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Rock-gen er ated ra dio genic heat is one of the key pa ram e ters in as sess ing geo ther mal po ten tial. To cal cu late it ac cu rately, it
is nec es sary to know the K, U and Th con tents of the rocks in a given re gion. We have com pared mea sure ments of these el e -
ment con cen tra tions us ing re sults ob tained by three an a lyt i cal meth ods: g-ray spec trom e try, pXRF spec trom e try and
ICP-MS/AES. The mea sure ments were made on the same sam ples. By em ploy ing sta tis ti cal meth ods used in an a lyt i cal and
clin i cal chem is try, it was quan ti ta tively dem on strated that pXRF tends to over es ti mate, and g-ray spec trom e try may un der es -
ti mate (though to a lesser ex tent), the con cen tra tions of U and Th by com par i son with ICP-MS/AES. The scale of over- and
un der es ti ma tion is the es pe cially large for  sam ples with low con tents of these el e ments. These dis crep an cies, es pe cially in
the case of pXRF mea sure ments, lead to sig nif i cant dif fer ences in the cal cu lated ra dio genic heat re sults, which can be many
times higher (by up to two or ders of mag ni tude) than those cal cu lated on the ba sis of in stru men tal chem is try anal y ses. It can
be con cluded that both g-ray spec trom e try and pXRF spec trom e try may be used for anal y ses to de ter mine ra dio genic heat.
How ever, while the for mer method may be a pri mary re search tech nique for this task (re plac ing in stru men tal chem i cal tech -
niques), the lat ter should be used more as a screen ing tech nique, and may re quire cal i bra tion based on lo cal stan dard sam -
ples ob tained from the study area.
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INTRODUCTION

The pres ence and de cay of the ra dio ac tive iso topes of po -
tas sium (40K), ura nium (238U and 235U) and tho rium (232Th) has a 
pre dom i nant in flu ence on the amount of the ra dio genic heat
gen er ated by rocks, which is an im por tant fac tor in as sess ing
geo ther mal po ten tial (Rybach, 1988; Beardsmore and Cull,
2001; Mareschal and Jaupart, 2013; Hasterok and Webb,
2017). There fore, mea sure ments of po tas sium, ura nium and
tho rium con cen tra tion in rocks are among the most com mon
anal y ses per formed dur ing the eval u a tion of the geo ther mal po -
ten tial of a cer tain re gion or geo log i cal unit (Zhang et al., 2024;
Rafiq et al., 2025). The ra dio genic heat gen er ated has an es pe -
cially sig nif i cant im pact on the ther mal re gime of the Earth’s
crust (Birch et al., 1968; Roy et al., 1968; Lachenbruch, 1970).
Ther mal ef fects re lated to the ra dio genic heat gen er ated may

be vis i ble at a lo cal scale, e.g. in the sur round ings of gran ites
with a high con tent of ra dio genic el e ments, the so called hot
gran ites (Sliaupa et al., 2005). Sec ond ary pro cesses, such as
hy dro ther mal al ter ation, phys i cal and chem i cal weath er ing, or
trans port of eroded ma te rial, can lead to mix ing and ho mog e ni -
za tion or fur ther chem i cal dif fer en ti a tion (Fall et al., 2020),
which may have im pact of on the spa tial and ver ti cal dis tri bu tion 
of ra dio genic heat.

In Po land, el e vated con cen tra tions of K, U, and Th are
found in the some re gions of the Sudetes Moun tains, the
Carpathian Moun tains, and the Holy Cross Moun tains, as well
as in the northeast ern part of the coun try (Strzelecki et al.,
1994). The Sudetes Moun tains and their fore land have been
the pri mary area of ra dio met ric prospection in Po land, with
stud ies and sur veys con ducted mainly be tween 1948 and the
late 1980s (Lis et al., 1997; Solecki et al., 2011; Strzelecki and
Wo³kowicz, 2019). This re gion is par tic u larly in ter est ing due to
its com pli cated geo log i cal struc ture and the di ver sity of rocks
ex ist ing within it. The Sudetes and Fore-Sudetic Block con sist
of pre-Perm ian geo log i cal units that be long to the Variscan
internides. These units are par tially cov ered by syn- to post-
 orogenic Variscan and post-Variscan bas ins, which are filled
with sed i men tary and vol ca nic rocks (Mazur et al., 2025).

Lately, be tween 2021 and 2026, the Pol ish Geo log i cal In sti -
tute – Na tional Re search In sti tute (PGI-NRI), which ful fils the
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tasks of the Pol ish Geo log i cal Sur vey, is man ag ing a large geo -
ther mal pro ject ti tled “Geo ther mal At las of the Sudetes and their 
Fore land”. As a part of this pro ject, an ex ten sive cam paign of
sam ple col lec tion has been car ried out, both from sur face ex po -
sures and from drilled cores. These sam ples were sub jected to
nu mer ous lab o ra tory anal y ses. Over 1700 sam ples were ana -
lysed for K, U and Th con cen tra tions us ing the g-ray spec trom e -
try method. For qual ity con trol a sub set of 98 unique sam ples,
rep re sent ing dif fer ent lithologies, was also stud ied for its chem i -
cal com po si tion us ing the in duc tively cou pled plasma mass
spec trom e try/atomic emis sion spec trom e try method (ICP -
-MS/AES). Fur ther more, the same sub set of 98 sam ples was
ana lysed with a por ta ble X-ray flu o res cence spec trom e ter
(pXRF), for meth od olog i cal cross-check ing.

In this re search, we per formed a sta tis ti cal com par i son of
the re sults of K, U and Th con cen tra tions ob tained by these
three an a lyt i cal tech niques. Our aim was to com pare the agree -
ment be tween the re sults pro vided by each of these an a lyt i cal
meth ods and to eval u ate the ap pli ca bil ity of these meth ods in
pro vid ing suit able data for ra dio genic heat cal cu la tions. By us -
ing sam ples rep re sent ing var i ous lithologies from the Sudetes
area, our re sults can be ap plied to stud ies of K, U and Th con -
tents in other re gions of di verse li thol ogy.

MATERIALS AND METHODS 

SAMPLES AND ANALYTICAL TECHNIQUES

The sam ples were col lected ex ten sively in the years 2022
and 2023 across the Sudetes Moun tains and the Fore-Sudetic
Block in the SW part of Po land (Fig. 1). How ever, due to the dif -
fer ences in ter rain re lief, the high est den sity of sam pling points
was pos si ble in the moun tain ous re gions, where nu mer ous
rocky ex po sures are pres ent. Over 1700 sam ples were ana -
lysed by means of g-ray spec trom e try, while 98 sam ples (Fig. 1) 
from this set were cho sen to be stud ied in de tail also by other in -
stru men tal tech niques: ICP-MS/AES and pXRF. The sam ples
cho sen rep re sent dif fer ent geo log i cal units and lithologies. Acid 
ig ne ous rocks are rep re sented mainly by gran ites and gra nitic
gneiss es from the Izera-Karkonosze Mas sif, gran ites from the
Strzegom-Sobótka Pluton, and gran ites and granitoids from the 
K³odzko-Z³oty Stok Pluton and the Kudowa Gran ite Pluton.
Light-col oured meta mor phic rocks in clude gneiss es from the
Góry Sowie Gneiss Mas sif, the Izera-Karkonosze Mas sif and
the Orlica-Snie¿nik Dome, as well as meta mor phic schists from 
the Strzelin Gneiss-Gran ite Mas sif and the Kaczawa fold belt.
Dark-col oured meta mor phic rocks such as am phi bo lites from
the K³odzko Meta mor phic Mas sif and, to a mi nor ex tent, green -
stones from the Kaczawa fold belt as well as serpentinites from
the Œlê¿a Mas sif were also cho sen for this study. The sam ple
set is com pleted by sed i men tary rocks, mainly sand stones and
con glom er ates, from the Intra-Sudetic Synclinorium. Ad di tion -
ally, one sam ple of ba salt from the Izera-Karkonosze Mas sif
was added, as rep re sen ta tion of the ba sic ig ne ous rocks. Due
to the var ied li thol ogy of the sam ples and con se quently also of
their min eral com po si tion, the range of K, U and Th con cen tra -
tions was wide enough for a com pre hen sive com par a tive study. 
More de tailed in for ma tion about the sam ples is pro vided in Ap -
pen dix 1.

The re sults of K, U and Th con cen tra tions were com pared,
with mea sure ments ob tained us ing three in de pend ent in stru -
men tal tech niques, each based on dif fer ent physicochemical
prin ci ples: 

– g-ray spec trom e try, 

– in duc tively cou pled plasma mass spec trom e try/atomic
emis sion spec trom e try (ICP -MS/AES);

– use of a por ta ble X-ray flu o res cence spec trom e ter (pXRF). 

The g-ray spec trom e try mea sure ments were con ducted at
the Petrophysical Lab o ra tory of the Com pu ta tional Ge ol ogy
Lab o ra tory (PL-CGL) lo cated at the Lower Silesian Branch of
the PGI-NRI in Wroc³aw, Po land. Ap prox i mately 1 kg of each
sam ple was crushed to a frac tion smaller than 5 mm and care -
fully ho mogen ized (quar tered and mixed). This pre pared ma te -
rial was used to fill a 585 ml cy lin dri cal con tainer (~700–800 g of
ma te rial), which was tightly sealed. Mea sure ments were per -
formed af ter a wait ing pe riod of at least 14 days to al low for the
es tab lish ment of equi lib rium within the ra dio ac tive de cay chains 
(Kalita et al., 1996). The anal y sis was con ducted us ing a GT-40
scin til la tion gamma spec trom e ter (Moskalewicz, 2022;
Kozlovska et al., 2023; Aghdam et al., 2024) equipped with a
bis muth germanate de tec tor (BGO, Bi4Ge3O12). For the mea -
sure ment, the sam ple was placed di rectly on the top of the
spec trom e ter’s de tec tor. The de tec tor it self is housed within a
10 cm thick lead shield ing sys tem, which ef fec tively iso lates it
from am bi ent back ground ra di a tion. The g-ray spec trom e try en -
ables mea sure ments in terms of ura nium and tho rium equiv a -
lents, eU and eTh, on the ba sis of their daugh ter prod ucts in -
clud ing 214Bi and 208Tl (Foote and Frick, 2001; McCay et al.,
2014). Nev er the less, through out this study, K_gamma,
U_gamma and Th_gamma no men cla ture will be used for dis tin -
guish ing re sults ob tained by this method. For the 98 sam ples
cho sen, the re main ing crushed ma te rial was ana lysed by the
two other tech niques used in this study. We note that the ma te -
rial used for the ICP-MS and pXRF tests came from the same
crushed and ho mog e nized sam ples used for the g-ray spec -
trom e try mea sure ments.

