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The chem i cal weath er ing in di ces in dif fer ent flu vial sys tems in Po land are de ter mined, to in di cate which fac tors af fect
small-scale chem i cal weath er ing pro cesses to the great est de gree. The Weath er ing In dex of Parker (WIP), Vogt’s Re sid ual
In dex (V), the Chem i cal In dex of Al ter ation (CIA), Harnois’s Chem i cal In dex of Weath er ing (CIW), and the Plagioclase In dex
of Al ter ation (PIA), as well as Rb/Sr and Sr/Cu ra tios, were cal cu lated for 30 sed i ment sam ples taken from four se lected
rivers in the Lublin Up land and the Sudetes Moun tains, re spec tively. The me dian val ues for the Lublin Up land rivers were as
fol lows: WIP (12.14–13.05), V (0.66–0.83), CIA (31.79–33.93), CIW (36.67–38.07); PIA (25.20–29.84), Rb/Sr (0.32–0.41),
Sr/Cu (14.01–19.66). The me dian val ues ob tained in the Sudetes Moun tains were: WIP (49.88–56.25), V (2.03–2.70), CIA
(54.73–56.63), CIW (68.60–70.59), PIA (58.48–59.59), Rb/Sr (1.13–2.70), Sr/Cu (5.94–8.14). River sed i ment sam ples were
also ana lysed us ing a scan ning elec tron mi cro scope and XRD dif frac tion of whole rock sam ples to iden tify min er als host ing
the el e ments in ves ti gated. The re sults in di cate a higher in ten sity of weath er ing pro cesses in the Sudetes Moun tains than in
the Lublin Up land and cor rob o rated that, be sides the cli mate re gime, other fac tors, such as bed rock li thol ogy, phys i cal ero -
sion and landform type have sig nif i cant mean ing in as sess ing weath er ing pro cesses (Graph i cal ab stract).

Key words: mod ern river sed i ments, chem i cal weath er ing in di ces, fac tors con trol ling weath er ing in ten sity, flu vial sys tems of
the Sudetes Moun tains and Lublin Up land, geo chem i cal prox ies for track ing cli mate changes.

INTRODUCTION

Weath er ing of the con ti nen tal crust is a cru cial surficial
geo log i cal pro cess that im pacts the biogeochemical cy cle of
car bon, ul ti mately reg u lat ing the Earth’s cli mate. This is be -
cause the chem i cal weath er ing of Ca-sil i cates pro duces cat -
ions and HCO3

-  which are trans ported to the oceans by rivers
and are then con sumed by car bon ate pre cip i ta tion onto the
seafloor (e.g., Dupré et al., 2003). Rivers con sti tute the pri -
mary con nec tion be tween land and the global ocean, and the
study of weath ered terrigenous ma te ri als trans ported by river
sys tems pro vides first-hand in for ma tion on var i ous nat u ral
pro cesses as well as on hu man ac tiv ity within drain age bas ins
(e.g., Guo et al., 2018). Sig nif i cant re search ef fort has been
ap plied to un der stand ing chem i cal weath er ing pro cesses and
quan ti fy ing the in ten sity of rock weath er ing and as so ci ated
CO2 con sump tion rates. Since the pi o neer ing work of Vogt
(1927), sev eral geo chem i cal prox ies have been es tab lished to 
eval u ate weath er ing re gimes and re con struct palaeoclimatic

changes in catch ments. Sil i cate weath er ing in di ces are com -
monly used to iden tify palaeoweathering pro cesses and
palaeoclimate (Yang et al., 2016; Perri, 2018; Maslov and
Podkovyrov, 2023), eval u ate soil fer til ity and de vel op ment
(Price and Velbel, 2003; Li and Yang, 2010; Shao et al., 2012;
Chetelat et al., 2013), es ti mate the im pact of cli mate on bed -
rock weath er ing (Neall, 1977), quan tify the chem i cal al ter ation 
of source rocks, and better un der stand the mo bil ity of el e -
ments dur ing weath er ing pro cesses (Fedo et al., 1995;
Sharma and Rajamani, 2000). Es ti mat ing the chem i cal weath -
er ing in di ces con trib utes to the re con struc tion of the
palaeoenvironmental con di tions and re flects cli mate changes, 
in volved also with changes in the phys i cal weath er ing pro -
cesses af fect ing the min er al og i cal com po si tion of soils and
sed i ments. The most com monly used prox ies are the Weath -
er ing In dex of Parker (WIP) and the Chem i cal In dex of Al ter -
ation (CIA; Parker, 1970; Nesbitt and Young, 1982); along with 
the Chem i cal In dex of Weath er ing (CIW; Harnois, 1988),
Vogt’s Re sid ual In dex (V; Vogt, 1927), and the Plagioclase In -
dex of Al ter ation (PIA; Fedo et al., 1995). Among these, the 
CIA, PIA and CIW are the most com monly used to in ter pret
the weath er ing his tory of mod ern and an cient sed i ments
(Harnois, 1988; Fedo et al. 1995; Tripathi and Rajamani,
1999; Saydam Eker, 2020).
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El e ment ra tios of im mo bile to mo bile el e ments, such as
Rb/Sr and Sr/Cu, are also widely used to iden tify ma te rial or i gin, 
eval u ate the de gree of chem i cal weath er ing of the source rocks 
(Dasch, 1969; McLennan et al., 1993; Rahman et al., 2020,
2021), and de ter mine the pre vail ing cli ma tic con di tions. Ru bid -
ium of ten oc curs with po tas sium in sil i cate min er als, such as
micas and po tas sium feld spars, due to the sim i lar ity of their
ionic ra dii. Ru bid ium is re leased from these min er als in weath -
er ing pro cesses and then ad sorbed. Stron tium, on the other
hand, oc curs in min er als con tain ing cal cium, in car bon ate min -
er als, and in plagioclases (Liu et al, 2023; Ouyang et al., 2019).
Rb/Sr ra tios, par tic u larly in lake sed i ments, re flect the re la tion -
ship be tween phys i cal and chem i cal weath er ing. Rb/Sr ra tios
de crease un der drier con di tions, while un der the same con di -
tions Sr/Cu ra tios in crease (Krzeszow ska, 2019). Dur ing chem -
i cal weath er ing, the in ten sity of Sr leach ing is more rapid than in 
the case of Rb (Nesbitt and Young, 1982). Fur ther more, this ra -
tio con se quently in creases with in creas ing CIA and vice versa
(Ma et al., 2000).

Chem i cal weath er ing in di ces are widely ap plied in ge ol ogy;
in par tic u lar, they are used to eval u ate the de gree of weath er ing 
in soil pro files and to ex tract cli ma tic and palaeoclimatic in for -
ma tion from sed i men tary re cords. In a se ries of stud ies on Chi -
nese river re la tion ships be tween the de gree of sil i cate weath er -
ing in ten sity and cli ma tic pa ram e ters, i.e. be tween tem per a ture
and run off, were re ported (Yang et al., 2004; Li and Yang, 2010; 
Shao et al., 2012). An ex am ple of us ing chem i cal weath er ing in -
di ces as cli ma tic prox ies in Po land co mes from the study by

Nad³onek and Bojakowska (2018), who em pha sized the im por -
tance of li thol ogy. These sur veys were not sup ported by min er -
al og i cal re search, a short fall filled by this study.

How ever, the use ful ness of weath er ing in di ces as cli ma tic
and palaeoclimatic prox ies may be lim ited by sev eral is sues, in -
clud ing prov e nance con trol of sed i ment com po si tion (e.g.,
Garzanti and Resentini, 2016), re cy cling and in her i tance from
pre vi ous sed i men tary cy cles (e.g., Borges et al., 2008), hy drau -
lic ef fects and sub se quent dif fer en ti a tion of grain size (e.g., Guo 
et al., 2018), un cer tain ties in sep a rat ing CaO in car bon ates or
phos phates from Ca-sil i cate (e.g., Buggle et al., 2011), and bi -
ases re lated to var i ous diagenetic pro cesses, such as illitization 
(e.g., Buggle et al., 2011). Re cent ad vances in the re search on
weath er ing in di ces in mod ern river sed i ments have raised the
ques tion about the role of li thol ogy in the loss of sol u ble el e -
ments and the re sult ing am bi gu ity of CIA val ues (e.g., Chetelat
et al., 2013). In ad di tion to chem i cal pro cesses, me chan i cal pro -
cesses also reg u late the weath er ing rate of rocks (Fletcher et
al., 2006; RÝyne et al., 2008).

There fore, the pur pose of this study was to: (1) es ti mate the
chem i cal weath er ing in di ces for mod ern river sed i ments from
two re gions of Po land dif fer ing in cli ma tic con di tions, geo log i cal
set tings and to pog ra phy, i.e. the Sudetes Moun tains (the
Kamienna and the Bia³a L¹decka rivers) and the Lublin Up land
(the Chodelka and ¯ó³kiewka rivers), (2) de ter mine the main
fac tors af fect ing the weath er ing of source rocks to a sig nif i cant
de gree, (3) eval u ate the use ful ness of se lected in di ces in as -
sess ing of the in ten sity of chem i cal weath er ing.
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In par tic u lar, it was in tended to an swer the ques tion of
whether chem i cal weath er ing in di ces are af fected by lithological 
ef fects and, hence, whether they can be used re li ably as ro bust
in di ca tors of cli mate and palaeoclimate. Due to their com plex
geo log i cal set tings and small catch ment ar eas (<600 km2) the
rivers se lected ap pear to be par tic u larly suited for the pur poses
of this study.

DIFFERENCES IN THE RIVER SETTINGS

The scope of re search in cluded four se lected rivers dif fer ing 
on a small (not global) scale in terms of cli mate, al ti tude, re lief
and li thol ogy, but with sim i lar to tal length.

