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&RPSDUDWRU�QHXWURQ�DFWLYDWLRQ�DQDO\VLV� 
RI�WKH�VROLG�YROXPHWULF�URFN�VDPSOHV�IRU�JROG�FRQWHQW

AbstUDFW� The application of comparator instUXPHQWDO�QHXWURQ�DFWLYDWLRQ�DQDO\VLV��,1$$��FRPELQHG�ZLWK�
the internal stDQGDUG�PHWKRG�ZDV�FRQVLGHUHG�WR�DQDO\]H�VROLG�YROXPHWULF�VDPSOHV�RI�GL൵HUHQW�URFNV����±���
g of the mass, for Au content. Fe was used as the internal comparator with its mass fraction determined by 
;�UD\�ÀXRUHVFHQFH�PHWKRG��;5)��ZLWK�WKH�KHOS�RI�D�ODERUDWRU\�HQHUJ\�GLVSHUVLYH�;5)�VSHFWURPHWHU�5/3�
21T, Kazakhstan. The puck-like samples about 29 mm across diameter and about 10 mm of the thickness 
were sliced up from rock drill-cores with a diamond saw. No other pretreatment was applied. Sample 
GLPHQVLRQV�ZHUH�¿WWHG�LQ�FRPSOLDQFH�ZLWK�WKDW�RI�WKH�;5)�VSHFWURPHWHU�GLVKHV�WR�VXEstitute them during 
analysis, i.e. they were the highest possible allowed by the spectrometer. Relative corrections for neutron 
self-shielding and for gamma-ray self-absorption by the samples of the same dimensions corresponding 
E\� WKHLU�PDFURFRPSRQHQW� FRPSRVLWLRQ� WR� WKH�GL൵HUHQW� W\SHV�RI� FRPPRQ� URFNV� WXUQHG�RXW� UDWKHU� VPDOO��
simply accounted using the internal standard, and almost irrespective of the rock types. By the example 
RI�VHUSHQWLQLWH��SLFULWH�DQG�GLDEDVH�SLFULWH�VDPSOHV��:Hstern Ulytau Belt, Central Kazakhstan) the whole 
DSSURDFK�ZDV�IRXQG�DV�UDWKHU�H[SHGLWH�DQG�UHOLDEOH�EHLQJ�DSSOLHG�WR�GHWHUPLQH�$X�FRQWHQW�RI�VX൶FLHQWO\�
KRPRJHQHRXV�PDJPDWLF�DQG�PHWDPRUSKLF�URFNV��0RUH�H൵RUWV�UHVXOWLQJ�LQ�)H�PXOWLSOH�PHDVXUHPHQWV�GXH�WR�
its heterogeneous distribution are necessary to analyze industULDOO\�VLJQL¿FDQW�$X�FRQWHQWV�LQ�VHGLPHQWDU\�
URFNV�OLNH�EODFN�VKDOHV��%DN\UFKLN��(Dstern Kazakhstan).
.H\�ZRUGV��Neutron activation analysis, internal standard, gold, volumetric samples.

,QWURGXFWLRQ

Various analytical methods of rock investigation 
for gold content are known in multitudes [1-3]. Most 
of them include decomposition of the powdered 
samples followed by a separation and concentration 
technique and a highly sensitive instrumental 
determination. Intensive chemical pretreatment 
is the main drawback of the methods since it is 
often laborious and expensive, depends on reagent 
blank, and doesn’t prevent loss of analyte and/or 
solution contamination. Overall Au content can be 
VLJQL¿FDQWO\� XQGHUHVWLPDWHG� LI� JROG� LV� ORFNHG�LQ� RU�
HQFDSVXODWHG�LQ�VLOLFDWHV�RU�LQ�D�UHIUDFWRU\��VXOSKLGH��
matrix [1, 4]. 

Sample preparation for chemical digestion 
presents a separate problem. Gold mainly occurs 
in the rocks as native grains extremely variable 
in size and as diverse compounds incorporated 
in the common sulphide minerals [5]. Due to the 
VXEVWDQWLDOO\�GL൵HUHQW�GHQVLW\�RI�WKH�JURXQG�SDUWLFOHV�
gravitational separation easily occurs, hence 

homogeneous analytical subsamples can be hardly 
SLFNHG�� 7R�PLQLPL]H� WKLV� DQG� WKH� LQKHUHQW� ³QXJJHW�
H൵HFW´��WKH�VDPSOH�PDVV�VKRXOG�EH�LQFUHDVHG�WR����J�
and even more [6]. Moreover, soft and malleable 
gold grains are highly resistant to grinding. The 
grains may adhere to the walls of milling vessels 
causing losses of gold from some samples [3, 5] and 
contaminating the others.

The most dependable way of overcoming 
WKHVH�GL൶FXOWLHV� LV� WR� H[FOXGH� VDPSOH�JULQGLQJ� DQG�
FKHPLFDO� SUHWUHDWPHQW� �L�H�� WR� DSSO\� DQ� LQLWLDOO\�
instrumental method) and to use larger assays for 
analysis. Few analytical techniques can meet these 
requirements taking account of the sensitivity of 
gold determination close to ppb level necessary in 
geochemical explorations. 

Rapidly developing laser ablation inductively 
FRXSOHG� SODVPD� PDVV� VSHFWURPHWU\� �/$�,&3�06��
having become a highly demanded way of Au local 
determination in the gold-bearing minerals [7-9] 
could be such a technique. Heterogeneity of laser-
ablation target is tided over by using fused samples 
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SUHSDUHG�E\�WKH�VDPH�ZD\�DV�IRU�;�UD\�ÀXRUHVFHQFH�
�;5)��>�����@�DQG�WKLV�PDNHV�SRVVLEOH�WR�LPSOHPHQW�
bulk analysis [12]. The studied rocks are completely 
turned into borate glasses including refractory 
PLQHUDOV��6DPSOH�FRQWDPLQDWLRQ�ZLWK�ÀX[�RU�FUXFLEOH�
material is not crucial in case of Au determination, 
EXW� OLPLW� RI� GHWHFWLRQ� �/2'�� LV� LQFUHDVHG� GXH� WR�
dilution. However, the uncertainty resulting from 
initial geological sample grinding still persists since 
only the powdered rock material is fused in an oven. 

