish Tuis) Standard deviation
arithmetic mean x (ssi) Varlationycoefﬂcbnt
~ lgr f ]
(geometric mean x) *Range R Vie)
[ppm] [ppm] 171
I 18820 0,7% by
460 50 11
2600 200 Tl
9100} s 450 4.9
5.4%, 0.2, Cpti
A 9.5% 0.5%, 5
13.8 1.8 13
10.4 Vi 25
22.4
4 106 : 10 9.4
1570 100 6.4
2320 50 21
150 51-—260*
750 30 4.0
1330 70 5.3
3200 Lisisi it 150 4.7
(78) (0.34) (~ 100)
i <1.7—6.1*
8.9 8.5—9.4%
(88 i _<33-264*
(3.3) < 4—40* ~ 150
(460) (0.38) (~ 100)
(IZO)W (0.49) (~ 150)
: <1.2-9.7*

4 Negative excess (too flat frequency distribution curve),
* Much higher 6 results as evident geochemical anomalies rejected,
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Braszowice massif are distinctly lower, except for strongly altered rocks. It shqu]d be,
however, mentioned that in the former case the samples were analyzed using the
spectrochemical method and in the Jatter by means of classical chemical procedure,
without the use of international analytical standards.

Zinc

This rather chalcophylic, but in these rocks distinctly Iithoph}lic, elgment, con-
nected crystallochemically with Fe?* in chromites and magnetites, displays uni-
modal lognormal distribution. Its average content (geometric mean) in these rocks
amounts to 78 ppm, approximately corresponding to the clark value of Wedepo'hl
(56 ppm). Much higher Zn concentrations were reported from chromite deposit-
-bearing serpentinites of Maryland, Pennsylvania, USA —200 to 5000 ppm (Pearre
and Heyl 1960).

Lead

This element shows a bimodal normal fiequency distribution. Arithmetic means
for these populations are 2.5 and 8.9 ppm. Very similar data were reported fo; two
fresh serpentinites from laterite profiles Greenvale and Rockhampton, Australia —
6 and 9 ppm (Zeissink 1971).

Yttrium and zirconium

These two typically incompatible elements occur in ultrabasic rocks in fairly
low amounts. The clark value for yttrium is 2.3 ppm (Polanski and Smulikowski
1969) and that for zirconium ranges from 30 to 45 ppm (Turekian and Wedepohl
1961). Because of a comparatively high detection limit for Y (3.3 ppm), establishing
the presence of this element with the use of the PIXE method was possible only for
7 out of 26 samples and therefore these data could not be evaluated. A similar
detection limit for Zr (4 ppm) allowed us to determine the content of this element
in more than half of the samples studied. Its frequency distribution is unimodal
and lognormal, showing negative excess (a too flat frequency distribution curve
when compared with Gaussian one). Geometric mean of this truncated distribution
amounts to 3.3 ppm.

Sulphur

The frequency distribution of this element in serpentinites of the region studied
is unimodal and lognormal with geometric mean 460 ppm, which is slightly more
than the clark values (100—300 ppm) after Turekian and Wedepohl (1961) for
ultrabasic rocks,

Chlorine and bromine

These two highly electronegative elements are supposed to enter ultrabasic bodies
during serpentinization. A positive coirelation between Cl contents and degree of
alteration of ultrabasites has been observed (Stueber ef al. 1968). Microprobe analy-
ses have shown that chlorine concentrates in serpentine veins (0.2—0.8 wt %), where
brucite can be its parent mineral (Rucklidge 1972).

Chlorine was detected, using the PIXE method, in the majority of analyzed samp-
lcg, showing in these rocks unimodal, lognormal frequency distribution with geome-
tric mean 120 ppm which slightly exceeds the clark value for ultrabasic rocks after
Turekian and Wedepohl (1961), amounting to 85 ppm.

The presence of bromine was established, using the method applied, in 11 out
of 28 analyzed samples. Its frequency distribution is bimodal and normal but the
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amount of data in both populations is insufficient to calculate the mean values.
Since the detection limit in the PIXE method for Br amounts to 1.2 ppm, the cont-
ents of this element in Lower Silesian serpentinites slightly exceeds the clark value
proposed by Turekian and Wedepohl (1961) i.e. 0.5—1 ppm. s

Some trace elements were detected, using PIXE method, only in some of the
rock samples analyzed.