The catch ment area of the Kamienna lies within the
Sudetes Moun tains mas sif, which is part of a moun tain-up land
hydrogeological prov ince. The Kamienna is a left-bank trib u tary
of the Bóbr river, drain ing the east ern part of the Jizera Moun -
tains, the west ern part of the Karkonosze Moun tains and the
south west ern part of the Jelenia Góra Val ley. The catch ment
area is ~274.3 km2 and the river length is ~32.4 km (Tarka and
Olichwer, 2019). The source is lo cated at an al ti tude of ~1120 m 
a.s.l. on the north ern slopes of Mumlawski Wierch in the
Karkonosze Moun tains. It be gins on the Zielony Klik peat bog.
The chan nel of the Kamienna River has a nat u ral char ac ter,
how ever with hydrotechnical struc tures lo cated along its
course. The Szklarska Porêba II hy dro elec tric power plant is lo -
cated in the river course head wa ters. Be low, in the town of
Piechowice, there is a damm ing weir (Szklarska Porêba I). The
land cover is mainly com posed of for ests.

The catch ment area is lo cated in the Sudetes Moun tains cli -
ma tic dis trict, with di verse cli ma tic con di tions. The foot hills have 
a tem per ate, cool, and hu mid cli mate shaped by air masses
from the At lan tic. How ever, the cli mate in the Jizera Moun tains
and the Karkonosze Moun tains is of typ i cal moun tain char ac ter, 
in flu enced by the ori en ta tion of the moun tain bar ri ers, el e va tion
and ter rain. The av er age an nual tem per a ture is 7–8°C. The an -
nual rain fall is 650–750 mm (Bojakowska et al., 2004).

The Bia³a L¹decka is a right-bank trib u tary of the Nysa
K³odzka (Machajski and Olearczyk, 2010). Its catch ment area
cov ers 311.18 km2 down to the mouth, and the river length is
52.29 km. The river’s sources are lo cated at 925.6 m above sea 
level. The sources of the Bia³a L¹decka are nu mer ous streams
lo cated on the bor der of the Golden Moun tains and the Bialskie
Moun tains (East ern Sudetes). The main spring wa ters are two
streams flow ing down from the slope of Postawna: Bia³y Sp³aw
and D³ugi Sp³aw. The up per part of the catch ment area is
largely for ested and moun tain ous, while the lower part is
submontane and is used for ag ri cul ture. Nu mer ous trib u tar ies
feed the Bia³a L¹decka which is a river con trolled at two wa ter
gauge sec tions (L¹dek Zdrój and ¯elazno). Nu mer ous flood
surges, with smaller or larger im pacts, have been re corded on
the Bia³a L¹decka.

The cli mate of the Bia³a L¹decka catch ment area is mod er -
ate, with strong oce anic in flu ences. Cli mat i cally, this area is di -
vided into two sep a rate zones: the Sudetes Fore land and the
Sudetes Moun tains. In the Fore land, win ter is char ac ter ized by a
daily tem per a ture be low 0°C and lasts for ~9–10 weeks, while in
the moun tains it lasts for 14–18 weeks. The grow ing sea son with
a tem per a ture above 5°C lasts for 30–32 weeks in the low lands,
while in the moun tains, it lasts for 26–27 weeks. Sum mer with a
tem per a ture above 15°C lasts for 12–14 weeks in the low-pres -
sure part and for 4–8 weeks in the Sudetes Moun tains. The av er -
age an nual tem per a ture is 7°C (in L¹dek Zdrój 6.5°C and de -
creases by ~1°C per 100 m el e va tion). The an nual rain fall is
700–900 mm (Bobiñski et al., 2004; Awdankiewicz et al., 2004).

The area of the Lublin Up land, con tain ing the rivers stud ied, 
is char ac ter ized by fea tures of a con ti nen tal cli mate, in par tic u -
lar by mod er ately high tem per a tures. The pre cip i ta tion re -
corded in this re gion var ies sig nif i cantly.

The Chodelka River is a right-bank trib u tary of the Vistula
and is strongly me an der ing. Its length is 49.3 km, and the catch -
ment area is 566.3 km2. The source of the Chodelka is lo cated
at an al ti tude of 203.7 m a.s.l. in the area of the north ern edge of 
the Urzêdowskie hills. The val ley is hilly, es pe cially in the up per
reaches of the river. Hu man ac tiv ity has al most com pletely
trans formed the lower course of the river and the drain age sys -
tems within its val ley. The changes re late to the ar ti fi cial wa ter
cir cu la tion cre ated for fish ing and ir ri ga tion pur poses. The na -
ture of the out flow and changes in the wa ter level of the low est
sec tion of the Chodelka are in flu enced by fluc tu a tions in the wa -
ter level of the Vistula, which re sults in a backflow into the river
val ley of up to sev eral kilometres dur ing floods.

The catch ment area of the Chodelka River is lo cated in the
tran si tional cli mate area be tween mar i time and con ti nen tal cli -
mates, in the so-called cli ma tic zone of the great val leys (B¹k et
al., 2010). The weather and cli mate are mainly af fected by air
masses blow ing from the west. They are char ac ter ized by rel a -
tively mild win ters, sum mers with lit tle tem per a ture range and a
pre dom i nance of spring rain fall over au tumn rain fall. It is a mod -
er ately warm cli mate. The av er age an nual air tem per a ture is
7.5–8°C, with the cold est month be ing Jan u ary (av er age –4°C)
and the warm est in July (+18°C). Pre cip i ta tion reaches
550–600 mm/year, and the snow cover lasts on av er age 70–80
days a year in the area of the mouth of the Vistula River and up
to 100 days in the river course head wa ter of the Chodelka River 
(B¹k et al., 2010; Andrzejewska-Kubrak et al., 2011).

The ¯ó³kiewka is 39.17 km long and the to tal length of the
catch ment area is ~33 km. The left-bank side of the catch ment
area cov ers 148.97 km2 and the right-bank side cov ers 67.28
km2. The sources of the ¯ó³kiewka are lo cated at an al ti tude of
229.6 m a.s.l. There is a large, flat spring area in the ba sin. The
¯ó³kiewka is fed by sev eral small left-bank trib u tar ies. Sea sonal 
streams flow from nu mer ous side val leys, gorges and ditches.
In the val ley, at the foot of the slopes, there are nu mer ous per -
ma nent or sea sonal springs, some times pro duc ing an abun -
dant sup ply of wa ter. It is char ac ter ized by a tem per ate con ti -
nen tal cli mate. The catch ment area is lo cated in the
Lublin-Zamoœæ cli ma tic re gion, which is shaped by the clash ing
in flu ences of the con ti nen tal and At lan tic cli mates. The av er age 
an nual air tem per a ture is 7.5–8°C, the av er age max i mum tem -
per a ture is 23°C and the av er age min i mum tem per a ture is
–5°C. Pre cip i ta tion val ues reach 500 to 700 mm/year (M¹dry et
al., 2011; Œlusarek et al., 2011).

GEOLOGY AND GEOMORPHOLOGY 
OF THE CATCHMENT AREAS

The Kamienna catch ment area base ment, along the en tire
sec tion of the river, is com posed of coarse and me dium gran -
ites (Milewicz et al., 1989b; Appendix 1A), in the up per course – 
river equigranular, fine and me dium gran ites and peats are also 
re vealed at the sur face. In the mid dle and up per courses of the
river, mainly silts, sands and al lu vial grav els are ex posed. Flu -
vio gla cial and deluvial sands and grav els, boul der clays,
microgranites and gneiss es also oc cur in the catch ment area
(Milewicz et al., 1989a; Appendix 2A).

The source of Kamienna River oc curs on a peat plain at an
al ti tude of over 1000 m a.s.l. The area of the river course’s
head wa ter typ i cally con tains flat sur faces of crys tal line rocks
and iso lated rocks (Bobiñski, 2015). In this sec tion, the
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Kamienna is sur rounded mainly by moun tain ridges. The mid -
dle sec tion of the Kamienna catch ment is sep a rated from the
up per course by tec tonic fault-bounded long rock ridges
(Appendix 3A). From this part to the mouth of the Kamienna
River into the Bóbr River, catch ments are formed pri mar ily by
ac cu mu la tion ter races of the Kamienna River val leys and its
trib u tar ies, which cut through the un du lat ing mo raine pla teau
(Cymerman et al., 2011). In the north-west ern part of the catch -
ment, there are denudational forms, such as slopes run ning
par al lel to the Kamienna River. Al lu vial fans and river val leys
are lo cated at the foot of the slopes (Appendix 3A). The east ern
side of the catch ment area is dom i nated by ridges and rock
peaks. Peat plains oc cur lo cally.

The base ment of the Bia³a L¹decka catch ment area con -
sists mainly of meta mor phic rocks (mica-schists, paragneisses, 
migmatites, eclogites) and ig ne ous rocks, such as gran ites and
granodiorites (Sawicki, 1988b; Appendix 1B). Mica-schists,
paragneisses and migmatites, as well as eye-gneiss es cover a
large sur face part of the catch ment area. In the up per course of
this river, be sides shales, there are also am phi bo lites and ig ne -
ous tonalites, while in the lower course, crys tal line lime stones,
dolomitic mar bles, sands, silts, al lu vial grav els and loess de -
pos its are ex posed (Sawicki, 1988a; Appendix 2B).

In the river’s up per reaches, there are mainly bare woods
and hard woods, and lo cally, flat ar eas. In this sec tion, the Bia³a
L¹decka River is sur rounded by moun tain ridges and de nu da -
tion forms in the shape of long slopes (Ap pen dix 3B;
Cwojdziñski, 2020). Nu mer ous river val leys of var i ous types are 
typ i cal of the catch ments. High lands of undulose mo raines
char ac ter ize the mid dle and lower parts of the catch ment area,
and lo cally, there are loess cov ers and frag men tary outwash
plains (Ap pen dix 3B; Cymerman and Badura, 2019).