High energy instrumental photon activation 
DQDO\VLV� �,3$$�� EDVHG� RQ� WKH� SKRWRH[FLWDWLRQ�
reaction 197$X�Ȗ��Ȗ197�࢝mAu is the best suited to analyze 
large, up to 0.5 kg of the mass, samples with gold 
inhomogeneous distribution [13]. A rather short half-
live T

1/2
 of 197m $X�LVRPHU������V��LV�FRQVLGHUHG�DV�LWV�

only inconvenience1. IPAA soundly found its broad 
application in gold mining but it can be scarcely 
HPSOR\HG� LQ� JHRFKHPLVWU\� GXH� WR� LQVX൶FLHQW�/2'�
YDOXHV�UHDFKLQJ����±����SSP�DW�WKH�EHVW�����±����SSP�
most commonly) using a semiconductor detector 
[14]. 

Apart from 14 MeV instrumental neutron 
DFWLYDWLRQ� DQDO\VLV� �,1$$��ZKLFK� GRHVQ¶W� FRPSHWH�
in sensitivity with INAA by thermal neutrons [15] 
the latter seems being the most appropriate for gold 
geochemical survey owing to its extremely low LOD 
value in rocks up to 2 ppb [3]. Individual sample mass 
YDULHV�RYHU�D�YHU\�ZLGH�UDQJH�±�IURP�§����PJ�>�����@�
to several hundreds of g and more to reduce severe 
heterogeneity [3, 17]. If it exceeds 0.5–1.0 g, a sample 
can no longer be considered as «a point source», and 
QHXWURQ�VHOI�VKLHOGLQJ��QHXWURQ�ÀX[�JUDGLHQWV� LQ� WKH�
sample and self-absorption of gamma rays must be 
DFFRXQWHG�>��@��:LWKRXW�GLVFXVVLQJ�GL൵HUHQW�ZD\V�WR�
RYHUFRPH� WKHVH� GL൶FXOWLHV�� LQWHUQDO� VWDQGDUG� EDVHG�
,1$$� DSSO\LQJ� LQ�VLWX� UHODWLYH� GHWHFWLRQ� H൶FLHQF\�
should be mentioned since it takes care of the neutron 
ÀX[�SHUWXUEDWLRQ�LQVLGH�WKH�VDPSOHV�>��@��$�VXLWDEOH�
reference element determined by a convenient 
analytical technique is used as the internal standard. 
The method found its broad application to analyze 
large heterogeneous samples including industrial 
dross for noble elements [20]. 

In the present work comparator INAA was tried 
to determine Au content of solid samples – plane 
cylindrical pieces of the drill cores, 15–20 g of the 
mass, cut from several types of common rocks. 
Minimum nondestructive pretreatment excluded any 
losses of gold or sample contamination. Iron was 
chosen as the internal standard with its mass fraction 

1 The more convenient 197$X�Ȗ��Q)196$X�UHDFWLRQ��7
1/2
� �����G��

results in lower sensitivity.

found by XRF as in some previous investigations of 
rock element composition [21-23].

0DWHULDOV�DQG�PHWKRGV

Total content of the natural gold including 
LWV� QDQRIRUPV� �³LQYLVLEOH� JROG´�� ZDV� VWXGLHG� LQ�
picrites, diabase-picrites, and serpentinites picked 
in the Karatugay Complex of the Western Ulytau 
%HOW��&HQWUDO�.D]DNKVWDQ��ZLWK�D�YLHZ�RI�VHDUFKLQJ�
new ore occurrence of the non-ferrous and noble 
metals. The drill-core samples 28.5–29.0 mm across 
diameter were cut with a diamond saw into planar 
cylinders 9.5–10.0 mm of the thickness. This was the 
end of the whole preparation. The obtained analytical 
samples came in smooth enough, without visible 
URXJKQHVV�RI�WKH�ÀDW�VXUIDFHV��VPDOO�ODWHUDO�FKLSV�RI�
the hard rock, if any, were ignored. An exterior view 
of several similar analytical samples is presented in 
Fig. 1. 

The sample sizes were determined by the 
dimensions of the measuring chamber of an 
energy dispersive XRF spectrometer RLP-21T 
used in the investigation. The rock samples were 
installed instead of the steel dishes for powdered 
specimens inside the sample changer. Their diameter 
corresponded to the external diameter of the dishes, 
and the height depended on the gap between the 
cover and the collimator. So, the sample sizes were 
close to the maximum one for the given equipment. 
Fig. 2 demonstrates the charged sample changer of 
the spectrometer.

RLP-21T was designed and produced by 
//3� ³$VSDS*HR´� �$OPDW\�� .D]DNKVWDQ�� WR� VWXG\�
element composition of rocks, minerals, ores, and 
concentrates. The accuracy of its software was 
UHSHDWHGO\� FRQ¿UPHG� ZLWK� WKH� KHOS� RI� GL൵HUHQW�
FRUUHVSRQGLQJ�FHUWL¿HG�UHIHUHQFH�PDWHULDOV��&50V���
The ascribed uncertainty of iron content measuring 
in rock samples is 2–8%. RLP-21T is enrolled in 
WKH�6WDWH�5HJLVWHU�RI�0HDVXULQJ�'HYLFHV��&HUWL¿FDWH�
ʋ������YDOLG�WR��������������DQG�WKH�FRUUHVSRQGLQJ�
analytical technique is registered by the National 
%RG\�IRU�&HUWL¿FDWLRQ�RI�.D]DNKVWDQ��&HUWL¿FDWH�ʋ�
69-2022, valid to 15.02.2027).

To implement INAA each puck-like sample 
was sealed in polyethylene and then wrapped in 
DOXPLQLXP�IRLO��6HYHUDO�VDPSOHV��QR�PRUH�WKDQ�VL[�DW�
RQFH��ZHUH�VWDFNHG�XS�DQG�¿[HG�LQ�WKH�VDPH�ZUDSSLQJ��
Taking account of their dimensions, the packages 
were placed upright in the irradiation container to 
be oriented along the channel axis. Samples layout 
in the irradiation channel is presented in Fig. 3. In 
WKLV� FDVH� WKH� ÀDWV� RI� WKH� F\OLQGULFDO� VDPSOHV� ZHUH�
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lined parallel to the radial component of the neutron 
ÀX[�JUDGLHQW��DERXW����SHU���FP���7KLV�LV�WKH�OHDVW�
favorable orientation if the gradient were considered 
either empirically or theoretically. However, it didn’t 
matter in the present investigation since the neutron 
ÀX[�JUDGLHQW�ZDV�DFFRXQWHG�DXWRPDWLFDOO\�E\�XVLQJ�
the internal standard method.

