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Evaluation of precision of hydrogen isotopic composition determinations
by EA-IRMS, GC-IRMS and Py-GC-IRMS

Ocena precyzji oznaczen sktadu izotopowego wodoru w uktadach Py-GC-IRMS, GC-IRMS
oraz EA-IRMS

Marek Janiga, Matgorzata Kania

Oil and Gas Institute — National Research Institute

ABSTRACT: The work presents the results of analyzes of the hydrogen isotopic composition of pyrolysis products of a shale sample. The
pyrolysis products obtained are: methane, ethene, ethane, propylene, propane, 1-butene and n-butane. The apparatus used is a Thermo
Scientific Delta V Advantage mass spectrometer with a Trace GC Ultra chromatograph (HP-PLOT/Q capillary column, 30 m) and
Pyroprobe 6150 pyrolyzer (pyrolysis temperature 1000°C, isothermal 30 seconds). The Py-GC-IRMS methodology for determining the
hydrogen isotopic composition of pyrolysis gas products was verified by evaluating repeatability. The shale sample was pyrolyzed at
500°C, 600°C, 700°C, 800°C, 900°C and 1000°C. Accordingly, pyrolysis at 500°C does not allow the products to be separated. The ratio
between unsaturated and saturated hydrocarbons changes, and as the temperature increases, unsaturated ones begin to dominate. The
isotopic composition of individual pairs also changes, although the relationship between 6D in unsaturated and saturated hydrocarbons
is constant. The trend for all components is that at higher pyrolysis temperatures, the isotopic composition is also higher. Herein, the
differences in the isotope composition of 900°C and 1000°C are negligible. The nature of isotopic composition determinations does
not allow ascertaining the limit of quantification, the limit of detection and the method bias. Values of relative standard deviations are
below five percent only for methane, ethane and propylene. In addition, repeatability tests were performed for EA-IRMS (elemental
analyzer combined with isotope mass spectrometer) and GC-IRMS (sample injection directly into the inlet). The samples used were hard
coal and natural gas. Repeatability of hydrogen isotopic composition analyzes assessed using relative standard deviation was the best
(lowest value) for the GC-IRMS system (0.8%), then for the Py-GC-IRMS system (methane at 3 mg — 1.2%) and for EA-IRMS (2.3%).
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STRESZCZENIE: Praca przedstawia wyniki analiz sktadu izotopowego wodoru produktow pirolizy probki tupku. Otrzymywane
produkty pirolizy to: metan, eten, etan, propylen, propan, 1-buten i n-butan. Wykorzystana aparatura to spektrometr masowy Delta
V Advantage firmy Thermo Scientific wraz z chromatografem Trace GC Ultra (kolumna kapilarna HP-PLOT/Q, 30 m) i pirolize-
rem Pyroprobe 6150 (temperatura pirolizy: 1000°C, izoterma: 30 sekund). Uktad potaczony jest on-line za posrednictwem Conflo IV.
Metodyka Py-GC-IRMS oznaczen sktadu izotopowego wodoru gazowych produktow pirolizy zostata sprawdzona poprzez oceng po-
wtarzalnosci. Probka tupku byta pirolizowana w temperaturach: 500°C, 600°C, 700°C, 800°C, 900°C i 1000°C. Piroliza w 500°C nie
pozwala na wydzielenie produktéw. Proporcja pomiedzy nienasyconymi i nasyconymi weglowodorami zmienia si¢ i wraz ze wzrostem
temperatury zaczynajg dominowa¢ weglowodory nienasycone. Sktad izotopowy poszczegolnych par rowniez ulega zmianie, cho¢ sta-
fa jest relacja pomiedzy 6D nienasyconych i nasyconych weglowodorow. W przypadku wszystkich sktadnikéw utrzymuje si¢ trend, ze
przy wyzszej temperaturze pirolizy wartosci sktadu izotopowego sa rowniez wyzsze. Dodatkowo rdznice sktadu izotopowego w tem-
peraturach 900°C 1 1000°C sa juz znikome. Charakter oznaczen sktadu izotopowego nie pozwala na okreslenie granicy oznaczalno-
$ci, granicy wykrywalnosci oraz obcigzenia metody. Warto$ci wzglednych odchylen standardowych sg ponizej pigciu procent jedynie
dla metanu, etanu i propylenu. Dodatkowo wykonano testy powtarzalnosci dla uktadow EA-IRMS (analizator elementarny polaczo-
ny z izotopowym spektrometrem masowym) oraz GC-IRMS (nastrzyk probki bezposrednio do dozownika chromatografu potaczone-
go z ConFlo IV i spektrometrem). Wykorzystane probki to wegiel kamienny oraz gaz ziemny. Powtarzalno$¢ oznaczen sktadu izoto-
powego wodoru oceniana przy uzyciu wzglednego odchylenia standardowego byta najlepsza (najnizsza warto$¢) w przypadku uktadu
GC-IRMS (0,8%), nastepnie uktadu Py-GC-IRMS (metan przy nawazce 3 mg — 1,2%) i EA-IRMS (2,3%).
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Introduction