For the ICP-MS/AES anal y ses, the sam ples were sent to
the ALS Global lab o ra tory. The pre vi ously crushed ma te rial
(frac tion <5 mm) was de liv ered to ALS, where it was pul ver ized. 
Be fore anal y sis, the sam ples un der went var i ous prep a ra tion
pro ce dures, in clud ing lith ium bo rate fu sion, fol lowed by acid
dis so lu tion, aqua regia di ges tion, and four acid di ges tions. The
de tec tion limit for K2O is 0.01%, and for U and Th it is 0.05 ppm.
The mea sure ment un cer tainty in for ma tion was pro vided by
ALS with the re sults. The con cen tra tions of the main el e ments
were re ported as weight per cent ages of ox ides; how ever, the
K2O con cen tra tion was re cal cu lated to pure po tas sium by mul ti -
ply ing K2O con cen tra tion by a fac tor of 0.83 (this is the mass ra -
tio of po tas sium in po tas sium ox ide) and is de noted as K_chem. 
Sim i larly, U_chem and Th_chem re fer to ura nium and tho rium
con cen tra tions (in ppm) from the ICP-MS/AES anal y ses.

The re main ing pow dered ma te rial from ALS Global was re -
turned to the PL-CGL for the pXRF anal y ses. The mea sure -
ments were made in XRF-ded i cated cups, into which ~10 g of
pow dered sam ple was packed and cov ered with My lar® foil.
The in stru ment used for this study was an Olym pus Delta Pre -
mium pXRF with a 50 kV X-ray tube. All mea sure ments were
per formed in 3 Beam-Soil mode, with a long sam ple ex po sure
time of 60 s per beam and 180 s for the to tal mea sure ment time
per sam ple, which is con sid ered suf fi cient for ob tain ing the re -
quired ac cu racy (Zhou et al., 2023). To en sure better per for -
mance and ac cu racy, the mea sure ments were re peated three
times (to tal du ra tion of 9 min utes per sam ple) and the re sults
were av er aged. Con se quently, K_xrf, U_xrf and Th_xrf no men -
cla ture will be used to dis tin guish the re sults ob tained by this
por ta ble XRF spec trom e ter.

For ra dio genic heat cal cu la tions, den sity val ues ob tained in
the PL-CGL were used in ad di tion to the chem i cal data. The
mea sure ments of den sity and po ros ity were made ac cord ing to

2 Piotr S³omski and £ukasz Jasiñski / Geological Quarterly, 2025, 69, 61

https://doi.org/10.3390/min13020166
https://doi.org/10.7306/2022.31
https://doi.org/10.3390/en7084757
https://doi.org/10.3390/en7084757
https://doi.org/10.1093/rpd/ncad105
https://doi.org/10.1046/j.1526-0984.2001.82005.x
https://doi.org/10.2307/2987937


the wa ter im mer sion porosimetry (WIP) meth od ol ogy de scribed 
by Kuila et al. (2014), with a mi nor mod i fi ca tion to en able test ing 
sam ples larger than 5 cm3.

Knowl edge of the con cen tra tions of K (CK), U (CU) and Th
(CTh) in the rock, to gether with the den sity data (r), en ables the
cal cu la tion of rock-gen er ated ra dio genic heat (A). This is done
ac cord ing to equa tion [1] pro vided by Rybach (1988), with a
mod i fi ca tion from Sanjurjo-Sánchez et al. (2022) to use con -
cen tra tion as (K) in stead of K2O. 
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STATISTICAL METHODOLOGY 

When com par ing mea sure ments of the same quan ti ta tive
vari able, a strong cor re la tion be tween the re sults ob tained by

two ded i cated an a lyt i cal meth ods should be ex pected, es pe -
cially when the range of val ues is wide enough (Giavarina,
2015). How ever, a high value of cor re la tion co ef fi cient r or de -
ter mi na tion co ef fi cient r2 does not nec es sar ily im ply good
agree ment be tween the tech niques com pared. As dem on -
strated by Anscombe’s quar tet (Anscombe, 1973), dif fer ent
datasets (each con tain ing paired ob ser va tions X and Y) can
share the same de scrip tive sta tis tics and lin ear re gres sion
lines yet dis play com pletely dif fer ent dis tri bu tions when plot ted 
on a cross-plot, there fore graph i cal visu ali sa tion is cru cial. 

More over, the well-known and widely used or di nary least
squares (OLS) re gres sion method is based on the as sump tion
that val ues along the x-axis are er ror-free and that er ror mini -
mization is per formed only along the y-axis (James et al., 2023). 
By con trast, the com par i son of re sults from two dif fer ent tech -
niques (or even from dif fer ent ap pa ra tuses rep re sent ing the
same an a lyt i cal tech nique) usu ally in volves com par i son of
paired val ues from two datasets, both with their own mea sure -
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ment un cer tain ties (Ludbrook, 2010; Giavarina, 2015). To ad -
dress this is sue, a re gres sion method that ac counts for un cer -
tain ties of each method (along the x and y axes), should be
used. 

In this work, in or der to prop erly com pare the re sults ob -
tained by means of ICP-MS/AES with the re sults from g-ray and
pXRF spec trom e try, we used two sta tis ti cal meth ods com monly 
used in an a lyt i cal and clin i cal chem is try: a ro bust re gres sion
method de vel oped in the 1980s by Pass ing and Bablok (1983,
1984); Bablok et al. (1988) and Bland-Altman plots (Altman and 
Bland, 1983). More de tails about these two meth ods can be
found in Ap pen dix 2. All sta tis ti cal op er a tions and cal cu la tions,
as well as data visu ali sa tion, were per formed with the use of R
pro gram ming lan guage (The R Core Team, 2025), in clud ing
pack ages ggplot2 (Wick ham, 2016), ChemoSpec (Hanson,
2025) and mcr (Potapov et al., 2012).

RESULTS

EXPLORATORY DATA ANALYSIS

In this sec tion, the con cen tra tions of K, U and Th are given
with a clear dis tinc tion for each tech nique used. The data are
plot ted on a set of boxplots, his to grams and quantile plots,
shown in  to 4. De tailed sta tis ti cal in for ma tion is gath ered in Ta -
ble 1, while the com plete re sults are avail able in Ap pen dix 1. 

The ranges of K_chem and K_gamma val ues are nearly
iden ti cal, from 0.02 to ~5.37 wt.%, while the me dian val ues are
both ~3.5 wt.% (Fig. 2A). The pXRF method (K_xrf re sults) pro -
vided data within a range of 0 to 5.09 wt.% and a slightly lower
me dian of 3.16 wt.% (Fig. 2A). The datasets of K_chem and
K_gamma re sults also have a sim i lar 1st quartile (~2.4 wt.%),
while K_xrf data are char ac ter ized by a slightly lower value,
2.24 wt.%. For the 3rd quartile, the val ues are 3.93 and 3.81
wt.% for K_chem and K_gamma data, re spec tively, but the
K_xrf data value is only 3.4 wt.%. For com par i son, the av er age
con cen tra tion of po tas sium in the up per con ti nen tal crust
(UCC) is es ti mated at 2.87 wt.% (Wedepohl, 1995). In each set
of lab o ra tory re sults, the high est po tas sium con cen tra tion, usu -
ally above the 1st quartile, is ob served for most of the acid ig ne -
ous and light-col oured meta mor phic rocks ana lysed (Fig. 2A).
The low est K con tent, <1 wt.%, was found in dark-col oured
meta mor phic rocks, some clastic rocks as well as in the ba salt
sam ple (Fig. 2A). 

De spite their dif fer ent ranges, the re sults from each of the
tech niques ap plied show a sim i lar data dis tri bu tion. A com par -
i son of the quantile plots and his to grams (Fig. 2B, C) clearly
re veals that the dis tri bu tion for K_chem, K_gamma and K_xrf
all have a neg a tive skew ness, which in each case is ~–0.9
±0.05 (Ta ble 1). 

For each mea sure ment method, val ues more than one
stan dard de vi a tion be low the mean were ob served more fre -
quently than in a nor mal dis tri bu tion. How ever, for the K_chem
and K_gamma re sults, val ues more than one stan dard de vi a -
tion above the mean are less fre quent than in a nor mal dis tri bu -
tion (Fig. 2B, C). All the dis tri bu tions of po tas sium con cen tra tion 
are mesokurtic and the kurtosis val ues are –0.05, 0.07 and 0.38 
for K_chem, K_gamma and K_xrf, re spec tively (Ta ble 1). The
higher value of kurtosis for K_xrf is clearly vis i ble on the his to -
gram and dis tri bu tion plot (Fig. 2C).

The range of ura nium con cen tra tions ob tained from g-ray
spec trom e try shows a re mark ably sim i lar pat tern to the one
rep re sent ing the chem i cal data. Min i mum val ues os cil late ~0,
while the max i mum val ues are ~20 ppm for both tech niques

(Fig. 3A). In con trast, por ta ble XRF mea sure ments in di cate a
higher range, vary ing from 2.5 to 26.7 ppm, with a me dian value 
of 6.2 ppm (Fig. 3A). The value of the 1st quartile for U_chem
and U_gamma re sults is nearly iden ti cal and equal to ~1.9 ppm, 
whereas for the U_xrf it is sig nif i cantly higher at ~4.42 ppm. The
value of the 3rd quartile is low est for the U_gamma data (4.2
ppm), while the U_chem re sults are char ac ter ized by a value of
5 ppm and U_xrf is even higher, at 9 ppm. Wedepohl (1995)
gives 2.5 ppm as the av er age con cen tra tion of ura nium in the
UCC. 