Distinctly anomalous copper contents were established in two serpentinite
samples of Grochowa (75 and 320 ppm) which considerably exceed average clark
value of this element for ultrabasic rocks as proposed by Turekian and Wedepohl
(10—20 ppm). This anomaly is consistent with a recently discovered occurrence of
native copper in Grochowa ultrabasic body (Gunia P., in press).

In two samples of Grochowa and one of Nastawice (Gogoléw—IJordanéw ultra-
basic massif) some enrichment in selenium was found, slightly exceeding the detection
limit of this element using the PIXE method (1.5 ppm). The data obtained amounted
to 1.6, 1.7 and 2.3 ppm Se, which considerably exceeds the average content of this
element in basic and ultrabasic rocks (0.13 ppm) as proposed by Sindeeva (1964).

Only one sample of altered serpentinite from Jordanéw contained a distinctly
anomalous amount of gallium (46 ppm) whilst in all the other serpentinites analyzed
the contents of this element were lower than its detection limit (4 ppm). It should
be noted that Walericzak and Pendias (1958) determined gallium spectrochemically
in the serpentinites of Wolibérz near Nowa Ruda (7.5 ppm) and of Grochowa
(2 ppm). The average content of Ga in ultrabasic rocks is, after Turekian and Wede-
pohl, 1.5 ppm.

Similarly, only one sample of slightly altered serpentinite of Grochowa was
found to contain an anomalously high amount of niobium (17 ppm) whilst the de-
tection limit of this element, using the applied PIXE method, was 4 ppm. It should
be remembered that, after Turekian and Wedepohl (1961), an average niobium
content in ultrabasic rocks was assumed to be 16 ppm but numerous recent deter-
minations of this element with the help of modern instrumental methods have shown
that its content is by one order of magnitude lower and amounts to 1.5 ppm for
ultramafic rocks of the upper mantle origin (Wedepohl 1969). This improved value
is consistent with our results when the detection limit for niobium taken is 4.5 ppm.

CONCLUSIONS

1. Proton-induced X-ray emission makes possible simultaneous determinations
of numerous major and trace elements in serpentinites. Among the obvious advanta-
ges of this method are relatively low detection limits for some petrogenetically im-
portant trace elements, as well as simple and rapid preparation of so called “thick
targets”’, whose application ensures a sufficient accuracy of the estimation of those
elements. Only in the case of Cu and Zn some disturbances were observed due to
the attenuation of their X-rays by iron.

2. The data obtained for some elements (Rb, Sr, Y, Zr, Pb, Br) gave the first
geochemical findings on their abundance in Lower Silesian serpentinites and contri-
bute to the knowledge of geochemistry of ultrabasic rocks.

3. Simplified statistical evaluation of data have shown that some elements
(Ca, Fe Sr, Cr, Mn and Pb) display 2- or even 3-modal frequency distributions but
only in very few cases this phenomenon is connected with a localization or degree
of alteration of analyzed serpentinites. This refers to usually lower Ca and Mn

_contents in serpentinites of the Jordanéw-—Nastawice region and of Bystrzyca Gérna

and to anomalously high Pb abundances in some more altered ultrabasic rocks.
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Wojciech PRZYBYLOWICZ, Jézef KAJFOSZ, Stanislaw SZYMCZYK

ZASTOSOWANIE METODY PIXE W WIELOPIERWIASTKOWEJ
ANALIZIE SKAL SERPENTYNITOWYCH
Z DOLNEGO SLASKA (POLSKA)

Streszczenie

Metoda wzbudzenia charakterystycznego promieniowania X przy pomocy pro-
tonow (PIXE) zostala zastosowana w wielopierwiastkowej analizie wybranych ser-
pentynitéw dolnodlgskich. Oznaczono pierwiastki gléwne i $ladowe o liczbach
atomowych od 14 (Si) do 41 (Nb), a ponadto Pb. Dla pewnych pierwiastkéw (Rb,
Sr, Y, Zr, Pb, Br) uzyskane wyniki sg pierwsza informacjg na temat ich zawartoci
w serpentynitach dolnoslgskich. Otrzymane zbiory wynikéw opracowano statystycz-
nie stosujge uproszezong metode graficzng. W kilku przypadkach stwierdzono 2 lub
3-modalne rozklady czgstosci (dla Ca, Fe, Sr, Cr, Mn i Pb). Podzialy na populacje
nic sy jednak na ogol zwigzane ani z réznym stopniem zserpentynizowania skal
ani z lokalizacjg.