The results of the determination of the hydrogen isotope
composition are expressed as:

8D = [(D/H,, — D/Hyguow) / (D/Hyguow)] X 1000%o

test

The reference value (Vienna Standard Mean Ocean Water
— VSMOW) is the average isotope composition of hydrogen
in sea water. The results of the analyzes are the differences
between the isotope composition of the sample and the isotope
composition of VSMOW expressed in per mille (Hoefs, 2004;
Sharp, 2007; Groot, 2009).

Mass spectrometers (Isotope Ratio Mass Spectrometer
— IRMYS) are used to determine the isotopic composition of
elements having stable isotopes (carbon, nitrogen, oxygen, hy-
drogen and sulfur). The Oil and Gas Geochemistry Laboratory
has a Delta V Advantage mass spectrometer from Thermo
Scientific. Due to the high sensitivity and the inability to provide
an absolute result, each determination consists of a sample test
and a reference gas whose isotope composition is ascertained
using certified standards. The sample must be in a gaseous
form. For this reason, it is burnt in an elemental analyzer (Flash,
2000) or a GC Isolink device connected to a Trace GC Ultra
chromatograph. The flows from the analyzer, chromatograph
and reference gases are collected in a ConFlo, a device that
allows to “manage” gas streams going to the spectrometer. For
the determination of the carbon isotope composition, the sample
must be in the form of carbon dioxide, for hydrogen — in the
form of H,, for oxygen — in the form of CO, and for nitrogen
—1in the form of N,. These types of gases are reference for the
relevant determinations. The chromatograph on the inlet has
a Pyroprobe 6150 pyrolizer (CDS Analytical) attached.

Chromatograph work methodology

Gas samples are separated on a Trace GC Ultra chromato-
graph, using a 30-meter HP-PLOT/Q capillary column with
a diameter of 0.32 mm. The temperature program starts at 35°C
(held for 4 minutes). Subsequently, the temperature increases
to 210°C (held for 5 minutes), whereas the inlet temperature is
150°C. Further separated gas components leaving the column
are burned/pyrolyzed to CO,, H,, N,, CO and H,0 in the reac-
tors of the GC IsoLink device (temperature 1000 and 1400°C).
To eliminate moisture, the products of combustion, together
with the carrier gas flow through a Nafion tube. They then
go to Conflo IV (open split) and IRMS (Delta V Advantage).
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Methodology of pyrolyzer work

The Pyroprobe 6150 pyrolizer consists of two main parts
(the “probe” in which the sample is placed and the “interface”
in which the probe is placed). Additionally, operating param-
eters of two zones can be set: transfer line and eight port valve
chamber (switching carrier gas flows in two lines).

The sample is placed in a glass (quartz) tube, and then
in the probe, in which there is a platinum filament. This is
a spring-shaped heating element with a sample tube inside.
The temperature and duration of heating are the most impor-
tant operating parameters of the pyrolyzer. The SS-13 method
recommended by the manufacturer for geological samples
uses a pyrolysis temperature of 1000°C for 30 seconds. The
temperature increase is 20°C per millisecond.

The probe is placed in an interface which temperature (start,
end, rise) can also be programmed. In the SS-13 method, the
initial temperature is 50°C, the increase is 100°C/min, the final
temperature is 400°C (kept for three minutes). The temperatures
of the transfer line connecting the pyrolyzer with the chromato-
graph inlet and the valve chamber are set to 350°C and 325°C,
respectively (method SS-13). The pyrolyzer working methods
used to carry out the work differ only in the temperature of the
pyrolysis in the probe (500°C, 600°C, 700°C, 800°C, 900°C
and 1000°C). The rest of the parameters are not changed (Kania
and Janiga, 2015).