The high est con cen tra tion of ura nium, usu ally be tween the
1st quartile and 10 ppm, were ob served for sam ples of acid ig -
ne ous and light-col oured meta mor phic rocks (Fig. 3A) in the
U_chem and U_gamma data sets. In all data sets, sam ples of
sed i men tary rocks show U val ues <1st quartile. Dark-col oured
meta mor phic rocks show al most no ura nium con tent in the
U_chem and U_gamma data sets; how ever, in case of the
U_xrf data, the re sults for the dark-col oured meta mor phic rocks 
and the ba salt sam ple showed val ues be tween 6 and 9 ppm
(1st quartile and me dian), while re sults for the acid ig ne ous and
light-col oured meta mor phic rocks fall within the range of 5–15
ppm for most of the sam ples (Fig. 3A). 

The dis tri bu tions of ura nium con cen tra tions ob tained by
each an a lyt i cal tech nique show a pos i tive skew ness (Fig. 3B,
C). The skew ness val ues are 2.29, 2.97 and 1.75 for U_chem,
U_gamma and U_xrf, re spec tively (Ta ble 1). The pat tern ob -
served on the quantile plots is sim i lar for all meth ods. Val ues
>1.5 stan dard de vi a tions be low the mean are less fre quent than 
in a nor mal dis tri bu tion. Con versely, val ues more than one stan -
dard de vi a tion above the mean are ob served more fre quently
than in a nor mal dis tri bu tion (Fig. 3B), par tic u larly for the
U_chem and U_gamma data. All ura nium con cen tra tions are
leptokurtic, with kurtosis val ues of 8.85, 15.49 and 5.98 for
U_chem, U_gamma and U_xrf, re spec tively (Ta ble 1). The dif -
fer ences in kurtosis are clearly vis i ble on the his to grams and
dis tri bu tion plots (Fig. 3C).

An anal o gous sit u a tion is ob served for the tho rium data.
The min i mum val ues from the Th_chem and Th_gamma data
are both <0.1 ppm, while the max i mum val ues ex ceed 40 ppm.
The me di ans of these datasets are 12.3 and 13.47 ppm, re -
spec tively (Fig. 4A). 

On the other hand, the re sults from the por ta ble XRF fall in
the range 2.67–61 ppm, with a me dian value of 35.4 ppm (Fig.
4). The 1st quartile of the Th_chem and Th_gamma data has
val ues of 8.37 and 8.68 ppm, re spec tively, whereas the same
sta tis tic for Th_xrf dataset is more than twice as large, reach ing
18.3 ppm (Fig. 4 and Ta ble 1). The 3rd quartiles for Th_chem
and Th_gamma are also very sim i lar, rep re sented by val ues of
20.9 and 21.27 ppm, while the same quartile for the Th_xrf
dataset is 35.4 ppm (Fig. 4 and Ta ble 1). The av er age amount
of tho rium in the UCC is 10.3 ppm ac cord ing to Wedepohl
(1995).

Most of the ig ne ous acid rock sam ples showed the high est
tho rium con cen tra tions, above the me dian value from each set
of Th mea sure ments; light-col oured meta mor phic rocks in di -
cate val ues mainly be tween the 1st quartile and the me dian
value of each set of Th re sults (Fig. 4A). Dark-col oured meta -
mor phic rocks and sed i men tary rocks show the low est Th
amounts, <8 ppm (Fig. 4A). The one ba salt sam ple also had a
Th con cen tra tion be low 8 ppm in the Th_chem and Th_gamma
data sets, but in Th_xrf re sults the Th amount in that sam ple
showed al most 50 ppm. 

 The dis tri bu tions of the tho rium con cen tra tions from each
an a lyt i cal tech nique show a slight pos i tive skew ness (Fig. 4B,
C), with skew ness val ues rang ing from 0.3 to 0.53 (Ta ble 1).
Only a few data points rep re sent ing the low est con cen tra tions,
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Fig. 2. Dis tri bu tions of po tas sium con cen tra tion ob tained by means of ICP-MS/AES, gamma spec trom e try and pXRF spec trom e try

A  – boxplots, whereas boxes rep re sent the first (lower edge) and third quartiles (up per edge) of the data, while the bar in side the box in di -
cates the me dian value; B – quantile plots, where the solid line in di cates the norm dis tri bu tion pat terns; for points be low the mean (lo cated
along the neg a tive sec tion of the x-axis), be ing be low the solid line in di cates a higher fre quency than ex pected from the nor mal dis tri bu tion,
while be ing above the line in di cates a lower fre quency; for points above the mean (lo cated along the pos i tive sec tion of the x-axis), the op po -
site rule ap plies; C – his to grams and sim pli fied dis tri bu tion curves



par tic u larly from the Th_chem and Th_gamma datasets, de vi -
ate from a nor mal dis tri bu tion by be ing less fre quent (Fig. 4B, C
and Ta ble 1). The kurtosis of the tho rium con cen tra tion dis tri bu -
tions is within a nar row range, from –0.21 to –0.07 (Ta ble 1).

All three sets of mea sure ments have sim i lar sta tis ti cal char -
ac ter is tics, as de tailed above. Since all sam ples used for each
an a lyt i cal tech nique were from the same source and were per -
fectly ho mog e nized. There fore, the dif fer ences ob served in the
ranges and spe cific de tails of the dis tri bu tions among these re -
sults stem from the per for mance of each method and its abil ity
to ac cu rately mea sure vary ing con cen tra tions of K, U and Th in
com plex geo log i cal sam ples.

The char ac ter is tics of the sam ple den sity (bulk den sity)
data are shown in Fig ure 5. The set of sam ples stud ied shows a 
broad range of den si ties, from ~2.3 to al most 3 g/cm3 (Fig. 5A).
How ever, most sam ples fall in the range ~2.5 and 2.65 g/cm3

(cor re spond ing to the 1st and 3rd quartiles of the data, re spec -
tively). 

The den sity data dis tri bu tion is close to a nor mal dis tri bu -
tion, but with so-called “heavier tails”, which means that both
the low est and high est val ues are more likely to ap pear (Fig. 5).
The dis tri bu tion also has a slightly pos i tive skew ness (value
0.86), while the value of kurtosis is 4.9 (leptokurtic dis tri bu tion).
The wide range of den sity val ues is a con se quence of the di -
verse lithologies of the sam ple suite and falls within the typ i cal
rock den sity val ues of 2–3.5 g/cm3 given by Schön (2015).

COMPARATIVE ANALYSIS

REGRESSION

An anal y sis was made of cross-cor re la tions be tween mea -
sure ments ob tained by g-ray spec trom e try and por ta ble XRF
spec trom e try with in stru men tal chem is try re sults (Fig. 6). The
val ues of the Pearson r cor re la tion co ef fi cient, slopes and y-in -
ter cep tion co ef fi cients ob tained by means of Pass ing-Bablock
re gres sion are dis cussed in the text, while or di nary least squa -
res slopes and y-in ter cep tion co ef fi cients are shown on the
plots for com par i son. 

The com par i son be tween K_chem and K_gamma data in di -
cates a nearly per fect agree ment be tween the gamma spec -
trom e try and in stru men tal chem i cal anal y sis re sults (Fig. 6A).
The fit ted re gres sion line slope is very close to 1 (0.96), the y-in -
ter cep tion co ef fi cient is 0.02, and the r co ef fi cient is 0.99. 

A cor re la tion be tween the K_chem and K_xrf re sults is also
clearly vis i ble, how ever, most re sults de vi ate from the y = x line,
as the K_xrf re sults are con sis tently lower than the K_chem re -
sults (Fig. 6B). The slope is 0.86 and the y-in ter cept is 0.10,
while r is 0.98. The r co ef fi cient is nearly iden ti cal for both com -
par i sons, de spite the dif fer ences in slopes and y-in ter cepts.
This dem on strates that sim ple OLS re gres sion may not be an
ap pro pri ate method for eval u at ing the re la tion ship be tween
these two in de pend ent lab o ra tory meth ods.

Fig ures 6C and D com pare ura nium con cen tra tions be -
tween the U_chem and U_gamma datasets, and the U_chem
and U_xrf datasets, re spec tively. The U_gamma re sults tend to
be un der es ti mated rel a tive to the U_chem data, es pe cially for
sam ples con tain ing more than ~6 ppm. Nev er the less the
agree ment be tween the re sults is good, with the fit ted re gres -
sion line hav ing a slope of 0.82, a y-in ter cept of 0.06 and r of
0.96 (Fig. 6C). 

The agree ment be tween U_chem and U_xrf is at most of
av er age qual ity. The pXRF method over es ti mates ura nium
con cen tra tion, and the data points are clus tered rather than
show ing a clear lin ear re la tion ship, re sult ing in an r of only 0.79
(Fig. 6D). The fit ted re gres sion equa tion has a slope of 1.32 and 
a y-in ter cep tion co ef fi cient of 1.17. Please note that the equa -
tion fit ted from the OLS method has a slope of 0.97 and a y-in -
ter cep tion co ef fi cient of 3.15, which is very dif fer ent from the
Pass ing-Bablock re gres sion and may falsely sug gest better
agree ment be tween the meth ods. 

Sim i larly to the po tas sium mea sure ments, the tho rium re -
sults from chem i cal anal y sis (Th_chem) and gamma spec trom -
e try (Th_gamma) show a nearly per fect cor re la tion (Fig. 6E).
The slope of the fit ted re gres sion line is 1.05, the y-in ter cept co -
ef fi cient is –0.33 and r is 0.99. 