)LJXUH�� – Sliced up samples 
 of serpentinite drill-core prepared for the investigation

)LJXUH�� – RLP-21T with open lid  
and charged sample changer

All the packages were irradiated one by one for 1 
min including the transportation time in the position 
ʋ��LQVLGH�WKH�SHULSKHUDO�YHUWLFDO�FKDQQHO�ʋ�����RI�
WKH� OLJKW�ZDWHU� UHVHDUFK� UHDFWRU�::5�.� �$OPDW\��
E\�WKH�WKHUPDO�QHXWURQ�ÀX[�GHQVLW\�����î���13 cm-2 s-1; 
WKH�IDVW�QHXWURQ�ÀX[�GHQVLW\�DPRXQWHG�WR�����î���12 
cm-2 s-1�>��@��7KH�¿UVW�SDFNDJH�LQFOXGHG�D�]LUFRQLXP�
PRQLWRU� RI� WKH� QHXWURQ� ÀX[� ±� ���PJ� RI� =U2

2
� �WKH�

Institute of Reference Materials, Ekaterinburg, 
Russian Federation) sealed in small thin double 
polyethylene bag placed in the middle. Due to the 
VKRUW�WLPHG� LUUDGLDWLRQ�� WKH� QHXWURQ�ÀX[�SDUDPHWHUV�
were considered invariable. 

Gamma-spectrometric measurements of the 
studied samples were conducted after 9–10 days of 
decay when radionuclide 24Na mainly in charge of 
the background rise due to the Compton continuum 
practically completely decayed. Counting time was 
about 40 min and the distance from the detector cap 
to the bottom of the volumetric samples was 19 mm 
or 24 mm to their centers. 

)LJXUH�� – Samples layout in the irradiation channel

All the measurements were performed using 
an extended-range HPGe detector GX5019 with a 
UHODWLYH�H൶FLHQF\�RI�����DQG�DQ�HQHUJ\�UHVROXWLRQ�RI�
1.86 keV at the 1332 keV peak of 60Co, connected to a 
Canberra multi-channel analyzer DSA-1000. Detector 
FDOLEUDWLRQ�IRU�UHODWLYH�GHWHFWLRQ�H൶FLHQF\�ZDV�PDGH�
with the help of a multi-gamma ray standard MGS-1 
�152Eu, 154Eu, 155Eu) and an isotopic source 133Ba, both 
by Canberra. A fourth power polynomial was used 
IRU�WKH�¿WWLQJ�RI�FDOLEUDWLRQ�FXUYH��6SHFWUD�FROOHFWLRQ�
and subsequent treatment were carried out by the 
³$QDO*DPPD´�VRIWZDUH�GHYHORSHG�LQ�WKH�,QVWLWXWH�RI�
Nuclear Physics to provide gamma-ray spectrometric 
analysis. The software approximates a part of 
gamma-ray spectrum in the treatment window by 
*DXVVLDQ�FXUYHV�DQG�D�ÀDW�EDFNJURXQG�DQG�FDOFXODWHV�
peak count rates in cps. Partly overlapping peaks can 
be reliably resolved. Quality of the approximation is 
FKHFNHG�E\�WKH�ȋ2 test. 

Gold content of the samples was determined by 
the only intensive gamma-line of the radionuclide 
198Au with the energy E equals to 411.80 keV and 
quantum yield PȖ reaching 95.6%. Actually there 
are no unresolved spectral interferences to this 
JDPPD�OLQH�ZKHQ�GL൵HUHQW� URFNV�DUH�DQDO\]HG�ZLWK�
the exception of the low-intensive line of 152Eu 
�E�  � ������� NH9�� PȖ�  � ������ ZKLFK� VKRXOG� EH�
accounted if gold mass fractions get close to the LOD 
values for these objects. 
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5HVXOWV�DQG�GLVFXVVLRQ

Au as well as other element contents of the 
samples C

a
� ���� FDQ� EH� FDOFXODWHG� DFFRUGLQJ� WR� WKH�

next equation of simple comparator method of 
standardization in INAA [25] using the internal 
VWDQGDUG� PHWKRG� >��@� �ORZHU� FDVH� LQGLFHV� a and 
c mean an analyzed element and the comparator, 
respectively):

FD
DDD

D
DFD

FFF
F

FDF
FD .

)*6'4I(-N
)*6'4I(-N

&& �
���

���

������
������

�
�

 
H
H

�������

where C
c
 is the element comparator content of the 

VDPSOH� ����� N
0
 is N

0
-factor relatively to 411.8 keV 

gamma-line of radionuclide 198Au for the gamma-lines 
of the comparator and an analyzed element [27], J is 
the full-energy peak count rate of the corresponding 
UDGLRQXFOLGH� DQDO\WLFDO� JDPPD�UD\� �FSV��� İ�E) is 
WKH� UHODWLYH� GHWHFWLRQ� H൶FLHQF\� RI� WKH� PHDVXUHG�
JDPPD�OLQH������Q

0
 is the resonance integral I

0
��FP2) 

WR� WKH� WKHUPDO� QHXWURQ� FURVV�VHFWLRQ� ı
0
� �FP2) ratio, 

f� LV� WKH� WKHUPDO� WR� HSLWKHUPDO� QHXWURQ� ÀX[� UDWLR��
S� ���±�H[S�±�ȜW

irr
) is saturation factor, D� �H[S�±�ȜW

d
) 

LV� GHFD\� IDFWRU� �t
irr

 and t
d
 are irradiation and decay 

time), G is the correction factor for neutron self-
shielding by the sample, F is the correction factor for 
analytical gamma-ray self-absorption by the sample.

When INAA of rock samples for the long-lived 
radionuclides is carried out correction for the mea-
suring time is always <1% and can be neglected.

The empirical correction factor K
a,c

 is applied 
to compensate for an analytical bias caused by the 
HUURUV�RI�GHWHFWRU�FDOLEUDWLRQ�IRU�GHWHFWLRQ�H൶FLHQF\��
absence of Q

0
 correction for the deviation of thermal 

QHXWURQ�ÀX[�IURP���E law, and by other reasons. In 
particular, using the same counting geometries, there 
is no need to correct J for true coincidences. In case 
of gold analysis K

a,c
 value was determined with the 

help of a European Commission CRM IRMM-530R 
�$O������$X�DOOR\��DQG�DQ�DVVD\�RI�FKHPLFDOO\�SXUH�
�UHGXFHG�� LURQ�� 7KHQ� LW� ZDV� YHUL¿HG� XVLQJ� VRPH�
PXOWL�HOHPHQW�&50V�FHUWL¿HG�IRU�JROG�FRQWHQWV��VHH�
below). 