IRMS configuration and preparation for work

A number of tests are performed before starting the ana-
lyzes. The first is the “peak center”, followed by “autofocus” or
automatic tuning of the optical system parameters. Following
this, a repeatability test (so-called “on-off test”) of the internal
standard (reference gas — H,) is performed. This is a ten-fold
analysis of the reference isotope composition. The standard
deviation for this test must be lower than 0.4, otherwise no
determinations are made (checking the vacuum, looking for
leaks, performing “peak center” and “autofocus” again).

The next step is the reference gas linearity test. This is an
analysis of the isotope composition of seven peaks of reference
gas of varying intensity. Based on this test, the “H; factor” is
determined, which is automatically used by the program to
correct the results. All these tests are performed automatically
in a computer program that supports the spectrometer (Isodat).
The program also automatically calculates the values that must
be met in the relevant tests.



Calibration

The specificity of GC-IRMS determinations does not allow
the creation of multi-point calibration curves. One-point cali-
bration is performed using a standard with a similar matrix and
a similar isotope composition to that expected in the samples.
Therefore, the Alphagas isotope — H, standard was used to per-
form the calibration. The certified gas standard was purchased at
Air Liquide Polska, and was prepared in the accredited laboratory
of Air Liquide Deutschland GmbH in Dusseldorf. Calibration
was performed by injecting gas into the chromatograph inlet.
There is no standard for use via the pyrolyzer (Faghihi et al.,
2012; Renterghem et al., 2012; Vogl, 2013; Cengiz et al., 2014).

Calibration was performed by analyzing the Alphagas
isotope — H, standard six times with a 8D value of —192%o
(PDB) and a standard deviation of 4%.. The isotope composi-
tion of the reference gas was calibrated to —183.5 (CO, Lab
Tank =—183.5 in the Isodat program).

Method optimization

The sample weight must be selected so that the peak height
is within the range of the Faraday collectors. The highly re-
strictive Good practice guide for IRMS (Carter and Barwick,
2011) gives a working range of 5 to 15 V for EA-IRMS. From
practice in the Oil and Gas Geochemistry Laboratory, fully reli-
able results are obtained in the range of about 1 to 30 V. After
several weighing trials, the respective peak levels are reached
at approximately 3 mg for shale sample. The weighting does
not have to be precise, because it effects only into the height
of the peaks. Too much sample results in a peak that is cut off.
In addition, 6D assumes then completely unreliable values.

The shale sample was pyrolyzed at 500°C, 600°C, 700°C,
800°C, 900°C and 1000°C. Chromatograms for individual tem-
peratures are given in Figures 1 to 6, and the results are shown
in Table 1. Accordingly, pyrolysis at 500°C does not allow the
receiving of products. However, chromatograms for individual
temperatures allow to notice differences in proportions between
some components: ethene and ethane, propylene and propane,
1-butene and n-butane. The ratio between unsaturated and satu-
rated hydrocarbons changes, and as the temperature increases,
unsaturated ones begin to dominate. The isotopic composition
of individual pairs also changes, although the relationship be-
tween 0D in unsaturated and saturated hydrocarbons is constant.
For ethene and ethane, as well as for 1-butene and n-butane,
unsaturated hydrocarbons have higher or similar 6D values,
and for propylene and propane — the opposite. The isotope
composition diagram (Fig. 7) shows large changes in D with
increasing temperature. The trend for all components is that at
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higher pyrolysis temperature, the isotopic composition is also
higher (the exception is 1-butene, the values of which vary
widely). In addition, the differences in the isotope composition
0f 900°C and 1000°C are already negligible.

The SS-13 (1000°C) method suggested by the manufac-
turer for geological samples was selected for further work
(repeatability).

Table 1. Hydrogen isotopic composition of pyrolysis products
obtained at different temperatures [%o]

Tabela 1. Sktad izotopowy wodoru w produktach pirolizy w roz-
nych temperaturach [%o]

Pyrolysis temperature

500°C | 600°C | 700°C | 800°C | 900°C | 1000°C
Methane - -251 —222 | =209 | =207 —-188
Ethene - =207 | =176 | -127 | 121 -126
Ethane - =302 | 254 | 219 | -177 —-187
Propylene - =217 | —-192 -172 | -182 —-187
Propane - 214 -178 —-143 -99 -95
1-Buthene - -98 83 -162 | 107 -112
n-Buthane - -207 | 171 —-155 111 -111

Method validation elements

Validation is the process of determining the parameters
that characterize the performance and limitations of a method,
and checking its suitability for specific purposes. As a result
of the validation, one can be sure that the analysis process is
dependable, precise and gives reliable results.