OBJASNIENIA FIGUR

Fig. 1. Krzywa wydajnosci dla linii K, (Z = 26)
Detektor oslonigty filtrem z Al o masie powierzehniowej réwnej 45 mg/em?, Liczba rozproszonych protonéw
réwna 2 10%, R — wielowymiarowy wspblezynnik korelacji. Przedzial ufnofei obliczono dla 1—a = 0,95
Fig. 2. Krzywa wydajnosci dla linii K, (Z = 26)
Detektor osloniety filtrem z Al o masic powierzchniowe] réwnej 18 mg/em?, z otworem w érodku. Liczba
rozproszonych protonéw réwna 2+ 104, R — wiclowymiarowy wspblezynnik korelacji. Przedzial ufnoscl
obliczono dla 1—a = 0,95

Boiiyex ITIHHBBITIOBUY, I03ep KAHDOI, Cmanuciase HHMYHK

NPUMEHEHUE METO/IA PIXE B MHOI'ODJEMEHTHOM AHAJIM3E
CEPIIEHTUHUTOBLIX [1OPOA U3 HWXHEA CUJIE3UU (ITOJIBUIA)

Pesiome

[Tporouusiii mMeron BozOyxaenus xapakrtepuoro X-usnyderns (PIXE) 6Gnur
NPUMEHEH B MHOTOYJIEMEHTHOM AHAJIM3E HEKOTOPLIX HMAKHECHJIC3CKMX CEPHEHTH-
HATOB. ONpeAessanch IJIaBHbIC JICMCHTLI M IJIEMEHTLI-IPHMECH C ATOMHBLIMH
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wperamu o1 14 (Si) 1o 41 (Nb), a kpome Toro Pb. TTomydennsie pe3yabTaThl BEpBbIe
XapakTepu3yIoT cojepkarnne nekotopsix snementos (Rb, Sr, V, Zr, Pb, Cr) B nu-
KHECHIIe3ckux ceprentunntax. [lojyveHnbie MHOKECTBA PE3yNbTaToB 06paboTano
CTATUCTHYCCKH, TIPUMEHSST YIPOUICHHbINH Tpaduueckuit mMeTo. B Heckoybkux ciry-
yasx obHapyxero 2 smbo 3-momanbHoe pacnpeaenenne vacror (mrs Ca, Fe, Sr,
Cr, Mn u Pb). Oanako BblAeICHHbIE COBOKYITHOCTH BOOOIIE HE CBA3AHBI HU C PA3IIH-
YHOU CTEINEHbIO CEPHEHTHHM3AIIMU TIOPOJI, HU € UX MECTOIIOJIOKCHUEM.

OBBACHEHNS K ®UT'YPAM

®ur. 1. Kpusas sbdextnBrocrn must auunu K,(Z = 26)
Jerexrop sakpuir Al GuabTpoMm ¢ miontaanoi maccoh 45 mr/cm?, Konu4ecTBO paccesiuulX IpOTOHOB PUBHO
2:10% R — muoromepuuiii xosdpduument koppenaimu. Jlosepurensuniii npeaen pacuntan wis 1— o = 0,95

DOur. 2. Kpusas shdexkrusroctu st nunmn K, (Z < 26)
Herexrop sakpuir Al GuabTpom ¢ miomannol Maccoit pasioit 18 mr/em? u co uienwio no cepemue. Komu-
MECTRO PACCEAHHBIX NPOTOHOB pasno 2 10% R — muoropasmepuuii kosdpduumnenr xoppensuuu. [osepu-

TCALHLK npeaes pacudrad aug 1—ao = 0,95