The model ratio 1/f was evaluated by the ³EDUH�
EL�LVRWRSLF�PHWKRG´�with the help of a ZrO

2
 monitor 

RI� WKH� QHXWURQ� ÀX[� VSHFWUDO� FRPSRVLWLRQ�� 7KH�
corresponding expression was adduced more than 
once in the previous investigations [21-23]. As for the 
present work, 1/f value amounted to 0.0330 ± 0.012 
�P� �������

To assess thermal and resonance neutron self-
shielding by the analyzed puck-like samples, a 

similar model one, i.e. 29 mm across diameter and 10 
mm of the thickness, was considered corresponding 
by its composition to the average content of the main 
rock-forming oxides of the continental crust [28]. 
Mass fractions of Sm, Eu and Gd characterized by 
the maximum values of ı

0
 were taken equal to their 

DYHUDJH� FUXVWDO� DEXQGDQFH� �&ODUNH� QXPEHUV�� >��@��
With the density equal to 2.8 g cm-3 close to the rocks 
mean value the model sample mass reached 18.5 g.

7KH� H൵HFWLYH� QHXWURQ� VHOI�VKLHOGLQJ� IDFWRUV� IRU�
gold GHৼ, Au

 and iron GHৼ, Fe
 were evaluated with the 

help of the spreadsheet by C.Chilian, et al. [30] 
kindly granted by the authors. The model values are 
presented in Table 1. Both factors appeared close to a 
XQLW�DQG�GL൵HU�E\�QR�PRUH�WKDQ����RQH�IURP�DQRWKHU��
7KH� ODWWHU� FRQ¿UPV� WKDW� FRQGXFWLQJ� ,1$$� IRU� $X�
FRQWHQW�� )H� DV� WKH� LQWHUQDO� VWDQGDUG� FDQ� H൵HFWLYHO\�
take account of the neutron self-shielding by the 
model rock sample.

To verify this conclusion for broader cases which 
take place in geochemical investigations the same as-
sessment was made for a range of magmatic rocks 
GL൵HULQJ�E\�WKHLU�VLOLFD�FRQWHQW�±�IURP�IHOVLF�WR�XOWUD-
PD¿F�RQHV��7\SLFDO�PDFURFRPSRQHQW�FRPSRVLWLRQ�RI�
the rocks was picked up from the CRM catalogues 
�5XVVLDQ�)HGHUDWLRQ���GHৼ, Au

 and GHৼ, Fe
 factors for dif-

ferent rocks appeared very close to that for the con-
WLQHQWDO�FUXVW��7DEOH����ZLWK�WKHLU�UDWLR�SUDFWLFDOO\�D�
constant.

If Sm, Eu, and Gd contents of the model rock 
sample are increased by one order of magnitude, 
FRH൶FLHQWV�GHৼ, Au

 and GHৼ, Fe
 decrease to 0.946 and 

������ FRUUHVSRQGLQJO\�� DQG� WKHLU� UDWLR� GL൵HUV� IURP�
a unit by no more than 3%. It’s interesting to note 
that in this case, including even higher contents of 
the rare earths, another element such as Rb, Cs, As, 
Ba, Sm, or Th characterized by high values of Q

0
 can 

take account of thermal and resonance neutrons self-
shielding more correctly with their mass fractions be-
ing determined by an independent method [31]. 

Finally, GHৼ, Au
 and GHৼ, Fe

 values very slightly de-
pend on rock density and their ratio remains a con-
stant. 

Correction for analytical gamma-ray self-
absorption was estimated according to the equation 
SURYLGLQJ� LWV� VLPSOL¿HG� GHVFULSWLRQ� LQ� F\OLQGULFDO�
samples [32]:

���H[S�����
���H[S�����
K((
K((

)
)

DF

FD

D

F

UPP
UPP

��
��

 �������������

ZKHUH� ȝ�E�� LV� SKRWRQ� PDVV� DWWHQXDWLRQ� FRH൶-
FLHQW� �FP2 g-1��� ȡ� ±� VDPSOH� GHQVLW\� �J� FP-3) and h 
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±�VDPSOH� WKLFNQHVV� �FP���ȝ�E) values of 198Au and 
59Fe analytical gamma-lines in the chemical com-
pounds corresponding to the main rock-forming ox-
ides were picked up from an NIST database [33] 
and presented in Table 2. It takes note, that due 
to the high enough energy of these radionuclides 
JDPPD�OLQHV�� ȝ�E) values are quite close for dif-
ferent compounds since interaction of gamma-rays 
with the matter in this case is mainly brought to the 

scattering processes. Hence the corresponding total 
PDVV� DWWHQXDWLRQ� FRH൶FLHQWV� ȝȈ�E) are practically 
LQGHSHQGHQW�RI�WKH�URFN�FRPSRVLWLRQ��7DEOH�����7KH�
same is correct for F factors too, and their ratio is 
SUDFWLFDOO\� D� FRQVWDQW� IRU� GL൵HUHQW� W\SHV� RI� PDJ-
matic rocks: F

Fe
/F

Au
�  � �������$FFRUGLQJ� WR�(T�� ���

this ratio very slightly linearly depends on the rock 
GHQVLW\��LW�FKDQJHV�E\�QR�PRUH�WKDQ����LI�ȡ�YDULHV�
within 2.3–3.2. 

Table 1�±�&RPSRVLWLRQ�RI�WKH�FRQWLQHQWDO�FUXVW�DQG�GL൵HUHQW�PDJPDWLF�URFNV��ZW�����WKHLU�WRWDO�SKRWRQ�PDVV�DWWHQXDWLRQ�FRH൶FLHQWV�RI�
198Au and 59)H�DQDO\WLFDO�JDPPD�OLQHV��DQG�WKH�FRUUHVSRQGLQJ�VHOI�DEVRUSWLRQ�DQG�QHXWURQ�VHOI�VKLHOGLQJ�FRH൶FLHQWV�IRU�WKH�SXFN�OLNH�
solid samples

Continental
crust [28]