The bed rock of the Chodelka River is formed by lime stone
rocks, cherts, marls and chalks (Malinowski and Mojski, 1981b;
Romanek, 2011b; Appendix 1C), while at the sur face car bon ate 
rocks are ac com pa nied by gla cial tills and ae olian de pos its
(Malinowski and Mojski, 1981a; Romanek, 2011a). In the up per 
course of the river and over the en tire catch ment area, gla cial
tills, peats, sandy and clay loesses, loams, clays and weath ered 
sands, marls and chalk are ex posed (Appendix 4A). In the cen -
tral part of the catch ment area, there are mainly sands, silts, al -
lu vial sands and grav els, as well as flood plains and ter races,
tills and ae olian sands. The es tu ary is dom i nated by silts, sands 
and grav els of river flood plains.

The up per reaches of the Chodelka River are dom i nated by
overflood ac cu mu la tion and ero sion ter races sur rounded by de -
nu da tion plains and lo cally small ar eas of mo raine plain
(Appendix 5A; Marsza³ek, 2001). In the mor phol ogy of the ter -
rain, these clearly are rep re sented by flat sur faces. All forms ex -
tend to the lower course of the Chodelka River. In the lower and
mid dle part of the catch ment, there are ar eas of sand-cov ered
plains, and in the vi cin ity of the catch ment, there are loess cov -
ers (Kamiñski, 2023). The lower course of the river is lo cated
within the wide Vistula val ley (Appendix 5A).

The rocks in the ¯ó³kiewka River ba sin are rep re sented by
sed i men tary rocks (lime stones,  marls, cal car e ous cherts and
chalks; Ap pen dix 1D; Cieœliñski and Rzechow ski, 1997). At the
sur face of the catch ment area there are mainly out crops of cal car -
e ous rocks, youn ger loesses, sandy and clay loesses (Ap pen dix
4B). In the up per reach of the river, silts, sands and grav els (also
glaciofluvial) are ex posed. How ever, deluvial sands and clays, and 
silts and sands of the high floodplain ter race, oc cur at the mouth of 
the ¯ó³kiewka River flow ing into the Wieprz River (Rzechowski,
1997). Flood ter races (ac cu mu la tion) and over-flood ter races (ac -
cu mu la tion and ero sion) are an im por tant el e ment of the land -

scape of the ¯ó³kiewka catch ment area. The river val ley cuts
through the loess cov ers. Sim i larly to the Chodelka catch ment
area, there are also de nu da tion plains in this area, es pe cially near
the up per reaches of the river, and slopes of pla teau plains (Ap -
pen dix 5B; Albrycht and Brzezina, 2000).

MATERIAL AND METHODS

The re search was con ducted on 30 sed i ment sam ples col -
lected from two rivers in the Sudetes Moun tains (the Kamienna, 
a left-bank trib u tary of the Bóbr, and the Bia³a L¹decka, a
right-bank trib u tary of the Nysa K³odzka) and two fur ther rivers
in the Lublin Up land (the ¯ó³kiewka, a left-bank trib u tary of the
Wieprz, and the Chodelka, a right-bank trib u tary of the Vistula).

Sam ples of al lu vial sed i ments from the Ho lo cene chan nel
subfacies were col lected with an alu mi num scoop from the
lower part of the me an der out fall lo cated un der wa ter. Thirty
sam ples, weigh ing ~0.5 kg each, were col lected for geo chem i -
cal anal y ses, to gether with twenty ~100-gram sam ples for min -
er al og i cal anal y ses.

The re search area is shown on the map (Fig. 1), whilst the
de tailed lo ca tion of sam pling sites is given in the Appendicies 3
and 5. Sed i ment sam ples were col lected at sites lo cated along
the en tire length of the rivers, at rel a tively equal in ter vals, in -
clud ing the mouths of the rivers and their sources. The sym bols
used for the sam ples col lected re late to their source rivers as
fol lows: K – Kamienna, BL – Bia³a L¹decka, CH – Chodelka, ̄  – 
¯ó³kiewka. Num ber ing starts at the source of the river and ends
at the mouth.

WAVELENGTH DISPERSIVE X-RAY FLUORESCENCE SPECTROSCOPY
(WD-XRF) AND INDUCTIVELY COUPLED PLASMA MASS

SPECTROMETRY (ICP-MS)

Geo chem i cal anal y ses of the main com po nents (Al2O3,
CaO, K2O, MgO, and Na2O) were car ried out us ing Wave length 
Dispersive X-Ray Flu o res cence Spec tros copy (WD-XRF). The
ex panded un cer tainty of the re sults was pro vided with the as -
sumed 95% prob a bil ity level and the ex pan sion fac tor k = 2. The 
de tec tion lim its were 0.05–0.40%, 0.01–0.20%, 0.01–0.60%,
0.01–0.60% and 0.01–0.40% for Al2O3, CaO, K2O, MgO, and
Na2O, re spec tively. For de ter mi na tion by WD-XRF, be fore pre -
par ing a glass for test ing, one gram of air-dried sam ple was
ground to a grain size < 0.063 mm and roasted with the ad di tion
of 4.87 g of flux – mix ture: 34% LiBO2 (lith ium metaborate) +
66% Li2B4O7 (lith ium tetraborate) at a tem per a ture of ~1000°C.

The re sult ing amounts of ox ides were used to cal cu late the
WIP, V, CIA, CIW, and PIA val ues (mo lec u lar pro por tions of ox -
ides) ac cord ing to the fol low ing for mu lae:

WIP
2Na O

0.35

MgO

0.9

2K O

0.25

CaO

0.7
1002 2= + + +

æ

è
ç

ö

ø
÷ ´

(Parker, 1970)

V
Al O K O

MgO CaO Na O
2 3 2

2

=
+

+ +

(Vogt, 1927)

CIA
Al O

Al O CaO Na O K O
1002 3

2 3 2 2

=
+ + +

´ (Nesbitt and
Young, 1982)

CIW
Al O

Al O CaO Na O
1002 3

2 3 2

=
+ +

´ (Harnois, 1988)
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PIA
Al O K O

Al O CaO+Na O K O
1002 3 2

2 3 2 2

=
-

+ -
´ (Fedo et al., 1995)

Mea sure ments of Cu, Sr, and Rb con tent were con ducted
by In duc tively Cou pled Plasma Mass Spec trom e try (ICP-MS).
The ex panded un cer tainty of the re sults was 25% with an as -
sumed 95% con fi dence level and ex pan sion fac tor k=2. The
air-dried test sam ples were ground to a grain size <0.063 mm
and dis solved in open ves sels, in a mix ture of in or ganic ac ids
with hy dro flu oric acid (HF), on a heat ing plate at a tem per a ture
not ex ceed ing 220°C. One gram of each sam ple was weighed
and placed in a Tef lon con tainer. Con cen trated ni tric acid HNO3

was added and the sam ple was evap o rated on the hot plate to
wet salts. Then, con cen trated HNO3 and HF were added and
evap o rated on a hot plate into wet salts un til the sam ple was
com pletely dis solved. Af ter that, con cen trated HNO3 and con -
cen trated HClO4 (perchloric acid) were added and the sam ple
was evap o rated to an al most dry state. The walls of the ves sel
were rinsed with dis tilled wa ter and evap o rated to wet salts. It
was then dis solved in the hot state in 5 ml of con cen trated
HNO3. The con tents of the ves sel were trans ferred to a poly eth -
yl ene or poly propy lene bot tle, fil tered and topped up with
deionized wa ter to a mass of 50 g. All geo chem i cal anal y ses
were made in the PGI-NRI Chem i cal Lab o ra tory in War saw.

STATISTICAL ANALYSES

The sta tis ti cal pa ram e ters (min i mum, max i mum, me dian,
mean, and geo met ric mean) for the ox ide con tents and the
weath er ing in di ces were cal cu lated us ing Statistica soft ware.

SCANNING ELECTRON MICROSCOPE (SEM-EDS)

Min er al og i cal anal y ses (SEM-EDS anal y ses) of pol ished
mounts, pre pared from the sed i ment grains, sieved through ny -
lon sieves with a mesh size of 2.0 mm, and then sprayed with
car bon threads, were un der taken us ing a HITACHI SU3500
scan ning elec tron mi cro scope. The ac cel er at ing volt age was
set to 15 kV, the work ing dis tance was 10 mm, and the spot size 
(probe cur rent) set to 70%; anal y sis time var ied from 5 to 15
sec onds. The chem i cal com po si tion of min er als was ob tained
by semi-quan ti ta tive anal y sis with a Thermo Sci en tific UltraDry
Com pact EDS De tec tor.

X-RAY DIFFRACTION (XRD)

The min eral com po si tion of the al lu vial sed i ments was de -
ter mined by X-ray dif frac tion at the In sti tute of Earth Sci ences
(Uni ver sity of Silesia in Katowice). The XRD anal y ses were car -
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ried out on sam ples of al lu vial ma te rial that were not sep a rated
into frac tions. The sam ples were pow dered us ing an X’Pert Pro
MPD PW3040/60 diffractometer made by PANalytical, Almelo,
the Neth er lands. The mea sure ment con di tions were as fol lows: 
an ac cel er a tion volt age of 45 kV, a cur rent of 40 mA, and 0.01q
step sizes be tween the an gles of 2.5 and 65° 2q, and a 300 s
mea sure ment time per step. The data ob tained were pro -
cessed us ing HighScore+ soft ware (ver sion 4.9) and the ICSD
da ta base.

SIEVE ANALYSIS – GRANULOMETRIC COMPOSITION ANALYSES

The dried sam ple ma te rial was sifted through sieves with
spe cific mesh sizes and then the per cent age of grains re main -
ing on sub se quent sieves rel a tive to the to tal weight of the
tested sam ple was cal cu lated. To an a lyze the river sed i ments,
a set of sieves was used with mesh sizes: 1.5 mm, 1.00 mm,
0.63 mm, 0.5 mm, 0.25 mm, 0.1 mm and 0.056 mm.