On the other hand, the tho rium con cen tra tions ob tained us -
ing the pXRF in stru ment in di cate sys tem atic over es ti ma tion
when com pared with the Th_chem re sults (Fig. 6F). Al though,
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T a  b l e  1

Sta tis ti cal pa ram e ters of mea sure ments of K, U and Th con cen tra tions

El e ment Method MIN p25 M MED p75 MAX SD MAD SK K

K chem 0.02   2.4 3.06 3.54 3.94   5.37 1.24 0.79 –0.87 –0.05 

K gamma 0.02   2.36 2.98 3.4  3.81   5.37 1.2   0.85 –0.87 0.07

K xrf 0.00   2.25 2.77 3.16 3.43    5.09 1.11 0.59 –0.95 0.38

U chem 0.03   1.96 4.00 3.40 5.05 20.70 3.10 2.29 2.29 8.85

U gamma 0.00   1.86 3.35 2.97 4.16 19.59 2.61 1.72 2.97 15.49  

U xrf   2.50     4.42 7.04 6.20 9.00 26.67 3.82 3.43 1.75 5.98

Th chem   0.06     8.37 14.28 12.32  20.93  40.50 8.74 9.81 0.52 –0.07  

Th gamma   0.00     8.68 14.77 13.47  21.27  43.03 9.32 9.66 0.53 –0.07  

Th xrf   2.67     18.3    27.22 26.12  35.45  61.00 12.10   13.42 0.30 –0.21  

MIN – min i mum, p25 – 1st quartile, M – mean, MED – me dian, p75 – 3rd quartile, SD – stan dard de vi a tion, MAD – me dian ab so lute de vi a -
tion, SK – skew ness, K– kurtosis
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Fig. 3. Dis tri bu tion of ura nium con cen tra tions ob tained by means of ICP-MS/AES, gamma spec trom e try 
and pXRF spec trom e try, shown on: A – boxplots, B – quantile plots, C – his to grams and sim pli fied dis tri bu tion curves

For ex pla na tions see Fig ure 2
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Fig. 4. Dis tri bu tion of tho rium con cen tra tions ob tained by means of ICP-MS/AES, gamma spec trom e try and pXRF 
spec trom e try, shown on: A – boxplots, B – quantile plots, C – his to grams and sim pli fied dis tri bu tion curves

For ex pla na tions see Fig ure 2



these re sults are ar ranged mostly in a lin ear pat tern and a cor -
re la tion co ef fi cient is high (0.92), which in di cates strong cor re la -
tion, nev er the less the Pass ing-Bablock slope value equals 1.38 
and the y-in ter cept is 6.99. 

BLAND – ALTMAN PLOTS

Anal y sis of the Bland-Altman plots (Figs. 7–9) al lows for a
de tailed in ves ti ga tion of the dif fer ences be tween the re sults ob -
tained us ing the an a lyt i cal meth ods com pared. 

With the po tas sium re sults, a com par i son of K_gamma vs.
K_chem data (Fig. 7A) and K_xrf vs. K_chem data (Fig. 7B) re -
veals a sim i lar trend: the larg est rel a tive dif fer ences are seen in
sam ples with low po tas sium con tents (a mean value of <~1
wt.%). For most sam ples with higher con cen tra tions, the rel a -
tive dif fer ence de creases rap idly and sta bi lizes around its mean 
value. The great est rel a tive dif fer ence be tween the K_gamma
and K_chem reaches up to –60%, but for most sam ples, it is
within the range of ±10% (Fig. 7A). For the K_xrf and K_chem
re sults, the great est rel a tive dif fer ence is sig nif i cantly higher,
reach ing up to –200%. How ever, for most of the sam ples it is
within the range of ±20% (Fig. 7B). In both com par i sons, the
plots in di cate that the dif fer ence be tween the meth ods is con -
cen tra tion-de pend ent, be ing larger for low con cen tra tion mea -
sure ments and ap proach ing a con stant level for higher con cen -
tra tions.

A Bland-Altman plot vi su al iz ing the mea sure ments of
U_gamma and U_chem (Fig. 8A) re veals that the high est rel a -
tive dif fer ences (up to –200%) are ob served for sam ples with
very low ura nium con cen tra tions (mean of meth ods <1 ppm). In 
this case, the rel a tive dif fer ence be tween the meth ods does not
de crease with in crease of the mean value of the re sults from
both meth ods. For mea sure ments rep re sent ing higher con cen -
tra tions (mean of meth ods up to 10 ppm), there are sam ples
with a near-zero dif fer ence be tween the re sults from both meth -
ods. Nev er the less, many sam ples in this range show a rel a tive
dif fer ence of from ~25 to –50% (Fig. 8A). 

A lack of a clear pat tern on the plot in B (es pe cially for the
mean of re sults up to ~10 ppm) shows that the dif fer ences be -
tween the U_chem and U_xrf do not de crease strongly with in -
creas ing con cen tra tion. The val ues of the rel a tive dif fer ences
be tween U_chem and U_xrf range from 210 to –60%. Two
sam ples rep re sent ing the high est con cen tra tions of ura nium

are char ac ter ized by a rel a tively low rel a tive dif fer ence in val ues 
(<±30%), in both the U_chem vs. U_gamma and U_chem vs.
U_xrf com par i sons (Fig. 8A, B).

The re la tion ships be tween Th_chem and Th_gamma re -
veal the same pat tern as for anal o gous mea sure ments for po -
tas sium (Figs. 7A and 9A). The dif fer ence be tween the meth -
ods changes with con cen tra tion, from greater for mea sure -
ments of low con cen tra tion, while ap proach ing a con stant level
for higher ones. The great est rel a tive dif fer ence be tween
Th_gamma and Th_chem re sults reaches up to –200%, but for
most of the sam ples, it falls within the range of ±25% (Fig. 9A). 

The same sit u a tion is ob served for Th_xrf and Th_chem
data. How ever, the rel a tive dif fer ence be tween these meth ods
is mod er ately large; even for sam ples with higher con cen tra -
tions (>10 ppm) it ranges from ~75 to ~30% (Fig. 9B). Mea sure -
ments made on sam ples con tain ing £~10 ppm of tho rium are
char ac ter ized by rel a tive dif fer ence val ues rang ing from 200 to
70% (Fig. 9B).

The sam ples that showed the great est dif fer ences in K, U,
and Th con cen tra tions rep re sented mainly dark-col oured meta -
mor phic rocks and, to a lesser ex tent, clastic sed i men tary
rocks. The best agree ment be tween the meth ods was ob -
served for acidic ig ne ous rocks and light-col oured meta mor phic 
rocks, which showed the high est con tents of the el e ments ana -
lysed.

ROCKS-GENERATED RADIOGENIC HEAT 

The re sults of the cal cu la tion, based on the data from each
tech nique used in this study, are shown in Fig ure 10. Ac cord ing
to Wollenberg and Smith (1987) rock-gen er ated ra dio genic
heat in the up per con ti nen tal crust may dis play a broad range of
val ues from 0 for ba sic ex tru sive rocks up to 30–45 µW × m–3 for
acid ig ne ous and meta mor phic rocks. Re gard less of the an a lyt i -
cal method used, the ra dio genic heat cal cu lated for our sam -
ples does not ex ceed 8 µW × m–3

; how ever, most of the re sults
ex ceed the av er age value of ra dio genic heat gen er ated in the
up per con ti nen tal crust, which is ~1.6 µW × m–3

 (Jaupart et al.,
2016). 

It is clear that the A val ues based on pXRF (A_xrf) mea sure -
ments are sig nif i cantly higher than the val ues cal cu lated us ing
ICP-MS/AES (A_chem) and gamma spec trom e try (A_gamma)
data, which are broadly com pa ra ble. The range of A ob tained
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Fig. 5. Dis tri bu tion of bulk den si ties of the sam ples ana lysed, shown on: A – boxplot, B – quantile plot
C – his to gram with sim pli fied dis tri bu tion curve

For ex pla na tions see Fig ure 2
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Passing - Bablock fit equation: y = 0.96+0.02

OLS fit equation: y = 0.94+0.04

R = 0.99

Passing - Bablock fit equation: y = 0.82+0.06

OLS fit equation: y = 0.81+0.11

R = 0.96

R = 0.98

OLS fit equation: y = 0.88+0.09

Passing - Bablock fit equation: y = 0.86+0.10

Passing - Bablock fit equation: y = 1.05 - 0.33

OLS fit equation: y = 1.05 - 0.27

R = 0.99

OLS fit equation: y = 0.97+3.15

R = 0.79

Passing - Bablock fit equation: y = 1.32+1.17

OLS fit equation: y = 1.28 + 8.97

R = 0.92

Passing - Bablock fit equation: y = 1.38 + 6.99

Fig. 6. Pass ing-Bablok re gres sion plots of A – K_chem vs. K_gamma; B – K_chem vs. K_xrf; C – U_chem 
vs. U_gamma; D – U_chem vs. U_xrf; E – Th_chem vs. Th_gamma; F – Th_chem vs. Th_xrf

Re gres sion equa tions both for Pass ing-Bablock and OLS re gres sions 
are given on the graphs



from pXRF is be tween 0.75–8 µW × m–3, while for the other two
tech niques, the cal cu lated A val ues fall within the range of 0 to
~6 µW × m–3. 

Given the sig nif i cant dif fer ences in the cal cu lated ra dio -
genic heat val ues for the sam ples se lected, we have shown
(Fig. 11) the A val ues based on pXRF and gamma spec trom e -
try nor mal ized (di vided) by the A val ues cal cu lated from chem i -
cal anal y sis. 

For most sam ples, the A_gamma/A_chem ra tio os cil lates
~1, while the ra tio of A_xrf/A_chem ranges from 1.5 to 3 (A);
how ever, for sam ples with the low est val ues of A, the A_xrf
/A_chem ra tio in creases, rang ing from 5 to 200 (Fig. 11A). The
op po site trend is seen for the A_gamma /A_chem ra tio, as it is
<0.75 for some of these low-con cen tra tion sam ples (Fig. 11A). 