The method parameters that should be determined during
validation or determination of measurement uncertainty are:
repeatability of the test method, reproducibility of the test
method, measurement accuracy, limit of quantification, detec-
tion limit and method load.

In our study, the accuracy of the method (agreement between
the actual value and the value resulting from the analysis)
could not be checked due to the lack of certified reference
materials other than the gas used for calibration. The mixed
nature of the isotopic composition (quantitative and qualita-
tive) determinations also does not allow the determination of
the limit of quantification (the smallest amount of substance
that can be reliably determined), the limit of detection (the
smallest amount of substance that can be detected) and the
method loading (“difference” between the result of the method
obtained tested and the result of testing the same sample using
the reference method). In addition, the amount of sample must
be selected so that the peaks of the individual compounds fall
within the operating range of the detector (Faraday collectors).
Thus, a reference method that could be used, hardly exists.
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Fig. 1. Chromatogram of shale sample pyrolysed at temperature 500°C
Rys. 1. Chromatogram probki tupku — piroliza w temperaturze 500°C
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Fig. 2. Chromatogram of shale sample pyrolysed at temperature 600°C
Rys. 2. Chromatogram probki tupku — piroliza w temperaturze 600°C

m/z
m) m3

10000 I

8000

6000

4000

Intensity [mV]

W F Methane

2000

Ethane Propylene
Ethene Propane n-Butane
1-Butene
A A G
0 » A, A A W S Y WY P
200 400 600 800 1000 1200 1400 1600
Time [s]

Fig. 3. Chromatogram of shale sample pyrolysed at temperature 700°C
Rys. 3. Chromatogram probki tupku — piroliza w temperaturze 700°C
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Fig. 4. Chromatogram of shale sample pyrolysed at temperature 800°C
Rys. 4. Chromatogram probki tupku — piroliza w temperaturze 800°C
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Fig. 5. Chromatogram of shale sample pyrolysed at temperature 900°C
Rys. 5. Chromatogram probki tupku — piroliza w temperaturze 900°C
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Fig. 6. Chromatogram of shale sample pyrolysed at temperature 1000°C
Rys. 6. Chromatogram probki tupku — piroliza w temperaturze 1000°C
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Fig. 7. Hydrogen isotopic composition of pyrolysis products obta-

ined at different temperatures [%o]

Rys. 7. Sktad izotopowy wodoru poszczegdlnych produktow piro-

lizy w roznych temperaturach [%o]

Repeatability (minimum best expected precision) — defines

the spread of measurement results of repeated tests. Conditions

for the repeatability of the test method include:

* tests carried out in one laboratory (one measuring

instrument);

» research conducted by one operator;

* tests carried out with the same equipment (without calibra-

tion during the test);

+ research carried out over a relatively short period of time.

In our study, a minimum of six
replicates were performed, then the
mean value, standard deviation and
relative standard deviation were deter-
mined, in accordance with Magnusson
et al. (2008), Michalski and Mytych
(2008), Ellison and Williams (2012),
Magnusson and Ornemark (2014).

Repeatability

The repeatability test was per-
formed by analyzing the shale sample
six times. The test was performed in
two series: a sample weight of ap-
proximately 3 mg and a weight of
approximately 4.5 mg. The results of
subsequent determinations are present-
ed in Tables 2 and 4. The lowest val-
ues, largest values, range, arithmetic
means, standard deviations and rela-
tive standard deviations for individual
compounds are presented in Tables 3
and 5. The value of relative statistical
deviation (RSD) for validation should
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be determined individually, but the usual value of acceptance
is no higher than 5%. In our work, RSD does not exceed 5%
for methane, ethane and propylene (weight 3 mg), and for
methane and ethane (weight 4.5 mg). The series of analyzes at
the 3 mg weight is more precise than the series at the 4.5 mg
weight. This can be connected with different peak highs (as
mentioned in “Method optimization” chapter) and will be
subject of further works. In addition, comparing these results
with those obtained in the previous year for the carbon isotope
composition, the statistical parameters take significantly worse
values (in the previous year, RSD for the same components
did not exceed 5%) (Janiga and Kania, 2019).