Felsic rocks Intermediate rocks 0D¿F�URFNV 8OWUDPD¿F�URFNV

Granite
�6*���

Grano diorite 
�0.���

Quartz 
diorite 
�6.'���

Synnyrite
�661���

Anorthosite
�02���

Gabbro
�6*'��$�

Dunite
�6'8���

Horn-
blendite
�08���

SiO
2

59.1 74.8 64.5 60.5 55.0 51.8 46.6 39.6 37.9

Al
2
O

3
15.8 10.6 16.6 16.6 22.5 22.8 14.9 0.97 14.2

Na
2
O 3.2 4.24 4.27 3.57 1.19 4.04 2.72 0.035 2.14

K
2
O 1.88 4.64 3.12 2.98 18.0 0.76 3.09 0.010 0.382

MgO 4.4 0.10 1.58 3.05 0.18 2.10 6.81 41.9 12.7

CaO 6.4 0.32 3.83 4.84 0.49 10.1 10.68 1.52 11.0

TiO
2

0.7 0.26 0.63 0.86 0.091 1.87 1.72 0.018 1.91

MnO 0.11 0.12 0.083 0.086 0.0093 0.076 0.167 0.13 0.144

Fe
2
O

3
6.6 a 4.50 4.64 5.55 1.35 6.26 11.3 8.91 18.3

P
2
O

5
0.2 0.024 0.229 0.17 0.058 0.140 1.03 0.010 0.032

SO
3

- - 0.020 0.033 0.0625 0.173 0.038 0.103 0.135

CO
2

- - 0.10 0.18 - 0.36 - 1.61 0.13

GHৼ, Au
0.982 0.981 0.982 0.982 0.973 0.982 0.979 0.985 0.977

GHৼ, Fe
0.973 0.972 0.973 0.973 0.960 0.974 0.968 0.978 0.966

ȝȈ�����
keV), 
cm2 g-1

0.0927 0.0939 0.0938 0.0926 0.0931 0.0945 0.0934 0.0893 0.0932

ȝȈ������
keV), cm2 

g-1

0.0593 0.0601 0.0600 0.0593 0.0596 0.0604 0.0596 0.0571 0.0594

F
Au

0.881 0.879 0.879 0.881 0.880 0.879 0.880 0.885 0.880

F
Fe

0.921 0.920 0.921 0.921 0.921 0.920 0.921 0.924 0.921

a – FeO 
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7DEOH���±�&RH൶FLHQWV�RI�SKRWRQ�PDVV�DWWHQXDWLRQ�RI�198Au and 
59Fe analytical gamma-lines by the Earth crust rock-forming ox-
ides

Rock-forming
oxide

ȝ�����NH9���
cm2 g-1

ȝ������NH9���
cm2 g-1

SiO
2

0.0947 0.0608

Al
2
O

3
0.0930 0.0597

Na
2
O 0.0917 0.0588

K
2
O 0.0939 0.0596

MgO 0.0941 0.0604

CaO 0.0960 0.0609

TiO
2

0.0916 0.0580

MnO 0.0910 0.0569

Fe
2
O

3
0.0932 0.0579

P
2
O

5
0.0936 0.0600

SO
3

0.0949 0.0608

CO
2

0.0945 0.0608

6R�� WKH� H൵HFWV� RI� QHXWURQ� VHOI�VKLHOGLQJ� E\�
the regularly-shaped samples of common rocks 
like represented in Fig. 1, and of gamma-ray self-

DEVRUSWLRQ�� DUH� QRW� WRR� VLJQL¿FDQW� DQG� DUH� VLPSO\�
corrected if needed. Therefore accuracy of gold 
determination by comparator INAA using Eq. 1 can 
EH� YHUL¿HG� ZLWK� WKH� KHOS� RI� XVXDO� SRZHUHG� &50V�
FHUWL¿HG�IRU�$X�FRQWHQW��

7R�PLQLPL]H�WKH�LQÀXHQFH�RI�JROG�KHWHURJHQHRXV�
distribution in the CRMs produced from gold-
bearing ores, recommended sample mass of the latter 
taken for an analysis must be not less than 5 g. Such 
a wasteful expenditure of the CRMs was avoided by 
selecting the ones prepared from the homogeneous 
SURGXFWV� RI� RUHV� FKHPLFDO� SURFHVVLQJ� ±� ÀRWDWLRQ�
FRQFHQWUDWHV�DQG�VLPLODU��7DEOH�����$OO�WKHVH�&50V�
DUH� SURGXFHG� LQ� 5XVVLDQ� )HGHUDWLRQ�� WKH� ¿UVW� WZR�
E\� WKH� 6FLHQWL¿F�5HVHDUFK� DQG� 'HVLJQ� ,QVWLWXWH�
RI� 1RQ�)HUURXV� 0HWDOOXUJ\� �.UDVQR\DUVN��� WKH�
others by the Vinogradov Institute of Geochemistry 
�,UNXWVN���$ERXW� ����PJ�RI� WKH�&50V�ZHUH� VHDOHG�
in plain double polyethylene bags and irradiated for 
1 h. Their masses corresponded to the minimum 
ones recommended by the producers to guarantee 
gold homogeneous distribution. The samples were 
counted using the same gamma-ray spectrometer 
after 10–12 d of decay at the distance of 24 mm from 
the detector cap. 

Table 3�±�*ROG�FRQWHQW�RI�WKH�SRZHUHG�&50V�E\�FRPSDUDWRU�,1$$�XVLQJ�LURQ�DV�WKH�LQWHUQDO�VWDQGDUG��P� ������

CRM
name

CRM type Fe, %
Au, mg kg-1

E
n
-number

&HUWL¿HG�YDOXH Measured value

SHT-1 Matte of ore thermal melt 49.43 ± 0.67 1.62 ± 0.16 1.57 ± 0.15 -0.23

FSHT-42 Copper-nickel nis matte 2.64 ± 0.17 2.55 ± 0.11 2.60 ± 0.25 0.18

GSO 1787 Flotation concentrate 29.45 ± 0.50 36 ± 1 36.0 ± 3.0 0

GSO 1788 Flotation concentrate 26.97 ± 0.50 33 ± 1 32.4 ± 3.0 -0.19

GSO 2739 Flotation concentrate 28.44 ± 0.50 34 ± 1 34.3 ± 3.0 0.09

GSO 2740 Flotation tailings 4.24 ± 0.17 0.9 ± 0.1 0.94 ± 0.09 0.30

7KH�¿UVW�WZR�&50V�LQ�7DEOH���DUH�FKDUDFWHUL]HG�
by maximum total contents of medium-heavy 
HOHPHQWV��)H��1L��&X��6H��DPRXQWLQJ�WR�����DQG������
correspondingly. Nevertheless, due to high values of 
198Au and 59Fe analytical gamma-lines and small bag 
WKLFNQHVV��§��PP��UHODWLYH�FRUUHFWLRQ�IRU�JDPPD�UD\�
self-absorption evaluated by Eq. 2 is lower than 1% 
and can be neglected. 