Al though the same pat tern is plot ted on pan els B, C and D
of Fig ure 11, the points are col oured ac cord ing to the dec i mal
log a rithms of the ra tios of K, U and Th con tents from the pXRF
and g-ray spec trom e try, re spec tively, to the con cen tra tions of
these el e ments ob tained from in stru men tal chem is try (Fig.
11B–D). This ap proach al lowed for a graph i cal pre sen ta tion of
the rel e vant ra tios of in di vid ual anal y ses, which dif fer from each
other by up to two or ders of mag ni tude.

It is seen that while most of sam ples do not dif fer sig nif i cantly
in their po tas sium re sults, some sam ples with the high est A_xrf
/A_chem ra tio and low est A_gamma /A_chem ra tio are de pleted
in K ac cord ing to the pXRF and g-ray mea sure ments, since the
log10(K_xrf/K_chem) and log10(K_xrf/K_chem) ra tios are <0 (Fig.
11B). Mean while, the same sam ples show an over es ti ma tion of

ura nium con tent in the pXRF re sults com pared to U_chem, with
high est log10(U_xrf/U_chem) ra tios, rang ing from 0.5 to 2.5,
which cor re sponds to pXRF mea sure ments be ing ~3 to 300
times higher than the chem i cal anal y ses. In con trast, an un der -
es ti ma tion of ura nium con cen tra tion in g-ray spec trom e try re sults 
com pared to U_chem re sults is ob served, since some sam ples
in di cate log10(U_gamma/U_chem) ra tios, rang ing from –0.2 to
–0.5 (this cor re sponds to g-ray mea sure ments be ing ap prox i -
mately some 3 times lower than those from chem i cal anal y ses)
or be ing un de fined (for the sam ples in di cat ing no U in g-ray spec -
trom e try mea sure ments). 

Ex actly the same char ac ter is tics are ob served for the
log10(Th_xrf/Th_chem) ra tio, which ranges from 0.5 to 2 (cor re -
spond ing to pXRF mea sure ments be ing ~3 to 100 times higher
than those from chem i cal anal y ses) and for the log10

(U_gamma/Th_chem) ra tio, which have val ues be tween –0.25
and –1 (cor re spond ing to g-ray mea sure ments be ing ap prox i -
mately up 10 times lower than those from chem i cal anal y ses),
or are un de fined for the sam ples with no Th de tected by spec -
trom e try mea sure ments (Fig. 11D). 

The sam ples show ing the great est ra tio of A_xrf and
A_gamma to A_chem (>3; Fig. 10) are the same ones that
show the great est rel a tive dif fer ences in the Bland-Altman plots
(Figs. 7–9). These dif fer ences are es pe cially great in the U and
Th sam ples rep re sent ing dark-col oured meta mor phic rocks:
os7/1, mk5/1, kz37/1, du1/1, mk2/1, kos/50/1, sed i men tary rock 
sam ples st/16/1, st28/1, ba salt sam ple iz39/1, and one grani -
toid sam ple gs89/1. Al though, most of the sam ples show a rel a -
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Fig. 7. Bland-Altman plots for A – K_gamma vs. K_chem and B – K_xrf vs. K_chem



tively lower ab so lute ra tio of A_xrf and A_gamma to A_chem
(from 1.5 to 3); they still in di cate high ra dio genic heat val ues in
A_chem, so such over es ti ma tion will have sig nif i cant con se -
quences when es ti mat ing the geo ther mal po ten tial of a given
re gion. This ap plies to the g-ray re sults for gran ite sam ple x159
as well as a se ries of pXRF mea sure ments (Fig. 10 and Ap pen -
dix 1). These spe cific sam ples are char ac ter ized by U_xrf and
U_gamma as well as Th_xrf and Th_gamma con cen tra tions
1.3 to 3 times higher than the cor re spond ing chem i cal mea -
sure ments (log a rith mic ra tios from 0.1 to 0.5 in Fig. 11C and D).

DISCUSSION

As shown in the Re sults sec tions, on the Fig ures 6C–F, 7–9 
and 11B–D, the pXRF mea sure ments tend to sig nif i cantly over -
es ti mate the con cen tra tions of U and Th for some sam ples.
Con versely, gamma spec trom e try slightly un der es ti mate these
con cen tra tions in a small num ber of sam ples when com pared
to ICP-MS/AES data. 

Some re search ers ar gue that ana lys ing low con cen tra tions
of U and Th can be chal leng ing for ICP-MS/AES meth ods. Po -
ten tial is sues in clude in com plete el e ment ex trac tion dur ing
sam ple di ges tion, pos si ble con tam i na tion dur ing prep a ra tion,
and spec tral in ter fer ences (Tuovinen et al., 2015). How ever,
many stud ies in di cate that ICP-MS/AES can be con sid ered a

ref er ence tech nique for ana lys ing even low-de tec tion con cen -
tra tions of U and Th, es pe cially when proper sam ple treat ment
is per formed prior to anal y sis (i.e., Nisi et al., 2009; Steiner et
al., 2017; LemiÀre, 2018; Zhou et al., 2023). Since a multi-acid
di ges tion pro ce dure was ap plied to our sam ples, we main tain
that the ICP-MS/AES re sults can be treated as a ref er ence for
the other two meth ods. Fur ther more, the fact that we ana lysed
ex actly the same pow dered sam ples strength ens the ro bust -
ness of our com par i sons.

The great est over es ti ma tion of U and Th val ues in our pXRF 
data is ob served for sam ples con tain ing <5 ppm of U and <10
ppm of Th (Figs. 6D, F, 8B and 9B). This is not sur pris ing, as the 
de tec tion limit for ura nium and tho rium for low-den sity sam ples
is <5 ppm, ac cord ing to the spec i fi ca tions of Olym pus Delta
pXRF and other pub li ca tions (Du rance et al., 2014). 

Tuovinen (2015) re ported good agree ment be tween pXRF
and ICP-MS mea sure ments of U and Th, al though these tests
were per formed on U and Th-rich ore sam ples. These sam ples
gen er ally in di cate much higher val ues of U and Th, even ex -
ceed ing the 3rd quartile value in our datasets. A com par i son of
pXRF for a wide range of U (0–35000 ppm) and Th (0–1000
ppm) con cen tra tions by Knight et al. (2021) also showed good
cor re la tion be tween pXRF ura nium re sults and ref er ence val -
ues. How ever, he found that pXRF over es ti mated U con cen tra -
tion for sam ples with <40 ppm of U, which is con sis tent with our
mea sure ments. 
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Fig. 8. Bland-Altman plots for A – U_gamma vs. U_chem and B – U_xrf vs. U_chem
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The ex pla na tion for the over es ti ma tion of ura nium and tho -
rium con tent in the pXRF mea sure ments of sam ples with rel a -
tively low con cen tra tions lies in the chem i cal com po si tion of the
Stan dard Ref er ence Ma te rial (SRM) used to cal i brate this tech -
nique and in the ma trix com po si tion of the sam ples ana lysed.
Ac cord ing to Melquiades (2024), if the Zr, Rb and Sr con tents in 
the SRM and sam ples sig nif i cantly ex ceeds the ura nium and
tho rium con cen tra tions, the K-lines from Rb, Sr, and Zr peaks
may over lap the L-lines from Th and U peaks. This spec tral in -
ter fer ence causes an inter-el e ment en hance ment ef fect (Van
Grieken and Markowicz, 2001) and falsely el e vates the con cen -
tra tions of U and Th in the pXRF re sults. 

This de scrip tion ex actly fits also to our re sults, which is
clearly vis i ble in the spec tra of our mea sure ments, where sig nif -
i cant K-lines from Rb, Sr, and Zr are vis i ble (Fig. 12). The Olym -
pus Delta Pre mium pXRF in stru ment used in this study has a
fac tory cal i bra tion made by the Compton nor mal iza tion method, 
us ing NIST 2710 and 2711 SRM (Olym pus, 2010; US EPA,
2007). The con cen tra tions of U and Th are re spec tively 25 and
12 ppm in NIST 2710, while NIST 2711 con tains 2.6 and 14
ppm of U and Th. For com par i son, the con cen tra tions in NIST
2710 are 120 and 330 ppm, re spec tively for Rb and Sr, while
this SRM does not con tain Zr. NIST 2011 is con tains 110 ppm
of Rb, 245.3 ppm of Sr and 230 ppm of Zr. There is no doubt
that con cen tra tions of Rb, Sr and Zr are higher than those of U
and Th, both in the SRMs and in the sam ples ana lysed by us,
which may im pact the qual ity of re sults.

The man u fac turer of the SRMs, the Na tional In sti tute of
Stan dards and Tech nol ogy informs that only the Sr con tent in
NIST 2711 is a cer ti fied value, while the rest are noncertified
val ues, which mean that a bias was sus pected in one or more of 
the meth ods used for cer tif i ca tion, or two in de pend ent meth ods
were not avail able (NIST, 2005). Nev er the less Rb, Sr and Zr
can be mea sured ac cord ing to the Olym pus Delta pXRF man u -
fac turer (Olym pus, 2010).

The un der es ti ma tion of the amount of po tas sium (Figs. 6B
and 7B) by the pXRF in stru ment can be ex plained also by the
Compton nor mal iza tion method used in this equip ment. It works 
well with sam ples con tain ing up to 2–3% of the el e ment ana -
lysed (Olym pus, 2010; US EPA, 2007). The NIST ma te ri als
have K con tents of be tween 2 and 2.5%, while 75% of our sam -
ples show K con cen tra tions of >2.4 wt.% and half of all our sam -
ples show >3.54 wt.% ac cord ing to the ICP-MS/AE anal y sis
(Ta ble 1).

Since ura nium is the el e ment pri mar ily re spon si ble for gen -
er at ing ra dio genic heat, and pXRF re sults for ura nium show the
great est dif fer ences be tween the meth ods com pared, ra dio -
genic heat val ues (A_xrf) also dis play the high est de vi a tion from 
anal o gous re sults based on g-ray spec trom e try and in stru men -
tal chem is try. In con trast to our re sults, Knight et al. (2021) re -
ported un der es ti ma tion of Th in pXRF re sults for low con cen tra -
tions (<30 ppm), though this find ing was based on only 15 mea -
sure ments. 
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Fig. 9. Bland-Altman plots for A – Th_chem vs. Th_gamma and B – Th_chem vs. Th_xrf
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The eval u a tion of the g-ray spec trom e try re sults show they
dif fer from the pXRF mea sure ments. For the Th_gamma re -
sults, there is a very good agree ment with the chem is try re sults. 
Only a few sam ples with very low Th con cen tra tions show
enough un der es ti ma tion, com pared to the chem i cal anal y sis, to 
im pact the cal cu lated A_gamma value (Figs. 6E, 8B and 11D). 