In addition, repeatability tests were performed for EA-IRMS
(elemental analyzer combined with isotope mass spectrometer)
and GC-IRMS (sample injection directly into the inlet). The
samples used were hard coal and natural gas (in our work,
only the 8D in methane was determined, the remaining hy-
drocarbons were found in insufficient quantities). The results
of the analyzes are presented in Table 6 and the statistical
parameters in Table 7. The repeatability test for GC-IRMS
gave very satisfactory results: the range of hydrogen isotopic
composition values is very small and the values of the standard
deviation and the relative standard deviation are very low.
However, such good results can be affected by homogeneity

Table 2. Hydrogen isotopic composition of pyrolysis products — 3 mg sample weight [%o]

Tabela 2. Sktad izotopowy wodoru w produktach pirolizy — nawazka okoto 3 mg [%o]

| I 11 v \% VI
Methane —-186 -192 —-188 -186 —-187 -190
Ethene ~117 ~144 ~126 ~119 ~121 ~131
Ethane —-164 -179 -187 -171 -178 -181
Propylene -175 ~192 ~187 -179 ~182 ~188
Propane -101 ~119 95 -107 -101 ~110
1-Buthene -85 -119 -112 -109 -91 -105
n-Buthane -114 -171 —111 -105 -315 -195
Table 3. Statistical parameters — 3 mg sample weight [%o, %]
Tabela 3. Parametry statystyczne — nawazka okoto 3 mg [%o, %]
Minimum | Maximum Range Arithmetic Star.ldz.trd :::::;:;Z
value value mean deviation deviation

[%o] [l
Methane -192 —-186 6 —188 2.3 1.2
Ethene 144 -117 27 -126 9.9 7.8
Ethane —187 —164 23 -177 8.0 4.5
Propylene -192 -175 16 —-184 6.1 33
Propane —-119 -95 24 —-106 8.3 7.9
1-Buthene -119 -85 34 -103 13.1 12.7
n-Buthane -315 -105 211 -168 80.9 48.0




Table 4. Hydrogen isotopic composition of pyrolysis products — 4,5 mg sample weight [%o]

Tabela 4. Sktad izotopowy wodoru w produktach pirolizy — nawazka okoto 4,5 mg [%o]

artykuty

that the EA-IRMS system is more
precise than GC-IRMS. This may be

I I I v v VI due to the type of sample (hard coal
Methane —188 —-186 -178 -182 —-185 —-193 that had to be ground).
Ethene Ry R 1o 105 s 139 Repeatability assessed using rela-
Ethane 73 et 6l s 53 63 tive standard deviation was the best
Propylene —181 —181 -132 —141 —-153 -174 (lowest value) for the GC-IRMS
system (0.8%), then that for the Py-
Propane -1 —lot 89 -l 56 76 GC-IRMS system (methane at 3 mg
1-Buthene —124 -107 -109 -99 -95 —-115 — 1.2%) and for EA-IRMS (2.3%).
n-Buthane —187 —148 -102 —88 —-136 —140
Table S. Statistical parameters — 4,5 mg sample weight
Tabela 5. Parametry statystyczne — nawazka okoto 4,5 mg Conclusions
Minimum | Maximum Range Arithmetic | Standard :::::;;‘;Z The shale sample was pyrolyzed at
value value mean deviation deviation 500°C, 600°C, 700°C, 800°C, 900°C
(%] (%] and 1000°C. The ratio between un-
saturated and saturated hydrocarbons
Methane 193 178 15 185 >4 29 changes, and as the temperature in-
Ethene -139 ~105 33 ~12l 154 127 creases, unsaturated ones begin to
Ethane ~164 “153 1 159 52 33 dominate. The isotopic composition
Propylene —18l 132 Bt ~156 208 133 of individual compounds also changes.
Propane 101 -l >0 T4 211 284 Generally, large changes in 8D can
1-Buthene 115 -9 20 105 78 75 be seen with increasing temperature.
n-Buthane 148 88 60 —123 26.2 21.3 The trend for all components is that at