Expanded uncertainty of the INAA results U�C
a
) 

ZDV�HVWLPDWHG�DV�IROORZV��P� �������

2
2

2

2

2

2

2 )()()(2)( a
c

c

c

c

a

a
aa C

Cu
J
Ju

J
JuCCU G���| �����

where u�J
a
), u�J

c
), and u�C

c
) are standard uncertain-

ties of the corresponding values as in Eq. 1, į
a
 is the 

VWDQGDUG�GHYLDWLRQ�RI�JROG�GHWHUPLQDWLRQ��PHWKRGLFDO�
XQFHUWDLQW\��E\�FRPSDUDWRU�,1$$��DOO�WKH�UDWLRV�DQG�
į

a
 are in %). The last value assessed earlier with the 

KHOS�RI�WKH�&50V�HTXDOV�§����6WDQGDUG�XQFHUWDLQW\�
of iron internal comparator content of a sample by 
XRF corresponded to the ascribed values according 
WR�WKH�FHUWL¿HG�DQDO\WLFDO�WHFKQLTXH�

The results of CRM analyses for gold mass 
IUDFWLRQ�E\�FRPSDUDWRU�,1$$�XVLQJ�(T�����P� �������
are presented in Table 3. Iron content of the samples 
was determined by XRF. The measured values are 

https://wooordhunt.ru/word/medium
https://wooordhunt.ru/word/element


96

Int. j. biol. chem. (Online)                                                International Journal of Biology and ChemistU\�����ʋ���������

Comparator neutron activation analysis  of the solid volumetric rock samples for gold content

ZHOO� FRPSDUDEOH� ZLWK� WKH� FHUWL¿HG� RQHV� ZLWK� ����
of discrepancy. Expanded uncertainty of all the six 
CRM analyses by comparator INAA doesn›t exceed 
the allowable standard deviation of the results of 
their determination directed by the III category of 
SUHFLVLRQ� �RI� DQDO\VLV�� ����±���� IRU� WKH� LQWHUYDOV�
including these contents) according to OST 41-08-
221-04 [34]2. 

On the other hand, E
n
-number usually used 

as a recommended by IUPAC criterion to verify 
laboratory performance [35] also showed good 
DJUHHPHQW�EHWZHHQ�DOO�FHUWL¿HG�DQG�PHDVXUHG�YDOXHV�
within acceptable value ±1.

The results of Au determination in volumetric 
samples of several types of rocks by comparator 
INAA are presented in Tables 4–7 together with their 
values of mass and density. To assess heterogeneity 
of Fe content of the samples used as the internal 
standard they were measured twice changing the 
sides faced to the collimator of RLP-21T. During 
JDPPD�UD\� FRXQWLQJ� WR� ¿QG� $X�PDVV� IUDFWLRQ�� WKH�
samples were accordingly turned over as well. 

)H�FRQWHQW�RI� WKH�¿UVW� IRXU�VHUSHQWLQLWH�VDPSOHV�
�7DEOH� ��� GL൵HUV� XS� WR� ���� GHSHQGLQJ� RQ� WKH� VLGH�
faced to the collimator. However, Fe was found to 
be distributed more homogeneously within each 
ÀDW� VXUIDFH� RI� WKH� VDPSOHV�� 5RWDWLQJ� HDFK� VDPSOH�
around its axis, Fe mass fraction varied by less than 
5%. Au mass fraction of the serpentinite samples 
doesn›t exceed its four limits of detection evaluated 
according to the next expression commonly applied 
LQ� VSHFWURVFRSLF� PHWKRGV�� /2'�  � ���ı

b
/b [36]. 

+HUH� ı
b
 is standard deviation of the blank signal 

�FRXQWLQJ� VWDWLVWLFV� RI� WKH� EDFNJURXQG� FRXQW� UDWH� DW�
the peak area) and b is concentration sensitivity of 
the method. If a linear calibration function is used 
like in INAA, b is a constant: CJb '' / . The 
limit of Au detection reached very low value <0.001 
µg g-1�LQ�WKH�VHUSHQWLQLWH�VDPSOHV�VLQFH�WKLV�XOWUDPD¿F�
URFN�LV�FKDUDFWHUL]HG�E\�QHJOLJLEOH�FRQWHQW�RI�6F��§��
µg g-1) which corresponding radionuclide is often 
mainly in charge of the Compton continuum under 
198Au analytical gamma-line after 24Na completely 
decayed. 

7KH� QH[W� WKUHH� 7DEOHV� ��±��� SUHVHQW� UDWKHU�
homogeneous distribution of iron in the rock samples, 
especially in picrites. Au content of all diabase-
picrites is lower the LOD value for these samples 
which turned out four times as high comparing 
with that of serpentinite samples. This is caused by 

2�)RU�WKH�VDPSOHV�ZLWK�¿QH�GLVSHUVHG�JROG������PP�RI�WKH�
size.

high Sc mass fraction reaching its threefold Clarke 
QXPEHU��§����J�J-1) and higher Fe content comparing 
with serpentinites. Maximum content of Au in 
SLFULWH� VDPSOHV� GRHVQ¶W� H[FHHG� §������J� J-1 that is 
¿YH� WLPHV�DV�KLJK�DV� WKH�FRUUHVSRQGLQJ�/2'�YDOXH� 
�C

Sc
 § 18 µg g-1).
On the whole Au mass fraction in the several 

types of common magmatic and metamorphic 
rocks was found close to its Clarke number [29]. 
Fe is fairly homogeneously distributed, so only two 
PHDVXUHPHQWV�DUH�VX൶FLHQW�WR�HYDOXDWH�LWV�FRQWHQW�RI�
the sample, i.e. to analyze Au reliably.

Solid volumetric samples of rocks being used 
LQ� ,1$$�FDQ¶W�R൵HU�DQ�DGYDQWDJH�RI� WKH�VHQVLWLYLW\�
improvement comparing with the small powdered 
ones. However, they permit to avoid the sample 
SUHSDUDWLRQ�GL൶FXOWLHV�PHQWLRQHG�DERYH��SDUWLFXODUO\�
representative sub-sampling [37], and therefore can 
be preferable in geochemical investigations of gold 
behavior. In any case, the gained limit of Au detection 
is quite enough for this purpose. 