For the U_gamma data, al though many more sam ples
show un der es ti ma tion com pared to the chem is try re sults
(Figs. 6C and 8A), the scale of this un der es ti ma tion is so small 
that it does not sig nif i cantly af fect the cal cu lated A_gamma
val ues. Only a few sam ples, where U con cen tra tion is ~0 ppm
in g-ray spec trom e try, dis play sig nif i cantly lower val ues of cal -
cu lated ra dio genic heat (Fig. 11C). This find ing is con sis tent
with the study of Zhu et al.  (2017), which also re ported good
agree ment be tween gamma spec trom e try and ICP-MS tech -
niques and sug gested that the datasets ob tained by these two
tech niques can be com bined for ra dio genic heat cal cu la tions.
Tuovinen et al. (2015) also re ported ac cept able agree ment
be tween gamma spec trom e try and ICP-MS, though pointed to 
an un der es ti ma tion of U and over es ti ma tion of Th by gamma
spec trom e try.

We have shown that the dif fer ences in cal cu lated rock ra -
dio genic heat val ues, es pe cially for sam ples poor in ura nium
and tho rium, stem from the vary ing abil ity of pXRF, and to a
much lesser ex tent, g-ray spec trom e try, to mea sure con cen tra -
tions of these el e ments. Many au thors sug gest that method
per for mance and de tec tion lim its de pend not only on in stru ment 
and prep a ra tion tech nique, but also on sam ple ma trix com po si -
tion (Tuovinen et al., 2015; Steiner et al., 2017; LemiÀre, 2018).
The lack of full con sis tency in pub lished com par a tive stud ies
and in our own re sults re gard ing which method over- or un der -
es ti mates el e men tal con tent also sup ports this con clu sion. It is
nec es sary to ac cept the chal lenges of mea sur ing sam ples with
low U and Th con tent, and there the po ten tial ex ists for qual ity
im prove ment. A set of lo cal stan dards ob tained by a re li able
method is of ten ad vised for con struct ing a cus tom cal i bra tion
(Du rance et al., 2014; Steiner et al., 2017). 

Knowl edge of rock-gen er ated ra dio genic heat dis tri bu tion is 
cru cial for char ac ter iz ing the heat and ther mal state of a given
re gion, as well as for proper eval u a tion of its geo ther mal po ten -
tial (Hasterok and Chap man, 2011; Zhang et al., 2024; Rafiq et
al., 2025). This heat, pri mar ily gen er ated by the ra dio ac tive de -
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radiogenic heat A calculated on the basis of:
 pXRF

ICP-MS/AES

gamma spectrometry

Fig. 10. The val ues of rock-gen er ated ra dio genic heat cal cu lated on the ba sis of the three sets of K, U, Th con cen tra tions
 from pXRF, ICP-MS/AES and gamma spec trom e try anal y sis of the same sam ples

The sam ples are sorted and plot ted in de creas ing or der ac cord ing to the A val ues ob tained 
from in stru men tal chem is try data (ICP-MS/AES)
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cay of iso topes of K, U and Th, rep re sents an es sen tial in ter nal
heat source that sig nif i cantly in flu ences the geo ther mal gra di -
ent and the ther mal re gime of the up per con ti nen tal crust
(Jaupart and Mareschal, 2007). 

The con tri bu tion of this pa ram e ter be comes par tic u larly sig -
nif i cant in re gions char ac ter ized by thick, acidic con ti nen tal
crust, es pe cially those host ing large granitoid in tru sions or
meta mor phic com plexes, which serve as nat u ral ac cu mu la tors
of heat-pro duc ing el e ments (Rudnick and Foun tain, 1995). For
in stance, Zhang et al. (2024) re ported that ra dio genic heat pro -
duc tion con trib uted 39–70°C to the for ma tion of hot dry rock
(HDR) re sources in the north east ern Gonghe ba sin. The high
con cen tra tion of these iso topes within gra nitic plutons of ten
leads to the for ma tion of so-called High Heat Flow Prov inces,
where crustal ra dio genic heat pro duc tion can sig nif i cantly ac -
count for the to tal sur face heat flow (Roy et al., 1968; Lachen -
bruch, 1971; Mareschal and Jaupart, 2013).

Tak ing into ac count the com plex geo log i cal struc ture of the
Sudetes, also in clud ing the pres ence of gran ite plutons, the cor -
rect es ti ma tion of the amount of ra dio genic heat pro duced by
the rocks is par tic u larly im por tant for geo ther mal pros pect ing in
this re gion (Dowgia³³o, 2002; Puziewicz et al., 2012; Majo -
rowicz, 2021).

CONCLUSIONS

Por ta ble XRF mea sure ments may sig nif i cantly over es ti -
mate the con cen tra tions of U and Th, es pe cially for sam ples
hav ing <10 ppm of these el e ments. Gamma spec trom e try, by
com par i son, can slightly un der es ti mate con cen tra tions of
these el e ments com pared to ICP-MS/AES data. Each of these 
tech niques has its ad van tages and dis ad van tages for ana lys -
ing K, U and Th con tents un der lab o ra tory con di tions. In stru -
men tal chem i cal anal y sis can pro vide the most ac cu rate re -
sults, even for sam ples with min i mal amounts of U and Th.
How ever, it is ex pen sive and re quires the most com plex sam -
ple pre-treat ment. The two other meth ods can be used as al -
ter na tives, but with some lim i ta tions. g-spec trom e try re quires a 
rel a tively large amount of ma te rial for anal y sis. Nev er the less,
if sam ple prep a ra tion and in stru ment setup are cor rect, its
con sis tency with in stru men tal chem is try is more than suf fi -
cient. Por ta ble pXRF, al though pri mar ily a field screen ing tool,
can also be used for a large num ber of lab o ra tory mea sure -
ments when a small amount of ma te rial is avail able and can be 
prop erly ground and ho mog e nized.
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Fig. 12. Spec tra (beam #1) ob tained by the pXRF in stru ment

Vis i ble K-lines from Rb, Sr and Zr peaks have sig nif i cantly
 higher in ten si ties than the Th and U L-lines
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We con sider that our ap proach, based on ro bust sam ple
prep a ra tion and sta tis ti cal anal y sis, is ap pro pri ate for pXRF and 
gamma spec trom e try mea sure ments of U and Th for the most
com mon lithologies in the Sudetes Moun tains area. We plan to
con duct fur ther anal y ses on a larger set of sam ples, to achieve
cor rec tion fac tors (from the re gres sion lines), which may be
used to cor rect pXRF mea sure ments of U and Th. Such a set of 

cor rec tions, es pe cially for ura nium mea sure ments, will be help -
ful for rapid cal cu la tion of ra dio genic heat val ues and for as -
sess ing the geo ther mal po ten tial of the re gion. 

Ac knowl edge ments. This re search was funded by the
Pol ish Na tional Fund for En vi ron men tal Pro tec tion and Wa ter
Man age ment (agree ment 579/2021/Wn-07/FG-go-dn/D).
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Sample K_chem [wt.%] U_chem [ppm] Th_chem 
[ppm] K_gamma [wt.%] U_gamma [ppm] Th_gamma 

[ppm] K_xrf [wt.%] U_xrf [ppm] Th_xrf [ppm] A_chem [uW/m3]
A_gamma 
[uW/m3] A_xrf [uW/m3] BD [g/cm3] ROCK_TYPE LITHLOGY GEOLOGICAL UNIT

111/1 2.45 2.51 11.9 2.37 2.03 10.23 2.44 3.97 25 1.72 1.46 3.04 2.78 light­coloured metamorphic gneiss Góry Sowie Gneiss Massif 

gs29/1 1.88 2.14 9.22 1.9 2.15 9.08 1.79 4.33 22 1.31 1.31 2.73 2.64 light­coloured metamorphic gneiss Góry Sowie Gneiss Massif 

x314/1 3.38 4.76 27.7 3.58 3.49 27.43 3.17 7.37 44 3.22 2.9 4.9 2.54 acidic igneous granite Izera­Karkonosze Massif

gk10/1 4.07 2.86 14.05 4.18 2.03 16.36 3.6 3.7 27.13 1.91 1.86 2.93 2.53 acidic igneous granitoid Kudowa Granite Pluton

gs155/1 2.66 3.95 5.75 2.84 2.91 6 2.33 8.17 17.07 1.6 1.36 3.42 2.64 light­coloured metamorphic gneiss Góry Sowie Gneiss Massif 

kz17/1 3.35 4.22 13.15 3.05 4.5 12.64 3.32 10 29 2.28 2.29 4.89 2.71 acidic igneous granitoid Kłodzko­Złoty Stok Granite Pluton

kz3/1 3.05 3.31 11.1 2.81 3.52 10.74 2.85 4.97 27.67 1.83 1.85 3.37 2.65 acidic igneous granitoid Kłodzko­Złoty Stok Granite Pluton

kz32/1 3.09 3.4 12.15 2.77 3.43 10.23 3.35 9 31.67 2 1.84 4.87 2.74 acidic igneous granitoid Kłodzko­Złoty Stok Granite Pluton

kz32/1* 3.08 3.4 11.15 2.77 3.43 10.23 3.3 9 27 1.93 1.84 4.54 2.74 acidic igneous granitoid Kłodzko­Złoty Stok Granite Pluton

kz37/1 1.01 0.38 1.06 0.88 0.21 0.45 0.91 7.17 18 0.27 0.17 3.42 2.9 dark­coloured metamorphic amphibolite Kłodzko Metamorphic Massif

kz39/1 3.51 3.91 24.2 3.42 4.28 23.75 3.52 5.83 39.33 2.86 2.91 4.35 2.6 acidic igneous granitoid Kłodzko­Złoty Stok Granite Pluton

du1/1 0.1 0.03 0.13 0.07 0 0 0 8.57 8.8 0.03 0.01 3.11 2.95 dark­coloured metamorphic greenstone Kaczawa greenstoneand­slate fold belt

gk12/1 2.13 2.65 12.85 2.23 2.56 14.31 1.75 2.5 24.93 1.66 1.74 2.39 2.57 acidic igneous granitoid Kudowa Granite Pluton

os7/1 0.02 0.03 0.06 0.02 0 0 0 6.03 6.37 0.01 0 2.06 2.76 dark­coloured metamorphic sepentynite Ślęża Massif