The stan dard clas si fi ca tion of siliciclastic rocks was ap plied
in the study. To shorten the de scrip tion of the fa cies, sym bols
used in this work were ap plied ac cord ing to Miall (1977) and
Zieliñski (1995); only the tex tural code for clay (Y) co mes from
Widera et al. (2019).

RESULTS

GEOCHEMICAL ANALYSES

All cal cu lated sta tis ti cal pa ram e ters are shown in Ta ble 1.
The Al2O3 con tent in the sed i ments of the Kamienna and Bia³a
L¹decka rivers ranges from 10.23 to 13.47% (Ta ble 1;
Appendix 6). CaO con tents vary in the range of 0.25–3.24%,
K2O be tween 2.39 and 4.79%, MgO from 0.23 to 2.79% and
Na2O from 1.69 to 2.23% (Ta ble 1). Stan dard de vi a tion val ues
for all the ox ides from the Sudetes Moun tains rivers are in the
range of 0.16 to 0.81, while the co ef fi cient of vari a tion (CV) val -
ues range from 7 to 74 (Ta ble 1). The cop per con tent in sed i -
ments of the Kamienna and Bia³a L¹decka rivers ranges from
4.05 to 31.65 ppm, the ru bid ium from 101.58–257.13 ppm, and
the stron tium from 47.30 to 239.70 ppm. Stan dard de vi a tion
val ues for Cu, Rb, and Sr from the Sudetes Moun tains sed i -
ments range from 6.34 to 50.24, whereas the co ef fi cient of vari -
a tion (CV) val ues range from 29 to 43 (Ta ble 1).

The Al2O3 con tent in the sed i ments of the Lublin Up land
rivers (Chodelka and ¯ó³kiewka) ranges from 1.07–6.21%, Ca
(0.43–7.91%), K2O (0.40–1.70%), MgO (0.01–0.68%) and
Na2O (0.15–0.62%). The cop per con tent in sed i ments of the
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Ox ide/
el e ment x– GM Me Min Max s CV

SUDETES MOUNTAINS  Kamienna and Bia³a L¹decka rivers n=15

Al2O3
11.09 11.06 10.92 10.23 13.47 0.81 7

CaO 1.06 0.87 0.89 0.25 3.24 0.76 72

K2O 3.53 3.46 3.31 2.39 4.79 0.71 20

MgO 0.87 0.72 0.71 0.23 2.79 0.64 74

Na2O 1.95 1.94 1.94 1.69 2.23 0.16 8

Cu 15.42 14.02 15.47 4.05 31.65 6.34 41

Rb 174.91 167.97 157.39 101.58 257.13 50.24 29

Sr 110.85 102.60 102.90 47.30 239.70 47.90 43

LUBLIN UPLAND Chodelka and ¯ó³kiewka rivers n = 15

Al2O3
2.51 2.10 1.58 1.07 6.21 1.63 65

CaO 2.21 1.58 1.19 0.43 7.91 2.01 91

K2O 0.78 0.70 0.52 0.40 1.70 0.41 52

MgO 0.22 0.12 0.12 0.01 0.68 0.21 93

Na2O 0.32 0.28 0.23 0.15 0.62 0.17 52

Cu 16.79 5.27 3.98 1.83 181.97 45.81 273

Rb 27.16 23.88 18.44 13.20 63.42 15.30 56

Sr 86.57 65.86 52.80 23.90 230.90 69.19 80

x– – mean, GM – geo met ric mean, Me – me dian, Min – min i mum, Max – max i -
mum, s – stan dard de vi a tion, CV – co ef fi cient of vari a tion

T a  b l e  1

Sta tis ti cal pa ram e ters of ox ides (%) and el e ments con tent (ppm) in the
river sed i ments
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Chodelka and ¯ó³kiewka ranges from 1.83 to 181.97 ppm, the
ru bid ium from 13.20 to 63.42 ppm, and the stron tium from
23.90 to 230.90 ppm (Ta ble 1). The stan dard de vi a tion val ues
for ox ides an a lyzed in the Lublin Up land river sed i ments range
from 0.17 to 2.01 with the co ef fi cient of vari a tion val ues vary ing
from 52 to 93. The Cu con tent in sed i ments of the Chodelka and 
¯ó³kiewka ranges from 1.83 to 181.97 ppm, Rb from 13.20 to
63.42 ppm, and Sr from 23.90 to 230.90 ppm. Stan dard de vi a -
tion val ues for Cu, Rb, and Sr from the Lublin Up land river sed i -
ments fell be tween 15.30 and 69.19, with the co ef fi cient of vari -
a tion (CV) val ues rang ing from 56 to 273 (Ta ble 1).

The high est WIP val ues, rang ing from 54.55 to 60.52, were
ob served in the Kamienna river in the Sudetes Moun tains, while 
val ues be tween 46.18 and 58.23 were re ported from sed i ments 
of the Bia³a L¹decka (Ta ble 2). The low est WIP val ues were
mea sured in the rivers in the Lublin Up land. Val ues rang ing
from 6.97 to 34.54 in the Chodelka and from 6.12 to 30.42 were
re corded in the ¯ó³kiewka.

The V in dex val ues in the Sudetes Moun tains ranged from
2.21 to 3.80 for the Kamienna and from 0.86 to 2.24 for the
Bia³a L¹decka. Val ues be tween 0.31 and 2.30 were ob served in 
the Chodelka and val ues be tween 0.52 and 1.20 were seen in
the ¯ó³kiewka (Ta ble 2).

The CIA val ues in the sed i ments of the Kamienna ranged
from 53.89 to 56.75. Sim i lar val ues were found in the sed i ments 
of the Bia³a L¹decka (49.07–58.23). Lower val ues were ob -
served in the Chodelka (19.64–56.48) and ¯ó³kiewka
(28.42–42.27). A sim i lar trend is no tice able in the case of the
CIW and PIA.

The most com mon val ues of the in di ces an a lyzed (per cen -
tile range 25–75) in the sed i ments of the rivers in ves ti gated are
il lus trated in the boxplots (Fig. 2).

The range of WIP, CIA, CIW, and PIA val ues for the sed i -
ments of the rivers from the Sudetes Moun tains is much nar -
rower com pared to those of the Lublin Up land (Fig. 2). The V in -
dex val ues for Sudetes Moun tains’ rivers are higher than these
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In dex x– GM Me Min Max s CV

Kamienna River n = 7

WIP 56.67 56.64 56.25 54.55 60.52 1.96 3

V 2.84 2.78 2.70 2.21 3.80 0.60 21

CIA 54.98 54.97 54.73 53.89 56.75 1.00 2

CIW 71.41 71.35 70.59 67.95 75.75 2.97 4

PIA 59.33 59.28 58.48 57.05 63.54 2.43 4

Rb/Sr 3.11 2.98 2.70 2.20 4.87 1.00 32

Sr/Cu 7.13 6.72 5.94 4.22 11.68 2.71 38

Bia³a L¹decka River n = 8

WIP 49.87 49.77 49.88 46.18 58.23 3.41 7

V 1.81 1.74 2.03 0.86 2.24 0.48 27

CIA 55.77 55.70 56.63 49.07 58.23 2.84 5

CIW 66.61 66.42 68.60 55.08 71.03 5.15 8

PIA 58.77 58.62 59.59 48.81 62.87 4.31 7

Rb/Sr 1.04 0.97 1.13 0.42 1.35 0.35 34

Sr/Cu 8.30 7.89 8.14 4.11 12.76 2.71 33

Chodelka River n = 8 

WIP 15.77 13.65 12.14 6.97 34.54 9.53 60

V 0.84 0.68 0.66 0.31 2.30 0.65 77

CIA 32.27 30.65 31.79 19.64 56.48 11.62 36

CIW 37.30 34.89 36.67 20.83 68.97 15.26 41

PIA 27.82 25.46 25.20 15.75 60.16 14.20 51

Rb/Sr 0.44 0.39 0.41 0.17 0.72 0.20 45

Sr/Cu 14.67 9.65 14.01 0.27 23.47 7.51 51

¯ó³kiewka River n = 7 

WIP 15.92 13.60 13.05 6.12 30.42 9.48 60

V 0.83 0.80 0.83 0.52 1.20 0.21 25

CIA 35.03 34.75 33.93 28.42 42.27 4.77 14

CIW 40.13 39.71 38.07 31.34 50.99 6.39 16

PIA 30.25 29.82 29.84 23.48 38.25 5.61 19

Rb/Sr 0.34 0.33 0.32 0.27 0.55 0.10 29

Sr/Cu 17.83 16.77 19.66 6.81 22.28 5.50 31

x– – mean, GM – geo met ric mean, Me – me dian, Min – min i mum, Max– max i -
mum, s – stan dard de vi a tion, CV – co ef fi cient of vari a tion

T a  b l e  2

Sta tis ti cal pa ram e ters of the chem i cal weath er ing in di ces
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Fig. 2. Boxplots of chem i cal weath er ing in di ces in the sed i ments of the rivers in ves ti gated: A – WIP, B – V, C – CIA, D – CIW, E – 
PIA, F – Rb/Sr, G – Sr/Cu



of the Lublin Up land, but are within a small range of from
0.31–3.80 for all rivers. In the Sudetes Moun tains, the range of
Rb/Sr in dex val ues was sig nif i cantly higher than in the Lublin
Up land, in con trast to Sr/Cu in dex val ues.