The volumetric sample advantages become 
of the distinctive excellence when the industrially 
VLJQL¿FDQW�$X�FRQWHQWV�DUH�FRQFHUQHG��2QH�RI� VXFK�
potentially promising source of gold is associated 
with a sedimentary rock – black shales [38] widely 
spread in the upper crust. Three corresponding puck-
like samples like the ones above were prepared from 
the large pieces of rock picked in the gold deposit 
Bakyrchik, Eastern Kazakhstan. 29 mm across the 
GLDPHWHU�� WKH\�GL൵HUHG� LQ� WKHLU� WKLFNQHVV� �����RU����
mm) and hence in mass. XRF showed considerable 
As content of the samples about 3%, hence gold can 
be associated with the mineral fraction including 
arsenopyrite. 

Unlike the samples of magmatic and metamorphic 
rocks investigated above, that of the black shales 
revealed high heterogeneity of Fe mass fraction by 
XRF. Each side of a sample was measured four times 
EHLQJ� URWDWHG�E\�����DURXQG� LWV�D[LV��7KH�YDOXHV�RI�
relative standard deviation of these measurements 
are presented in Table 8. 

Such contradictory results of separate 
determination of iron content in the heterogeneous 
sedimentary rock samples are obviously caused 
by very low maximum penetration depth d� �FP��
RI� )H� FKDUDFWHULVWLF� ;�UD\V�� $FFRUGLQJ� WR� ³WKH� ���
DSSUR[LPDWLRQ´� �L�H�� ���� RI� WKH� ;�UD\V� ZLWK� WKH�
certain energy are completely absorbed by the 
medium), this value was evaluated as follows [39] 
taking account of approximate macrocomponent 
content of the samples:
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Table 4�±�,URQ�DQG�JROG�FRQWHQW�RI�WKH�VHUSHQWLQLWH�VDPSOHV��P� ��������VLWH�$N]KDO

Sample 
name

Sample
 mass, g

Sample density, 
g cm-3

Fe, % Au, µg g-1

First side Reverse side First side Reverse side

Akzhal 7/1 14.19 2.23 4.64 ± 0.17 4.22 ± 0.17 <0.001 <0.001

Akzhal 7/2 14.20 2.27 4.83 ± 0.17 5.35 ± 0.30 <0.001 <0.001

Akzhal 7/3 13.43 2.26 4.97 ± 0.17 4.85 ± 0.17 0.0040 ± 0.0006 0.0045 ± 0.0006

Akzhal 7/4 14.22 2.30 5.05 ± 0.30 4.57 ± 0.17 <0.001 <0.001

Akzhal 7/5 14.03 2.23 4.50 ± 0.17 4.78 ± 0.17 0.0015 ± 0.0005 0.0016 ± 0.0005

Akzhal 7/6 14.52 2.31 5.28 ± 0.30 5.02 ± 0.30 0.0021 ± 0.0005 0.0015 ± 0.0005

Table 5�±�,URQ�DQG�JROG�FRQWHQW�RI�WKH�GLDEDVH�SLFULWH�VDPSOHV��P� ��������VLWH�$N]KDO�

Sample 
name

Sample
 mass, g

Sample density, 
g cm-3

Fe, % Au, µg g-1

First side Reverse side First side Reverse side

Akzhal 8/1 19.18 3.17 14.43 ± 0.45 13.98 ± 0.45 <0.004 <0.004

Akzhal 8/2 18.87 3.12 14.11 ± 0.45 13.61 ± 0.45 <0.004 <0.004

Akzhal 8/3 18.87 3.12 13.70 ± 0.45 14.06 ± 0.45 <0.004 <0.004

Akzhal 8/4 18.41 3.04 14.18 ± 0.45 14.38 ± 0.45 <0.004 <0.004

Akzhal 8/5 17.05 2.92 13.15 ± 0.45 14.23 ± 0.45 <0.004 <0.004

Table 6�±�,URQ�DQG�JROG�FRQWHQW�RI�WKH�SLFULWH�VDPSOHV��P� ��������VLWH�.DUDWXJD\�

Sample 
name

Sample
 mass, g

Sample density, 
g cm-3

Fe, % Au, µg g-1

First side Reverse side First side Reverse side

Karat 12/1 18.76 2.99 9.24 ± 0.30 9.20 ± 0.30 <0.002 <0.002

Karat 12/2 17.64 2.91 9.30 ± 0.30 9.66 ± 0.30 0.011 ± 0.002 0.010 ± 0.002

Karat 12/3 18.26 2.90 9.30 ± 0.30 9.31 ± 0.30 <0.002 <0.002

Karat 12/4 18.44 2.93 9.24 ± 0.30 9.41 ± 0.30 <0.002 <0.002

Karat 12/5 18.35 3.03 9.16 ± 0.30 8.92 ± 0.30 0.006 ± 0.002 0.006 ± 0.002

7DEOH���±�,URQ�DQG�JROG�FRQWHQW�RI�WKH�SLFULWH�VDPSOHV��P� ��������VLWH�.DUDWXJD\�

Sample 
name

Sample
 mass, g

Sample 
density, g cm-3

Fe, % Au, Pg g-1

First side Reverse side First side Reverse side

Karat 13/1 16.67 2.66 9.10 ± 0.30 9.46 ± 0.30 <0.002 <0.002

Karat 13/2 16.94 2.70 8.92 ± 0.30 8.80 ± 0.30 <0.002 <0.002

Karat 13/3 16.79 2.68 9.03 ± 0.30 8.88 ± 0.30 <0.002 <0.002

Karat 13/4 17.68 2.82 9.05 ± 0.30 8.97 ± 0.30 <0.002 <0.002

Karat 13/5 18.05 2.88 8.89 ± 0.30 8.90 ± 0.30 <0.002 <0.002
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[[[LLL 6LQ(6LQ(
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MPMPU �
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where indices i and x mean the primary and cha-
racteristic X-rays, respectively, ĳ

i
 and ĳ

x
 are the 

LQFLGHQFH�DQG�WDNH�R൵�DQJOHV��7KH�FDOFXODWHG�r value 
of the black shale samples was about 3.3 g cm-3. 
Then taking ĳ

i
 and ĳ

x
�ERWK�FORVH�WR������E

x
� �����NH9�

�)H�K-alpha line) and E
i
�  � ����� NH9� �K-alpha line 

of Cd intermediate target) the penetration depth of 
)H� FKDUDFWHULVWLF�;�UD\V� DPRXQWHG�§�����PP�RQO\��
Though that of As characterized by more high-energy 
;�UD\� OLQHV� UHDFKHG�§�����PP��$V�ZDV� UHMHFWHG� DV�
the internal standard since its distribution turned out 
HYHQ�PRUH�KHWHURJHQHRXV��7DEOH����

Thus, to evaluate Au content of the black 
shale volumetric samples the mean values of eight 
)H� PHDVXULQJ� E\� ;5)� ZHUH� XVHG� �7DEOH� ���� 7KH�
presented Fe mass fractions are averaged over four 
measurements of each side. 