143/1 1.59 0.99 11.05 1.66 0.55 11.44 1.54 3.87 24.67 1.17 1.08 2.89 2.75 light­coloured metamorphic gneiss Góry Sowie Gneiss Massif 

gk11/1 3.67 4.12 12.45 3.7 3.31 14.09 3.16 5.67 24.53 2.12 2.03 3.27 2.58 acidic igneous granitoid Kudowa Granite Pluton

glob2 4.16 4.37 16.75 3.86 4.09 18.57 3.56 6.23 30.1 2.5 2.52 3.79 2.57 acidic igneous granite Strzegom­Sobótka Granite Pluton

gocz1/1 3.97 4.86 20.3 3.86 3.76 19.17 3.37 8.57 32.6 2.86 2.5 4.56 2.59 acidic igneous granite Strzegom­Sobótka Granite Pluton

kantyna2 3.25 2.59 13.3 2.95 2.41 14.39 2.74 4.37 26.7 1.75 1.75 3.02 2.55 acidic igneous granite Strzegom­Sobótka Granite Pluton

kwarc1 4.01 5.12 18.95 3.74 5.34 19.76 3.62 9.93 34.33 2.86 2.95 5.07 2.61 acidic igneous granite Strzegom­Sobótka Granite Pluton

siedl1 4.3 15.35 21 4.1 12.9 20.85 3.63 16.1 35.23 5.6 4.96 6.69 2.61 acidic igneous granite Strzegom­Sobótka Granite Pluton

strzegom1/1 3.59 6.05 21.4 3.49 5.66 20.45 3.16 7.07 37.07 3.26 3.09 4.55 2.64 acidic igneous granite Strzegom­Sobótka Granite Pluton

zimn2 3.94 2.77 22 3.58 2.6 21.65 3.3 2.5 35.37 2.44 2.34 3.21 2.58 acidic igneous granite Strzegom­Sobótka Granite Pluton

37/1 2.25 1.57 8.88 2.29 1.61 9.29 2.2 2.5 20.73 1.15 1.19 2.16 2.58 light­coloured metamorphic gneiss Góry Sowie Gneiss Massif 

50tka1 4.04 4.54 19.85 3.85 4.12 17.66 3.57 5.17 33.6 2.79 2.52 3.83 2.62 acidic igneous granite Strzegom­Sobótka Granite Pluton

hyż2 4.17 9.56 21 3.61 8.07 19.96 3.68 14.17 34.87 4.13 3.64 6.18 2.61 acidic igneous granite Strzegom­Sobótka Granite Pluton

wis1/2 4.05 4.34 20.9 3.68 4.35 20.37 3.56 5.73 36.57 2.8 2.74 4.16 2.61 acidic igneous granite Strzegom­Sobótka Granite Pluton

x143 4.36 9.11 40.5 4 7.27 43.03 3.56 10.1 61 5.13 4.82 6.63 2.51 acidic igneous granite Izera­Karkonosze Massif

x148 4.16 9.93 35.1 3.93 6.61 36.09 3.43 11.63 51 5.09 4.31 6.5 2.57 acidic igneous granite Izera­Karkonosze Massif

x237/1 3.89 7.89 24.2 3.8 3.9 26.51 3.32 9.17 42.27 3.75 2.93 5.18 2.51 acidic igneous granite Izera­Karkonosze Massif

x30/1 4.02 4.8 19.35 3.77 4.06 21.46 3.68 5.63 32.43 2.81 2.74 3.87 2.61 acidic igneous granite Izera­Karkonosze Massif

x257/1 3.78 4.34 20.9 3.65 3.21 21.82 3.39 2.5 34 2.78 2.54 3.16 2.61 acidic igneous granite Izera­Karkonosze Massif

x161/1 3.54 5.26 15.4 3.38 5.07 18.01 3.18 9 29 2.62 2.74 4.45 2.61 acidic igneous granite Izera­Karkonosze Massif

x205/1 4.08 6.3 29.8 4.07 4.55 31.24 3.48 9.7 47.2 3.72 3.39 5.62 2.5 acidic igneous granite Izera­Karkonosze Massif

141/1 3 2.86 12.75 2.44 2.81 11.91 2.81 2.5 20.47 1.85 1.73 2.27 2.68 light­coloured metamorphic gneiss Góry Sowie Gneiss Massif 

x246/1 3.6 3.77 18.4 3.49 4.02 18.97 3.3 4.97 33.4 2.41 2.5 3.66 2.56 acidic igneous granite Izera­Karkonosze Massif

łaż1 3.74 1.74 9.29 3.46 1.44 8.72 3.82 6.17 20.17 1.43 1.29 3.4 2.78 acidic igneous granite Strzegom­Sobótka Granite Pluton

x19 3.12 3.39 13.7 3.01 3.08 13.59 2.85 5.5 27.2 2 1.9 3.41 2.6 acidic igneous granite Strzegom­Sobótka Granite Pluton

x92 3.7 5.38 24.9 3.96 4.02 28.03 3.26 8.2 42.67 3.1 2.99 4.85 2.45 acidic igneous granite Izera­Karkonosze Massif

x180 3.92 3.21 10 3.75 2.74 10.31 3.33 3.7 20 1.72 1.61 2.44 2.53 acidic igneous granite Izera­Karkonosze Massif

x272/1 3.12 3.37 21.5 3.15 2.69 21.22 2.85 4.83 36.33 2.5 2.32 3.83 2.59 acidic igneous granite Izera­Karkonosze Massif

x30/2 4.06 5.11 23.8 3.84 4 22.68 3.61 9.47 41.67 3.19 2.81 5.45 2.61 acidic igneous granite Izera­Karkonosze Massif

x203/1 3.79 5.89 21.4 3.64 4.8 24.22 3.38 8.5 39.17 3.19 3.09 5 2.6 acidic igneous granite Izera­Karkonosze Massif

x214/1 3.62 3.48 14.25 3.61 3.04 17.22 3.27 5.93 28.17 2.02 2.11 3.49 2.51 acidic igneous granite Izera­Karkonosze Massif

x216/1 3.62 3.54 22.3 3.39 3.47 19.92 3.16 14.53 37.8 2.61 2.42 6.31 2.56 acidic igneous granite Izera­Karkonosze Massif

83/1 1.72 1.98 9.37 1.64 1.88 9.43 1.71 5.27 23.3 1.33 1.3 3.19 2.76 light­coloured metamorphic gneiss Góry Sowie Gneiss Massif 

x222/1 3.53 3.89 18.35 3.49 3.81 17.88 3.2 10.43 35.67 2.49 2.44 5.3 2.63 acidic igneous granite Izera­Karkonosze Massif

x234/1 3.84 9.09 23.7 3.75 6.05 25.26 3.24 12.73 40.2 4.1 3.44 6.05 2.57 acidic igneous granite Izera­Karkonosze Massif

x234/1* 3.83 9.46 23.3 3.75 6.05 25.26 3.23 11.07 37.6 4.17 3.44 5.46 2.57 acidic igneous granite Izera­Karkonosze Massif

pk206/1 1.06 7.72 4.08 1.11 5.58 3.99 0.91 10.37 8.63 2.2 1.68 3.12 2.5 light­coloured metamorphic schist Niemcza Shear Zone

pk250/1 3.61 2.43 21.1 3.48 2.04 23.14 3.02 2.5 34.37 2.15 2.17 2.95 2.44 acidic igneous granitoid Strzelin Gneiss­and­Granite Massif

x258/1 3.42 3.1 19.9 3.51 2.87 25.22 3.06 5.43 32.97 2.35 2.65 3.78 2.59 acidic igneous granite Izera­Karkonosze Massif

x51ab 4.49 4.96 19.45 4.15 4.01 22.29 3.87 7.97 32.73 2.85 2.77 4.42 2.57 acidic igneous granite Izera­Karkonosze Massif

x99/3 3.7 8.93 28.4 3.54 6.4 26.79 3.11 12.9 42.73 4.35 3.6 6.22 2.56 acidic igneous granite Izera­Karkonosze Massif

x116/1 4.04 7.87 26.6 3.88 4.86 26.06 3.43 12.1 37.7 3.94 3.16 5.65 2.53 acidic igneous granite Izera­Karkonosze Massif

x119 3.55 3.72 20.3 3.35 2.21 19 3.01 14.27 35.17 2.37 1.92 5.7 2.41 acidic igneous granite Izera­Karkonosze Massif

gs89/1 1.58 1.18 2.29 1.66 0.97 1.83 1.42 5 15.1 0.57 0.5 2.4 2.63 acidic igneous granitoid Góry Sowie Gneiss Massif 

x127 3.91 6.44 28.6 3.71 3.59 30.26 3.27 8.83 42.2 3.76 3.15 5.19 2.56 acidic igneous granite Izera­Karkonosze Massif

x103 3.93 6.02 26.3 3.5 4.59 28.42 3.39 8.27 39.3 3.48 3.23 4.83 2.54 acidic igneous granite Izera­Karkonosze Massif

x152 3.9 7.34 33 3.77 5.71 36.87 3.36 9.57 47.93 4.05 3.9 5.47 2.43 acidic igneous granite Izera­Karkonosze Massif