GRAIN SIZE ANALYSIS

Sieve anal y sis showed the pre dom i nance of coarse and
me dium sands in the Kamienna and Bia³a L¹decka rivers (Ta -
ble 3). Fine and me dium-grained sands dom i nate the Lublin
Up land river sed i ments, while in the case of the Chodelka, in the 
mid dle and up per reaches, mainly fine sands, silts, and clays
pre vail. These sed i ments are also char ac ter ized by a better de -
gree of sort ing.

MINERALOGY OF RIVER SEDIMENTS

In the 20 sam ples in ves ti gated, as in di cated in the
Appendix 6, ob ser va tions were made us ing a scan ning elec tron 
mi cro scope and fine frac tion was an a lyzed on an XRD
diffractometer. This en abled the iden ti fi ca tion of min er als and
dif fer ences in chem i cal com po si tion in the river sed i ments from
the Sudetes Moun tains and the Lublin Up land. In rivers from the 
Sudetes Moun tains, the grains are more sharp-edged, with
vari ables forms and types of frac tions (Fig. 3 and Ta ble 3),
whilst in the case of the Lublin Up land, they are better coated
and com posed of finer frac tions. In both cases of the sources of
the rivers, the grains are more ir reg u lar and as they ap proach
their mouths, sed i ment com po nents be come more reg u lar and
coated (for ex am ple see Fig. 3G, H).

Sieve anal y sis showed the pre dom i nance of coarse and
me dium sands in the Kamienna and Bia³a L¹decka rivers. Fine
and me dium-grained sands dom i nate the Lublin Up land river
sed i ments, while in the case of the Chodelka, in the mid dle and
up per reaches, mainly fine sands, silts, and clays pre vail. These 
sed i ments are also char ac ter ized by better sort ing.

The min er als found in the Kamienna River are mainly
quartz, plagioclases (mainly al bite), and po tas sium feld spars
(mainly microcline) (Fig. 3 and Ta ble 4). Mica grains (both bi o -
tite and mus co vite) are also com mon. Clay min er als are rep re -
sented by illite and chlorites (clinochlore). Ad di tion ally, sin gle
grains of am phi bole, gar net, zir con, monazite and il men ite are
pres ent. A sim i lar com po si tion was ob served in the sed i ments
from the Bia³a L¹decka, with more fre quent ap pear ance of Fe
ox ides and do lo mite grains. Quartz is the dom i nant com po nent
of sed i ments from the Lublin area, reach ing con cen tra tions of
up to 95 and 96% for the Chodelka River and ¯ó³kiewka River,
re spec tively (Ta ble 4). Ad di tion ally, plagioclases and po tas sium 
feld spars oc cur. In the case of the ̄ ó³kiewka River, a sig nif i cant
amount of cal cite was also de tected. The sed i ments of both
rivers dif fer sig nif i cantly in terms of ac ces sory and trace min er -
als: gar nets, ilmenites, Fe ox ides, and mag ne tite char ac ter ize
the Chodelka River, while Fe ox ides, Ti ox ides, ti tan ite, Fe
phos phates, epidotes, and am phi boles were found in sam ples
from the ¯ó³kiewka River.

DISCUSSION

FACTORS INFLUENCING THE CHEMICAL WEATHERING PROXIES

The rate of chem i cal weath er ing re sults from sev eral fac -
tors, in clud ing li thol ogy, cli mate, tec tonic re lief, phys i cal ero -
sion, veg e ta tion, soil de vel op ment, hy drol ogy, and hu man ac -
tiv ity and sus cep ti bil ity to ero sion (White and Blum, 1995;

Bahlburg and Dobrzinski, 2011; Bouchez et al., 2012; Shao et
al., 2012; Babechuk et al., 2014; Batista et al., 2017; Kidane et
al., 2019; Li et al., 2021). Pri mary ma te rial is trans ported along
the rivers, de pend ing on the river flow rate, which is in flu enced
by, among other fac tors, the slope an gle, rain fall in ten sity and
the type of soil par ti cles. The weath er ing rate de creases with in -
creas ing grain size, but the over all weath er ing is de ter mined
also by the rate of dis so lu tion along grain bound aries (de pend -
ing on grain den sity). In coarse-grained sed i ments, the de tach -
ment  into smaller grains has a sig nif i cant con tri bu tion to the to -
tal weath er ing (Is raeli and Em man uel, 2018). As grain size de -
creases, the chem i cal weath er ing rate in creases. In the
riverbeds of the moun tain rivers with sig nif i cant in cli na tion and
in creased rain fall, sed i ment trans port is more dy namic, as
shown by the dom i nance of the sandy frac tion with a low gravel
con tent (Ta ble 3). In the case of the moun tain rivers, the ba sin
is com posed of very re sis tant meta mor phic rocks, how ever the
steep and/or de for ested slopes re sult in the weath ered rocks
be ing more ex posed to ero sion (Agaj and Bytyqi, 2022). Rivers
in the Lublin Up land area are char ac ter ized by a lower in ten sity
of flow (Wy¿ga and Ciszewski, 2010), due to the lesser slope of
the ter rain. Granulometric and min er al og i cal anal y sis of the
river sed i ments col lected (both from the moun tain and up land
rivers) in di cates the trans port of ma te rial in sus pen sion. Fine
frac tions (sand, silt and clay) were prob a bly trans ported for lon -
ger dis tances, while the trans port dis tance of fine grav els found
in the sam ples from the Kamienna and Bia³a L¹decka was
shorter.

Hydrotechnical de vel op ment and in cor rect reg u la tion of
riverbeds (Ashraf et al., 2016), may cause hy dro dy namic bal -
ance dis or ders (Korpak et al., 2023). River reg u la tion de stroys
the nat u ral struc ture of the bed and changes the na ture of wa ter 
flow. Rapid wa ter surges then de stroy the bed struc ture, re in -
forc ing the ero sion pro cess, while lim it ing the size of flood ar eas 
causes an in crease in the peak of in di vid ual run off (Škarpich et
al., 2013; Korpak et al., 2023). As a re sult, the over all weath er -
ing rate arises from the com bined ef fects of chem i cal and phys i -
cal pro cesses to gether with anthropogenic pro cesses (Is raeli
and Em man uel, 2018). In the case of moun tain rivers, the ba sin 
is com posed of meta mor phic rocks which are very re sis tant;
how ever, steep and/or de for ested slopes make weath ered
rocks more ex posed to soil ero sion (Agaj and Bytyqi, 2022).

CHEMICAL WEATHERING PROXIES IN DIFFERENT BASINS

This study was con ducted to iso late spe cific causes in flu -
enc ing weath er ing rates us ing the rivers of the Sudetes Moun -
tains and the Lublin Up land as case stud ies. Those bas ins dif fer 
sig nif i cantly in terms of ge ol ogy and cli mate, mak ing them ideal
case study ar eas for dis cuss ing the fac tors bear ing on the
weath er ing and the use ful ness of weath er ing in di ces in small
re gional-scale stud ies. Vari a tions in weath er ing in di ces in the
rivers in ves ti gated sug gest that dif fer ent drain age bas ins re sult
in dif fer ent sce nar ios, reg u lated by var i ous driv ing forces.

The av er age CIW (66.61–71.41), PIA (58.77–59.33), and
CIA (54.98–55.77) in di ces of the sed i ments from the Sudetes
rivers, along with an Rb/Sr ra tio >1, in di cate more in ten sive
weath er ing at their sources than in the case of the Lublin Up -
land (e.g., Hossain et al., 2017; Abedini and Khosravi, 2022).
This could be at trib uted to the high run offs from moun tain ous
ar eas and the con tin u ous ero sion of soils in these re gions. In
the moun tains (Bia³a L¹decka and Kamienna catch ments)
where el e vated an nual pre cip i ta tions (650–900 mm) and av er -
age tem per a tures 7–8° oc cur, the in ten sity of chem i cal weath -
er ing is stron ger than in the Lublin Up land, where the av er age
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an nual pre cip i ta tion is 500–700 mm and tem per a tures are
7.5–8°. Flu vial sed i ments in ar eas with el e vated an nual pre cip i -
ta tions and lower av er age an nual tem per a tures are char ac ter -
ized by a higher de gree of weath er ing. In the Sudetes Moun -
tains, ~45% of the re gion’s area is char ac ter ized by mod er ate
and strong ero sion. This is caused by sig nif i cant rel a tive al ti -
tudes, steep slopes and high an nual rain fall (Nowocieñ, 2008;
D¹bek et al., 2018). Ero sion pro cesses have been sub stan tially
in ten si fied as a re sult of anthropogenic im pacts in volv ing, for in -
stance, changes of the river char ac ter and drain age sys tem, al -
ter ation of land re lief, ag ri cul ture and de for es ta tion (Krzemieñ
et al., 2015; D¹bek et al., 2018). Fur ther more, the ex posed
source rocks in the Sudetes Moun tains catch ments are more
readily weath ered and trans ported by the rivers.