Table 6. Hydrogen isotopic composition — repeatability of EA-IRMS and GC-IRMS [%o]
Tabela 6. Sktad izotopowy wodoru — powtarzalno$¢ EA-IRMS oraz GC-IRMS [%o]

higher pyrolysis temperature, the iso-
topic composition is also higher (the
exception is 1-butene, whose values

I 1 I v v VI vary widely). Of note, the differences
. . .. o
EA-IRMS _128 125 126 125 119 124 in the isotope compc.)s1.t10n of 900°C
(hard coal) and 1000°C are negligible.
GC-IRMS Repeatability was assessed by ana-
(methane in 217 -218 -221 -218 -220 217 . .
lyzing the shale sample six times (on
natural gas)
two levels: 3 mg and 4.5 mg). RSD
Table 7. Statistical parameters — repeatability of EA-IRMS and GC-IRMS does not exceed 5% for methane,
Tabela 7. Parametry statystyczne — powtarzalnos¢ EA-IRMS oraz GC-IRMS ethane and propylene (weight 3 mg),
. and for methane and ethane (weight
- . . . Relative .
Minimum Maximum Range Arithmetic Standard standard 4.5 mg)' The series Of analyzes at the
value value mean deviation o . . .
deviation 3 mg weight is more precise than the
[%o] [%] series at the 4.5 mg weight. In the re-
EA.IRMS peatability tests performed for EA-
(hard coal) 128 -11% 8 -124 29 23 IRMS and GC-IRMS, repeatability
GC-IRMS assessed using relative standard devia-
(methane in -221 217 4 218 1.7 0.3 tion was the best (lowest value) for
natural gas) the GC-IRMS system (0.8%), then for

the Py-GC-IRMS system (methane at

of the sample (natural gas consisting almost exclusively of 3 mg— 1.2%) and for EA-IRMS (2.3%).
All methodology and validation details may be useful for
users of similar instruments and lead to establishing Py-GC-

IRMS analysis procedures.

methane) and the same peak size at every analysis. Standard
deviation and relative standard deviation values for the EA-
IRMS repeatability test were surprisingly high. It is assumed
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This paper was written on the basis of the statutory work entitled:
Oznaczenia sktadu izotopowego wodoru w ukiladzie ,, on-line”
pirolizera/chromatografu i izotopowego spektrometru masowego —
the work of the Oil and Gas Institute — National Research Institute
was commissioned by the Ministry of Science and Higher Education;
order number: 0027/SG/2019, archive number: DK-4100-0027/2019.
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GEOFIZYKI WIERTNICZEJ

badania tomograficzne skat:

» tréjwymiarowa wizualizacja i analiza wewnetrznej struktury przestrzeni porowej skat metoda mikrotomografii rentge-

nowskiej (micro-CT),

» tomografia metrowych odcinkéw skat, profilowanie zmian parametrow petrofizycznych rdzenia (porowatose, gestosc

objetosciowa);
badania metoda jgdrowego rezonansu magnetycznego:
» okreslanie rozktadu nasycenia wodg przestrzeni porowej probek,
» generacja map T1-T2, szacowanie nasycenia woda/weglowodorami,
» identyfikacja obecnosci substancii organicznej TOC;

» 0znaczanie jakosciowego i ilosciowego sktadu mineralnego skat oraz wydzielonej frakcji ilastej na podstawie analizy rent-

genowskiej;

wyznaczanie zawartosci naturalnych pierwiastkéw promieniotwérczych: uranu, toru i potasu w skatach, ptuczkach wiertni-

czych i materiatach budowlanych;

ocena elektrycznych parametrow skat (wskaznika struktury porowej i zwilzalnosci);
okreslanie zaleznosci elektrycznej opornosci wtasciwej ptuczek wiertniczych od temperatury;
ocena predkosci propagacii fal ultradZwiekowych w skatach, kamieniach cementowych i ptuczkach wiertniczych;

badanie przewodnosci cieplnej skat;
wyznaczanie wspotczynnika przepuszczalnosci;
badanie gestosci, gestosci wtasciwej i porowatosci;

interpretacja profilowan geofizycznych w zakresie oceny stanu zacementowania rur oktadzinowych w otworach;

badania serwisowe:
» analiza chemiczna skat metoda fluorescenciji rentgenowskiej,

» spektrometryczne pomiary gamma na rdzeniu wiertniczym: “°K, 28U, 222Th, total gamma przy wykorzystaniu mobilne-

go urzadzenia ,Gamma Logger”.
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