x159 3.78 5.44 16.85 3.96 7.28 24.62 3.39 7.17 30.13 2.75 3.74 4.03 2.58 acidic igneous granite Izera­Karkonosze Massif

x39/1 5.37 4.26 11.3 5.07 2.96 13.7 4.5 7.47 21.2 2.14 1.96 3.49 2.5 acidic igneous granite Izera­Karkonosze Massif

x42 3.54 5.23 16.7 3.39 4.61 19.91 3.13 5.8 29.3 2.71 2.76 3.67 2.62 acidic igneous granite Izera­Karkonosze Massif

kos87/1 3.98 1.71 9.23 3.94 1.33 8.94 3.51 3.5 18.4 1.33 1.21 2.34 2.57 light­coloured metamorphic gneiss Orlica­Śnieżnik Dome

kos96/1 2.95 1.81 11.25 2.87 1.63 11.1 3.29 5.3 25.43 n.a. n.a. n.a. n.a. light­coloured metamorphic gneiss Orlica­Śnieżnik Dome

jenków1 2.55 3.07 11.1 2.45 2.65 10.78 2.52 4.7 25.17 1.77 1.63 3.16 2.7 light­coloured metamorphic schist Kaczawa greenstoneand­slate fold belt

or20/1 2.51 2.66 10.5 2.46 2 11.18 2.64 7.3 25.53 1.58 1.45 3.79 2.64 light­coloured metamorphic gneiss Orlica­Śnieżnik Dome

gs1/1 3.3 5.56 11.55 3.31 5.29 11.27 3.08 8.17 21.23 2.41 2.32 3.68 2.59 light­coloured metamorphic gneiss Góry Sowie Gneiss Massif 

kos35/1 4.08 20.7 8.09 4.01 19.59 8.94 3.55 26.67 16.73 5.91 5.69 7.9 2.54 light­coloured metamorphic gneiss Orlica­Śnieżnik Dome

kos21/1 3.79 1.87 7.55 3.9 2.3 7.89 3.44 3.4 15.6 1.25 1.39 2.14 2.59 light­coloured metamorphic gneiss Orlica­Śnieżnik Dome

kos4/1 3.81 7.82 6.74 3.93 5.71 6.94 3.33 11.37 12.27 2.5 2.03 3.64 2.41 light­coloured metamorphic gneiss Orlica­Śnieżnik Dome

kos69/1 4.53 5.03 34.2 4.42 5.11 35.18 5.09 12.33 57.67 4.11 4.19 7.74 2.75 light­coloured metamorphic gneiss Orlica­Śnieżnik Dome

or13/1 4.21 2.39 12 4.19 2.08 14.71 3.75 6.33 21.63 1.67 1.77 3.22 2.53 light­coloured metamorphic gneiss Orlica­Śnieżnik Dome

pk291/1 2.85 3.15 9.94 2.7 2.73 9.9 2.86 7.4 21.93 1.71 1.58 3.62 2.66 light­coloured metamorphic schist Kamieniec Ząbkowicki
Metamorphic Fold Belt

st11/1 1 1.76 5.1 1.02 1.44 4.54 1.22 2.5 13 0.83 0.72 1.54 2.53 clastic marlstone Intra­Sudetic Synclinorium

st16/1 0.04 0.39 1.15 0.02 0.12 0.85 0.01 2.5 2.67 0.16 0.08 0.71 2.29 clastic sandstone Intra­Sudetic Synclinorium

st28/1 1.49 0.54 1.96 1.5 0.6 2.28 1.3 3 3.23 0.33 0.36 0.92 2.25 clastic sandstone Intra­Sudetic Synclinorium

st7/1 1.25 1.36 3.94 1.16 1.09 3.89 1.07 2.5 9.77 0.65 0.57 1.26 2.41 clastic sandstone Intra­Sudetic Synclinorium

gs37/1 2.86 2.3 7.85 2.89 2.25 7.29 2.81 4.43 16.33 1.28 1.24 2.36 2.54 light­coloured metamorphic gneiss Góry Sowie Gneiss Massif 

kos50/1 0.31 0.44 0.81 0.26 0.59 0.62 0.02 7.6 16.67 0.22 0.24 3.49 3 dark­coloured metamorphic amphibolite Orlica­Śnieżnik Dome

kos73/1 3.45 4.77 13.25 3.38 3.83 13.37 3.01 15.5 22.4 2.32 2.09 5.57 2.58 light­coloured metamorphic gneiss Orlica­Śnieżnik Dome

mk2/1 0.8 0.45 0.5 0.76 0.22 0.04 0.76 6.47 9.9 0.23 0.13 2.63 2.92 dark­coloured metamorphic amphibolite Kłodzko Metamorphic Massif

or1/1 1.88 1.57 7.73 1.74 1.37 6.58 1.79 5.53 17.43 1.07 0.93 2.74 2.65 light­coloured metamorphic gneiss Orlica­Śnieżnik Dome

or11/1 5.35 1.3 8.95 5.37 1.29 9.54 4.88 3.5 17 1.31 1.35 2.36 2.58 light­coloured metamorphic gneiss Orlica­Śnieżnik Dome

or8/1 2.59 4.66 9.24 2.73 3.88 10.12 2.8 9.53 20.87 1.84 1.73 3.72 2.42 light­coloured metamorphic gneiss Orlica­Śnieżnik Dome

mk5/1 0.37 0.12 0.22 0.29 0 0 0.19 7.17 9.13 0.08 0.03 2.79 2.99 dark­coloured metamorphic amphibolite Kłodzko Metamorphic Massif

iz11/1 3.06 2.49 8.46 3.1 1.95 8.58 3.12 3.8 19.13 1.4 1.28 2.43 2.57 light­coloured metamorphic gneiss Izera­Karkonosze Massif

iz39/1 0.85 1.53 5.72 0.81 1.47 5.83 0.89 6.17 48.67 0.95 0.94 5.57 2.98 basic igneous basalt Izera­Karkonosze Massif

iz9/1 3.92 4.11 12 3.99 3.19 10.52 3.52 6.8 20.07 n.a. n.a. n.a. n.a. light­coloured metamorphic gneiss Izera­Karkonosze Massif

gs128/1 2.03 2.79 7.28 2.1 2.98 7.81 1.73 4.5 15.83 1.36 1.45 2.36 2.65 light­coloured metamorphic gneiss Góry Sowie Gneiss Massif 

iz71/1 4.55 2.75 21.6 4.58 2.13 23.66 4.09 3.43 49.33 2.4 2.39 4.33 2.53 acidic igneous granitogneiss Izera­Karkonosze Massif

gs9/1 2.52 3.72 11.4 2.62 4.09 11.03 2.57 7.5 24.37 1.96 2.03 3.84 2.7 light­coloured metamorphic gneiss Góry Sowie Gneiss Massif 

isb42/1 0.88 1.07 4.12 0.97 0.88 4.04 0.81 4.63 15.5 0.61 0.57 2.27 2.62 clastic conglomerate Intra­Sudetic Synclinorium

isb43/1 0.51 1.62 3.11 0.56 1.41 3.06 0.42 4.43 10.93 0.63 0.58 1.82 2.52 clastic conglomerate Intra­Sudetic Synclinorium

isb50/1 2.1 1.78 6.08 2.17 1.8 6.03 1.78 2.5 10.43 0.93 0.93 1.34 2.39 clastic sandstone Intra­Sudetic Synclinorium

isb66/1 4.07 2.92 13.7 4.13 2.59 13.57 4.31 7.13 36 1.87 1.79 4.32 2.49 acidic igneous latite Intra­Sudetic Synclinorium

isb78/1 1.15 1.91 5.42 1.18 1.41 4.9 1.13 4.17 15.77 0.88 0.73 2.06 2.46 clastic conglomerate Intra­Sudetic Synclinorium

iz65/1 4.33 2.38 5.06 4.57 2.12 4.69 3.71 4.73 9.93 1.23 1.16 2.07 2.53 acidic igneous granitogneiss Izera­Karkonosze Massif

os4/2 2.74 1.06 12.2 2.67 0.84 13.74 2.26 2.5 22.83 1.26 1.3 2.27 2.55 light­coloured metamorphic mylonite Ślęża Massif

ww3/1 2.17 2.25 9.87 2.35 1.17 9.65 2.12 3.73 19.1 1.34 1.08 2.3 2.52 light­coloured metamorphic gneiss Wądroże Wielkie Gneiss Massif

Samples marked with an asterisk (*) were measured twice using IC­MS/AES and pXRF for quality control purposes;  n.a. ­ not analysed due to lack of material. A_xrf values marked by red color are more than 3 times higher than A_chem; A_xrf values and A_gamma values marked by orange color  are from 1.3 to 3 times higher than 
A_chem.
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APPENDIX 2 

Passing - Bablock regression principles 

In this regression method, the slopes aij of the lines connecting each pair of points XiYi and XjYj are calculated 
(Fig. A2.1A, equation [A2.1] ). The final slope a of the fitted regression line is the median of the calculated slopes 
(equation [A2.2]). The y-interception coefficient b of the regression line is also the median of the coefficients bi 
(equation [A2.3]), which are determined from the intersection of lines crossing each data point with the Y axis when 
X value is equal to 0. The entire family of these lines has the slope a, which was calculated in steps [1] and [2] (Fig. 
A2.1B). 

-- [A2.1] 
 [A2.2] 

 [A2.3] 

A2.1. Passing-Bablok regression principles presented in graphical from 

Bland-Altman plots

On this type of plot, the coordinates of the points are not the direct measurement results. The x-axis displays the 
average value of the measurements obtained by both techniques for each i-th sample, denoted as Mi, and these 
values are arranged in an ascending order. The y-axis shows the relative difference values, denoted as Di. This is 
calculated as the difference between the measurements from the two techniques for each i-th sample, divided by 
the Mi value, and then multiplied by 100% (Fig. A2.2). Additionally, the plots include two horizontal lines: a line at 0 
to represent no difference between the methods and a line indicating mean percentage difference (MPD), which is 
an average of all Mi values.



A2.2. Example of Bland-Altman plot. MPD – mean percent difference 