Because of As high content the irradiated samplers 
were counted after three weeks of decay when 76As 
count rate became acceptable. In accordance with 

the model realized in the spreadsheet, GHৼ, Fe
 to GHৼ, Au

 
UDWLR�IRU�WKH�EODFN�VKDOH�VDPSOHV��(T�����HTXDOHG�������
LUUHVSHFWLYH�RI�WKHLU�GL൵HUHQW�WKLFNQHVV�DQG�$V�PDVV�
fraction. Correspondingly F

Fe
/F

Au
 ratio amounted 

to 1.056 for the thicker sample and to 1.042 for the 
RWKHU�WZR��(T������7KHQ�WDNLQJ�WKHVH�FRUUHFWLRQV�$X�
FRQWHQWV�ZHUH�FDOFXODWHG��7DEOH�����7KH\�ZHUH�IRXQG�
very close turning over the samples during counting. 
This can seemingly witness to the homogeneous 
GLVWULEXWLRQ� RI� JROG� LQ� WKH� VDPSOHV� �DORQJ� WKH� D[HV�
at least) i.e. to its preferable presence as the invisible 
nanoforms.

7DEOH� �� ±�5HODWLYH� VWDQGDUG� GHYLDWLRQ� ���� RI� LURQ� DQG� DUVHQLF�
GHWHUPLQDWLRQ� LQ� WKH�EODFN� VKDOH� VDPSOHV� �n� ����� JROG�GHSRVLW�
Bakyrchik

Sample
name

Fe As

First side
Reverse 

side
First side

Reverse 
side

ZHB 4/1 20.8 12.4 18.5 12.7

ZHB 4/2 9.0 6.9 11.8 10.0

ZHB 4/3 4.1 7.0 5.9 12.2

7DEOH���±�,URQ�DQG�JROG�FRQWHQW�RI�WKH�EODFN�VKDOH�VDPSOHV��P� ������

Sample 
name

Sample
 mass, g

Sample density, 
g cm-3

Fe, % Au, µg g-1

First side Reverse side First side Reverse side

ZHB 4/1 15.82 3.26 11.31 ± 0.45 13.18 ± 0.45 3.66 ± 0.36 3.60 ± 0.36

ZHB 4/2 21.63 3.30 13.33 ± 0.45 16.19 ± 0.45 4.43 ± 0.44 4.48 ± 0.44

ZHB 4/3 16.24 3.28 16.48 ± 0.45 15.46 ± 0.45 5.15 ± 0.53 5.18 ± 0.50

According to the peculiarities of gold 
behavior during sample preparation mentioned in 
Introduction, correctness of Au determination in 
volumetric samples by comparator INAA can be 
KDUGO\�FRQ¿UPHG�E\�RWKHU�DQDO\WLFDO�WHFKQLTXHV��,Q�
this case accuracy of the results is ensured by the 
following:

- total absence of any sample preparation 
including grinding;

- YHUL¿FDWLRQ� RI� WKH� DFFXUDF\� RI� GHWHFWRU�
calibration and concentration standardization with 
WKH�KHOS�RI�KLJK�TXDOLW\�SRZHUHG�&50V�FHUWL¿HG�IRU�
Au content;

- application of the internal standard method 
allowing to minimize all main corrections making 
them practically independent of the sample 
composition and therefore almost negligible;

- reliable determination of the internal standard 
content of the samples by an independent method.

The last condition depends not on the method 
itself but on the samples too, i.e. on their intrinsic 
KHWHURJHQHLW\��DQG�LV�VHHPLQJO\�GLVFXVVDEOH��'L൵HUHQW�
LQVWUXPHQWDO�PHWKRGV�DQG�GL൵HUHQW�LQWHUQDO�VWDQGDUGV�
can be tried. At last, a part of the samples can be 
crushed and powdered after INAA measurements are 
FRPSOHWHG�WR�¿QG�LQWHUQDO�FRPSDUDWRU�FRQWHQW�LQ�FDVH�
of its high heterogeneity. In any case, this doesn’t 
deny the whole approach.

&RQFOXVLRQ�

An internal standard based variant of 
comparator INAA was tried to determine Au 
content of solid volumetric samples of several 
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types of the widely spread rocks. Fe content of the 
samples as the internal comparator was determined 
by XRF. No preatrement of the geological material 
was applied. Shape and dimensions of the samples 
cut as plane cylindrical pieces of the drill cores 
corresponded that of the dishes being used to 
implement elemental analysis with the help of an 
energy dispersive XRF spectrometer RLP-21T. 
6LJQL¿FDQWO\� HQODUJHG� VDPSOH� PDVV� WR� ��±20 g 
makes possible to take account of gold distribution 
heterogeneity to a great extent, if any. Application 
of Fe as the internal standard allowed essentially 
reducing corrections for neutron self-shielding and 
for gamma-ray self-absorption by the volumetric 
samples to the values no more than 1% and 5%, 
correspondingly. The corrections were shown to 
be practically irrespective of major constituents of 
GL൵HUHQW�W\SHV�RI�URFNV�

High penetrability of neutrons and high-energy 
gamma-rays being taken into account, when the 
corresponding analytical signals of 198Au and 59Au 
are formed by the whole sample volume, reliability 
of gold determination depends on the correctness 
of iron analysis by XRF. The demonstrated simple 
high-sensitive approach can be considered as a rather 
convenient and reliable one in case of geochemical 
exploration of homogenous rocks, when low 
penetration depth of Fe characteristic X-rays 
��� mm) doesn’t matter. XRF should be gingerly 
applied to determine Fe if sedimentary and other 
URFNV� FKDUDFWHUL]HG� E\� LWV� VLJQL¿FDQW� KHWHURJHQHLW\�
DUH�DQDO\]HG�IRU�LQGXVWULDOO\�VLJQL¿FDQW�$X�FRQWHQWV��
Other macroelements surely determined both by 
INAA and XRF may be tried then as the internal 
standards, or another method of Fe determination can 
be applied.
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