The CIA is used to eval u ate the de gree of min eral trans for -
ma tion into clay min er als. Sed i ments with high WIP and CIW
val ues may orig i nate from im ma ture pre cur sor sed i ments and
char ac ter ize first-cy cle de pos its, whilst sed i ments with low WIP
val ues may have been de rived from ma ture sed i ments (Kamp

and Leake, 1985; Wang et al., 2014). The val ues are higher for
sed i ments and sed i men tary rocks which are com posed of com -
plex min er al og i cal mix tures (car bon ates, phyllosilicates and
phos phates). The CIA value is use ful when it re flects the pro -
gres sive al ter ation of po tas sium feld spar and plagioclase to
clay min er als dur ing rock weath er ing (Nesbitt and Young, 1982; 
Zhou et al., 2017). The clas si fi ca tion of CIA val ues (50–60) ac -
cord ing to Nesbitt and Young (1982) sug gests that all the sed i -
ments stud ied are much less weath ered by com par i son with
other cli ma tic zones. The to pog ra phy of the land sur face is also
an im por tant fac tor in flu enc ing the in ten sity of weath er ing,
which shapes the en ergy of wa ter flow in wa ter courses and the
type of sed i men tary ma te rial found in the river bed. The sources 
of ma te rial trans ported in rivers vary. Some of it co mes di rectly
from the bot tom or edges of the riverbed as a re sult of bot tom
and side ero sion (Ballio et al., 2010). Ma te rial brought by a trib u -
tary may have a sim i lar char ac ter. More over, the slopes of val -
leys, from where sed i ment can be di rectly de liv ered to the
riverbed through sur face flows and mass move ments, are an
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Granulometry

 Sam ple
num ber Lithofacies

Gravel 
frac tion
(mm)

Sand & silt frac tions (mm) Type of dominante 
sed i ment

>2.00 1.25 1.00 0.63 0.5 0.25 0.1 0.056 <0.056 

K1  S 0.90 3.4 1.7 16.2 1.9 63.0 12.8 0.6 0.5  Me dium sand

K2  S 0.2 16.7 6.0 19.2 10.5 32.6 13.9 0.7 0.4  Coarse sand and
me dium sand

K5  S 0.4 11.0 10.3 37.7 16.4 23.7 0.8 0.1 0.1  Coarse sand and
me dium sand

K6  S 1.1 23.1 17.9 35.6 9.2 8.8 3.6 0.4 0.3  Coarse sand

K7  S 0.9 14.7 12.2 27.2 0.3 38.9 4.7 0.4 0.7  Coarse sand and
me dium sand

BL1  S 3.0 13.7 8.6 19.1 4.9 41.3 8.4 0.5 0.5  Coarse sand and
me dium sand

BL2  S 1.0 4.2 3.7 20.3 21.8 43.2 5.2 0.3 0.2  Coarse sand and
me dium sand

BL4  S 0.3 3.6 7.4 41.1 7.9 13.3 22.8 2.2 1.6  Coarse sand

BL7  S 4.1 12.9 7.9 20.7 11.5 26.9 13.1 1.9 1.1  Coarse sand and
me dium sand

BL8  S 1.8 10.2 8.2 26.2 0.3 43.7 8.2 0.9 0.5  Coarse sand and
me dium sand

CH1  S 0.3 1.2 0.7 3.9 7.2 57.9 24.8 2.1 1.8  Me dium sand and 
fine sand

CH2  S 0.5 0.5 0.5 2.3 4.1 47.4 40.2 2.8 1.7  Me dium sand and 
fine sand

CH5  FY 0.0 0.7 0.3 4.3 3.7 12.7 22.7 26.7 29.0  Silt and clay

CH7  S 0.2 0.6 0.3 1.9 3.8 52.2 36.2 2.8 1.9  Me dium sand and 
fine sand

CH8  SF 0.0 0.2 0.2 1.2 0.2 25.0 42.1 16.2 15.1  Fine sand and silt

¯1  S 0 0.05 0.1 1.1 1.8 74.8 21.5 0.2 0.5  Me dium sand and 
fine sand

¯2  SF 0.2 0.6 0.2 1.8 0.1 66.8 22.1 3.6 4.6  Me dium sand and 
fine sand

¯4  SF 0.1 0.2 1.1 2.9 0.2 39.0 38.7 7.8 10.2  Me dium sand and 
fine sand

¯6  SF 0.1 0.3 0.5 4.4 0.3 49.5 24.7 7.5 12.7  Me dium sand and 
fine sand

¯7  SF 0.5 2.3 2.1 12.4 12.2 41.2 18.7 3.8 6.8  Me dium sand and 
fine sand

Codes of the tex tural el e ments of the var i ous lithofacies af ter Miall (1977), Zieliñski (1995) and Widera et al., (2019): S – sand, F – silt, Y –
clay

T a  b l e  3

Granulometric com po si tion of the stud ied river sed i ments based on sieve anal y ses, 
the grain-size con tent is ex pressed in % by weight
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Fig. 3. SEM im ages of se lected river sed i ments (A – K1, B – K6, C – BL1, D – BL8, E – CH1, F – CH8, G – Z1, H – Z6)

Ab bre vi a tions for the names of rock-form ing min er als ac cord ing to Whit ney and Ev ans (2010)

https://doi.org/10.2138/am.2010.3371


im por tant source area (Ilinca, 2021). These re la tion ships re flect 
the re sults ob tained for rivers in moun tain and up land ar eas.
Fur ther more, the kind of fa cies in the river sys tem also plays an
im por tant role in the length and dy nam ics of trans port (Yan et
al., 2017). In the bot toms of river beds in moun tain rivers with
sig nif i cant in cli na tion and in creased rain fall, sed i ment trans port
is more dy namic, while the floodplains and ter races in most
sam pling sites in the Lublin Up land are char ac ter ized by lower
rates and in ten si ties of flow (Wy¿ga and Ciszewski, 2010).

De creas ing CIA, CIW, and PIA val ues should co in cide with
in creas ing WIP and V val ues and vice versa (Shao et al., 2012). 
How ever, in this study, there is a lack of such cor re la tion which
could sug gest that the WIP should be con sid ered as an in di ca -
tor of prov e nance, spe cif i cally re cy cling, rather than weath er ing
(Garzanti and Resentini, 2016). The WIP is very sen si tive to
quartz con tent (e.g., quartz/feld spar ra tios), which is closely re -
lated to sed i ment re cy cling and source li thol ogy. The Chem i cal
In dex of Al ter ation (CIA) and Weath er ing In dex of Parker (WIP)
val ues (Figs. 4 and 5) showed the prev a lence of in tense phys i -
cal weath er ing in moun tain river bas ins (Panwar and
Chakrapani, 2016). The lack of cor re la tion be tween these in di -
ca tors is likely due to the in flu ence of sed i ment grain size on
CIA val ues (Li and Yang, 2010). Changes in grain size im pact
sed i ment com po si tion (Panwar and Chakrapani, 2016). Mud
con tains a high quan tity of clay min er als and sands are more
feldspathic in na ture and rich in quartz. In tense chem i cal weath -
er ing re sults in the for ma tion of fine-grained sec ond ary min er -
als (Nesbitt et al., 1996).

At the scale of the bas ins of the rivers stud ied, the weath er -
ing in di ces show a rel a tively sta ble dis tri bu tion from the sources 
of the rivers though the mid dle courses, to the mouths. There -
fore, the sed i ments in sus pen sion at the river sources were not
nec es sar ily sub jected to less in tense chem i cal weath er ing than
sed i ments trans ported in the mid dle course or lo cated close to
the mouths (Chetelat et al., 2013), which is re lated to the flow
rate. This is ob served not only in the val ues for chem i cal weath -
er ing, but also in the sed i ment frac tions (Ta ble 3) and min er al -
og i cal com po si tions (Ta ble 4) of the ma te rial stud ied.

Fur ther geo chem i cal stud ies on trace el e ments led to con -
clu sions re gard ing cli ma tic con di tions. In the Lublin area, a
warmer and drier cli mate is clearly re flected by lower Rb/Sr ra -
tios (0.17–0.72) than in the Sudetes Moun tains (0.42–4.87)
(Ta ble 2) which in di cates that sed i ments from Chodelka and
Zó³kiewka were not sub jected to in tense chem i cal weath er ing
(Rahman et al., 2020) and have low alu mi num con tents (Oni
and Olatunji, 2017). In moun tain rivers, Rb/Sr usu ally

exceeds 1, which in di cates in tense weath er ing (McLennan et
al., 1993; Armstrong-Altrin et al., 2019) and the pres ence of illite 
in the sed i ment (Chaudhuri and Brookins, 1979). This is cor rob -
o rated in the min eral com po si tion of the sed i ments stud ied (Ta -
ble 4). Illite and chlorite dom i nate where ero sion is mainly phys i -
cal (Chamley, 1989). Low Sr/Cu ra tios are typ i cal of a warm hu -
mid cli mate, whereas high Sr/Cu ra tios in di cate a hot cli mate
(Jia et al., 2013). In the Lublin area, a warmer and drier cli mate
is clearly re flected by higher Sr/Cu (me dian for Chodelka –
14.01 and ¯ó³kiewka – 19.66) and lower Rb/Sr ra tios, re spec -
tively (Ta ble 2). The higher Rb/Sr ra tio (me dian for Bia³a
L¹decka –1.13 and Kamienna – 2.70) and lower Sr/Cu (me dian
for Bia³a L¹decka –8.14 and Kamienna – 5.94) in moun tain ar -
eas sug gest in creased pre cip i ta tion.

COMPARISON OF CHEMICAL WEATHERING PROXIES
 IN DIFFERENT BASINS

The WIP val ues are in the range from 0 to 100 (the higher
val ues are typ i cal for less weath ered rocks). In our study, the
mean val ues for the rivers stud ied are rel a tively low, also when
com pared with re sults ob tained from chem i cal weath er ing in di -
ces in the study by Nad³onek and Bojakowska (2018), where
large catch ments (Vistula and Odra) were in ves ti gated and
there were many sam ples. WIP val ues are much higher in small 
streams in the Sudetes Moun tains (mean in Odra River ba sin
3.2, com pared to the Sudetes Moun tains 49.87–56.67; Ta -
ble 5). The mean value for the Vistula River ba sin was 5.1,
whilst in the Lublin Up land rivers, the val ues ranged from 15.77
to 15.92 (Ta ble 2). When com par ing these re sults with
Chojnicki’s (2022) re sults from the depth of 0–40 cm, per tain ing
to al lu vial soils of the mid dle Vistula and ¯u³awy (Vistula delta)
the re sults are higher (19–31.9) than in the Lublin Up land, but
much lower than in the Sudetes Moun tains.

The val ues of the V in dex ob tained in all the rivers stud ied
(mean from 0.83 to 2.84), which serve to de ter mine the ma tu rity 
of the re sid ual sed i ments, were higher than in the Vistula and
Odra bas ins (0.4 and 0.8 re spec tively), but the dif fer ence is not
ex ces sive; how ever, in the al lu vial soils of the mid dle Vistula
val ley, V val ues were ap prox i mately in the range 1.8–2.3 and in
the soils of ̄ u³awy from 2.0 to 2.9 (Chojnicki, 2022). The val ues
ob tained cor rob o rate stron ger weath er ing in the Sudetes Moun -
tains. The stron ger chem i cal weath er ing dur ing the trans port of
sed i ments also re sults from a higher con tent of mo bile el e -
ments (Ta ble 1).
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Sam ples

Min er als

Quartz Mi cro-
cline Al bite Bi o tite Illite Clino -

chlore Mus co vite Ortho-
clase

Horn-
blende

Magnesio-
hornblende 

ferrian
Cal cite Rutile

K1 64.5 17 14.5 0.5 2.5 1 0 0 0 0 0 0

K7 45.5 25.5 19 0 3.5 2 4.5 0 0 0 0 0

BL1 53.5 22.5 15.1 0 1.5 2.5 3 0.5 1 0 0 0

BL8 56.5 10 25.5 0 1 2 0.5 0 0 4.5 0 0

CH1 95 2 2 0 0 1 0 0 0 0 0 0

CH8 79 9 8 0 2 1.5 0 0 0.5 0 0 0

¯1 96.2 0 3.2 0 0 0 0 0 0 0 0.3 0

¯7 89.5 2.5 3 0.5 0 0 0 0 0.5 0 4 0.3

T a  b l e  4

XRD anal y sis of river sed i ment sam ples (% by weight)
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Fig. 4. WIP in dex val ues and el e ment ox ide con tent for se lected river sed i ments (K – Kamienna, BL – Bia³a L¹decka, CH –
Chodelka, ¯ – ¯ó³kiewka)

The dif fer ent sizes of the di a grams show the changes in WIP val ues along the rivers’ courses

Fig. 5. CIA in dex val ues and el e ment ox ide con tent for se lected river sed i ments (K – Kamienna, BL – Bia³a L¹decka, CH –
Chodelka, ¯ – ¯ó³kiewka)

The dif fer ent sizes of the di a grams show changes in the WIP val ues along the rivers’ courses



The sit u a tion changed in the case of the CIA, CIW and PIA.
These re sults are much lower in large bas ins, com par ing val -
ues from the Vistula catch ment with Lublin Up land rivers and
from the Odra catch ment with Sudetes rivers (Nad³onek and
Bojakowska, 2018), but in a sim i lar range when com pared with
al lu vial soils of the mid dle Vistula val ley and ¯u³awy (CIA:
57.9–76, CIW: 67.3–87.2 and PIA: 47.7–72.4; Chojnicki, 2022).

The val ues ob tained of stan dard de vi a tion (<100) and co ef -
fi cient of vari a tion (<200) in di cate a mod er ately ho mog e nous
dis tri bu tion in sed i ments and in their lithogenic source (Ta bles 1 
and 2). An ex cep tion is the co ef fi cient of vari a tion for cop per (a
po ten tially toxic el e ment) in the Lublin Up land river, which sug -
gests that it is of anthropogenic or i gin.

FUTURE OUTLOOK

Due to the prob lem of cli mate change – ris ing av er age tem -
per a tures, and more fre quent sud den, some times ex treme,
weather phe nom ena – sci en tists are con duct ing ex ten sive re -
search and ob ser va tions on changes in av er age tem per a tures.
While these changes are in ev i ta ble, they can be pre dicted and
the hu man im pact on them can be lim ited. One method for es ti -
mat ing the rate of tem per a ture change (in crease and de crease) 
is the use of chem i cal weath er ing in di ces, which pro vide in for -
ma tion re gard ing dif fer ent cli mate con di tions. To com pare past
and pres ent sit u a tions, it would be valu able to ex am ine chan -
ges in in di ca tors over time. One in ter est ing ap proach could in -
volve com par ing the re sults of chem i cal weath er ing in di ces cal -
cu lated for sed i ment sam ples us ing data from the Geo chem i cal 
At las of Po land (Lis and Pasieczna, 1995) with cur rent sam ples
taken at the same lo ca tions, or even ex tend ing the re search
and at tempt ing a sim i lar anal y sis for the data in cluded in the
Geo chem i cal At las of Eu rope (Salminen, 2005). The topic dis -
cussed in this pre lim i nary study is com plex and still raises many 
ques tions. The lim i ta tions in the in ter pre ta tion are re lated to the
small sam ple pop u la tion, very small ex tent of study area and
short length of the rivers. More over, the topic is rel a tively un der -
de vel oped in Po land and neigh bour ing coun tries (most case
stud ies come from China), which makes it dif fi cult to com pare
re sults from the same cli ma tic zone. In the fu ture, it would be

worth while to delve deeper into the de tailed min er al ogy of river
sed i ments, land re lief and changes in nat u ral en vi ron ment
caused by hu mans.

CONCLUSIONS

1. The val ues ob tained of chem i cal weath er ing in di ces (V,
CIA, CIW, PIA) in di cate a clearly higher in ten sity of
weath er ing pro cesses in the Sudetes Moun tains.

2. Trace el e ment con tents (Rb, Sr, Cu) re flect the cli mate
well, but other chem i cal weath er ing in di ces used seem
to be more sen si tive to the min eral com po si tion and
prop er ties of the grains.

3. More in tense chem i cal weath er ing took place in a
moun tain ous re gion with el e vated an nual pre cip i ta tion
and lower an nual tem per a tures.

4. Al though the cli mate con trols the chem i cal weath er ing
pro cess, other fac tors, such as base ment ge ol ogy, grain 
size, min er al og i cal com po si tion of sed i ments, phys i cal
ero sion and hu man ac tiv ity af fect its in ten sity.

5. The pres ence of illite and clinochlorite, as well as the
WIP and CIA val ues ob tained for the rivers of the
Sudetes Moun tains, in di cate a dom i nance of phys i cal
weath er ing.
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very grate ful for all com ments by prof. A. Wysocka as well as by
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2022/06/X/ST10/00716]. We are very grate ful to dr T. Krzy -
kawski from the In sti tute of Earth Sci ences (Fac ulty of Nat u ral
Sci ences) of the Uni ver sity of Silesia for car ry ing out X-ray dif -
frac tion anal y ses. For the pur pose of Open Ac cess, the au thor
has ap plied a CC-BY pub lic copy right li cense to any Au thor Ac -
cepted Manu script (AAM) ver sion aris ing from this sub mis sion.

Data Avail abil ity. The geo chem i cal data of anal y ses con -
ducted by ICP-MS and WD-XRF meth ods used in this study are en -
closed in the Appendicies to the manu script and also posted in the
open data re pos i tory RepOD: https://doi.org/10.18150/VLQMCI.
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Chem i cal
weath er ing 

in dex

Sudetes Moun tains

rivers1

Lublin Up land

rivers1 Odra catch ment2 Vistula catch ment2
Al lu vial soils of mid -

dle Vistula val ley3

Al lu vial soils of

¯u³awy3

WIP 49.87–56.67 15.77–15.92 3.2 5.1 19.0–31.9 24.2–31.5

V 1.81–2.84 0.83–0.84 0.8 0.4 1.8–2.3 2.0–2.9

CIA 54.98–55.77 32.27–35.03 45 27.6 57.9–65.8 60.0–76.0

CIW 66.61–71.41 37.30–40.13 48.4 28.9 67.3–76.3 70.2–87.2

PIA 58.77–59.33 27.82–30.25 44.9 26.2 47.7–60.3 53.2–72.4

Ref er ences: 1 – ac tual re search, 2 – (Nad³onek and Bojakowska, 2018), 3 – (Chojnicki, 2022)

T a  b l e  5

Com par i son of mean val ues of chem i cal weath er ing in di ces in dif fer ent bas ins
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Geological revealed maps of the studied catchments areas: A – Kamienna river, B – Biała Lądecka river, C – Chodelka river, D – Żółkiewka river according to 
Malinowski and Mojski (1981b); Sawicki (1988b); Milewicz et al. (1989b); Cieśliński and Rzechowski (1997) and Romanek (2011b)
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Al2O3 MgO CaO Na2O K2O Cu Rb Sr

% % % % % ppm ppm ppm

14/22/1 K1 15,72546 50,90741 15°43'31.662'''E 50°54'26.676''N 324,2 10,52 0,48 0,66 1,98 3,92 13,63 215,06 80,9 54,55 2,60 54,73 70,24 58,48 2,66 5,94 silts, sands and alluvial gravels (holocene) gneisses (younger Proterozoic)

14/22/2 K2 15,70001 50,87360 15°42'00.032''E 50°52'24.947''N 332,9 11,21 0,67 0,89 2,23 3,87 17,86 212,37 96,1 57,54 2,21 54,19 67,95 57,05 2,21 5,38 silts, sands and alluvial gravels (holocene) coarse- and medium-grained porphyry granites (Upper Carboniferous)

14/22/3 K3 15,66251 50,86567 15°39'45.023''E 50°51'56.429''N 341,5 11,07 0,71 0,91 2,04 3,97 19,07 215,08 97,8 56,80 2,26 54,32 68,84 57,48 2,20 5,13 silts, sands and alluvial gravels (holocene) coarse- and medium-grained porphyry granites (Upper Carboniferous)

14/22/4 K4 15,62713 50,85520 15°37'37.685''E 50°51'18.732''N 355,7 10,94 0,50 0,63 1,97 4,01 18,61 211,82 78,5 55,20 2,70 55,63 71,38 60,07 2,70 4,22 silts, sands and alluvial gravels (Holocene) coarse- and medium-grained porphyry granites (Upper Carboniferous)

14/22/5 K5 15,58018 50,84821 15°34'48.665''E 50°50'53.549''N 399,3 10,23 0,41 0,58 1,95 4,15 9,16 224,35 73,6 55,83 2,78 53,89 70,59 57,38 3,05 8,03 coarse- and medium-grained porphyry granites (Upper Carboniferous) coarse- and medium-grained porphyry granites (Upper Carboniferous)

14/22/6 K6 15,49254 50,82590 15°29'33.161''E 50°49'33.227''N 749,6 10,30 0,23 0,25 1,80 4,52 4,05 230,36 47,3 56,25 3,80 55,35 75,10 61,29 4,87 11,68 coarse- and medium-grained porphyry granites (Upper Carboniferous) coarse- and medium-grained porphyry granites (Upper Carboniferous)

14/22/7 K7 15,44226 50,82205 15°26'32.140''E 50°49'19.370''N 854,0 11,73 0,42 0,31 1,94 4,79 6,66 257,13 63,3 60,52 3,51 56,75 75,75 63,54 4,06 9,50 fine- and medium-grained granites (Upper Carboniferous) equigranular, fine- and medium-grained granites (Upper Carboniferous)

14/22/8 BL1 16,63261 50,40140 16°37'57.390''E 50°24'05.022''N 296,6 11,60 0,86 1,08 1,92 3,20 13,24 137,87 131,4 50,00 2,06 57,47 69,37 61,37 1,05 9,92 silts, sands and alluvial gravels (Holocene) fine- and medium-grained granites and granodiorites (Carboniferous)

14/22/9 BL2 16,67081 50,37785 16°40'14.915''E 50°22'40.265''N 315,9 10,73 1,04 1,46 1,74 2,81 31,65 128,38 130,1 46,49 1,69 55,63 66,04 58,22 0,99 4,11 silts, sands and alluvial gravels (Holocene) mica schists, locally with garnets (younger Proterozoic)

14/22/10 BL3 16,73519 50,35497 16°44'06.683''E 50°21'17.885''N 346,0 10,51 0,85 1,00 1,78 3,06 15,47 138,73 105,4 47,29 2,00 56,60 68,89 60,26 1,32 6,81 silts, sands and alluvial gravels (Holocene) mica schists, locally with garnets (younger Proterozoic)

14/22/11 BL4 16,77151 50,34952 16°46'17.423''E 50°20.58.271''N 363,1 10,74 0,83 0,88 1,69 3,07 16,72 136,82 102,9 46,18 2,17 58,23 71,03 62,87 1,33 6,15 silts, sands and alluvial gravels (Holocene) mica schists, locally with garnets (younger Proterozoic)

14/22/12 BL5 16,83099 50,35002 16°49'51.575''E 50°21'00.077''N 394,6 10,72 0,73 0,99 1,93 3,31 14,71 147,61 121,1 50,44 2,10 55,61 68,30 58,93 1,22 8,23 silts, sands and alluvial gravels (Holocene) laminated and mesh granite-gneisses (older Proterozoic)

14/22/13 BL6 16,88684 50,31977 16°53'12.618''E 50°19'11.165''N 457,4 10,92 0,70 0,86 1,90 3,31 14,51 157,39 116,9 49,75 2,24 56,90 69,96 61,01 1,35 8,06 silts, sands and alluvial gravels (Holocene) paragneisses and migmatites (younger Proterozoic)

14/22/14 BL7 16,98387 50,29632 16°59'01.932''E 50°17'46.745''N 623,1 11,64 2,79 3,24 2,19 2,39 17,14 109,04 177,7 56,43 0,86 49,07 55,08 48,81 0,61 10,37 silts, sands and alluvial gravels (Holocene) mica schists, locally with garnets (younger Proterozoic) and paragneisses and migmatites (younger Proterozoic)

14/22/15 BL8 17,00548 50,27208 17°00'19.739''E 50°16'19.499''N 692,4 13,47 1,78 2,17 2,16 2,59 18,78 101,58 239,7 52,35 1,36 56,66 64,24 58,72 0,42 12,76 mica schists, locally with garnets (younger Proterozoic) mica schists, locally with garnets (younger Proterozoic)

14/22/16 CH1 21,88447 51,29301 21°53'04.109''E 51°17'34.823''N 120,6 1,39 0,04 1,19 0,23 0,52 2,25 17,40 52,8 9,68 0,74 30,92 35,35 24,55 0,33 23,47 silts, sands (muds) of flood plains (Holocene) limestones, chalks, opokas and marls (Upper Cretaceous)

14/22/17 CH2 21,89269 51,25430 21°53'33.684''E 51°15'15.473''N 123,5 1,40 0,03 0,82 0,22 0,51 2,32 17,17 30,5 8,53 1,01 36,79 43,04 31,40 0,56 13,15 silts, sands (muds) of flood plains (Holocene) limestones, chalks, opokas and marls (Upper Cretaceous)

14/22/18 CH3 21,95479 51,18529 21°57'17.261''E 51°11'07.037''N 138,6 1,08 0,01 0,68 0,16 0,44 2,22 14,81 32,5 6,97 1,02 35,34 41,87 28,70 0,46 14,64 sands, silts and alluvial gravels of flood terrace (Upper Pleistocene) limestones, chalks, opokas and marls (Upper Cretaceous)

14/22/19 CH4 21,99030 51,16757 21°59'25.092''E 51°10'03.239''N 140,6 1,58 0,68 2,57 0,21 0,50 181,97 18,44 49,9 14,60 0,31 22,13 23,95 17,15 0,37 0,27 sands, silts and alluvial gravels of flood terrace (Upper Pleistocene) limestones, chalks, opokas and marls (Upper Cretaceous)

14/22/20 CH5 22,05397 51,14172 22°03'14.286''E 51°08'30.198''N 152,4 4,00 0,25 7,91 0,50 1,07 10,64 38,51 230,9 34,54 0,33 19,64 20,83 15,75 0,17 21,70 silts, sands and alluvial gravels (Holocene) marls and chalks (Upper Cretaceous)

14/22/21 CH6 22,13066 51,10855 22°07'50.381''E 51°06'30.768''N 164,3 3,04 0,12 4,22 0,49 0,97 6,21 31,18 128,5 23,84 0,47 24,19 26,39 19,01 0,24 20,69 glacial tills (Neopleistocene) marls and chalks (Upper Cretaceous)

14/22/22 CH7 22,28342 51,09097 22°17'00.300''E 51°05'27.504''N 196,8 1,23 0,42 0,95 0,17 0,49 1,83 15,72 24,5 9,31 0,57 32,65 38,00 25,85 0,64 13,39 silts, sands  (muds) and alluvial gravels (Holocene) limestones and opokas (Upper Cretaceous)

14/22/23 CH8 22,28886 51,07295 22°17'19.902''E 51°04'22.608''N 204,2 4,66 0,23 0,71 0,49 1,38 6,69 48,93 67,5 18,68 2,30 56,48 68,97 60,16 0,72 10,09 silts, sands and alluvial gravels (Holocene) limestones and opokas (Upper Cretaceous)

14/22/24 Ż1 23,16459 50,97384 23°09'52.535''E 50°58'25.824''N 180,0 1,07 0,09 0,43 0,15 0,40 3,51 13,20 23,9 6,12 1,20 42,27 50,99 38,25 0,55 6,81 silts and alluvial sands of high food terrace (Upper Pleistocene) marls and chalks (Upper Cretaceous)

14/22/25 Ż2 23,13333 50,97113 23°08'00.000''E 50°58'16.056''N 185,4 1,32 0,04 1,00 0,20 0,50 2,37 16,36 46,6 8,75 0,83 32,93 38,07 26,62 0,35 19,66 deluvial sands and clays (Holocene) opokas, marls and  marly opokas (Upper Cretaceous)

14/22/26 Ż3 23,10912 50,97069 23°06'32.825''E 50°58'14.466''N 185,4 4,56 0,45 3,60 0,59 1,26 7,53 44,76 167,8 26,55 0,68 33,93 37,76 29,84 0,27 22,28 deluvial sands and clays (Holocene) opokas, marls and  marly opokas (Upper Cretaceous)

14/22/27 Ż4 23,06234 50,96718 23°03'44.424''E 50°58'01.865''N 189,3 2,24 0,12 1,58 0,28 0,72 3,98 24,61 87,5 13,05 0,83 35,26 40,19 30,47 0,28 21,98 deluvial sands and clays (Holocene) opokas, marls and  marly opokas (Upper Cretaceous)

14/22/28 Ż5 22,98807 50,93866 22°59'17.057''E 50°56'19.169''N 199,9 6,21 0,48 3,51 0,62 1,70 12,23 63,42 220,4 30,42 0,93 40,19 45,62 37,12 0,29 18,02 silts, sands and alluvial gravels (Holocene) limestones and opokas (Upper Cretaceous)

14/22/29 Ż6 22,90826 50,92783 22°54'29.748''E 50°55'40.193''N 208,6 1,27 0,03 1,02 0,19 0,47 2,19 14,59 46,3 8,42 0,79 32,19 36,95 26,00 0,32 21,14 imestones and opokas (Upper Cretaceous) limestones and opokas (Upper Cretaceous)

14/22/30 Ż7 22,80457 50,90790 22°48'16.458''E 50°54'28.446''N 226,9 2,64 0,38 2,90 0,31 0,80 5,96 28,32 88,9 18,09 0,52 28,42 31,34 23,48 0,32 14,92 glacifluvial sands and gravels (Mesopleistocene) limestones and opokas (Upper Cretaceous)

         

Explanations: Samples analized on SEM

PIA
Laboratory 

number

Sample 

number
Longitude (DD) Latitude (DD) Longitude (DMS) Latitude (DMS)

Height above 

sea level (m)
WIP V CIA CIW Rb/Sr Sr/Cu Bedrock lithology (covered map) Bedrock lithology (revealed map)
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