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The chem is try of shal low, cold ground wa ter in the east ern part of the K³odzko Re gion (the Sudetes, SW Po land) was in ves ti gated.
Groundwaters oc cur in the short turn-over time zone of the hydrogeological sys tems. The aqui fers are com posed of var i ous bed rock
types (meta mor phic, ig ne ous and sed i men tary). Sil i con and alu minium con cen tra tions in the wa ters of par tic u lar aqui fers are doc u -
mented. The aque ous chem is try is in ter preted in terms of the sol u bil ity of solid phases to in di cate phases that are re spon si ble for sil i con
and/or alu minium sol u bil ity con trol. Lo cally and/or pe ri od i cally (sea son ally) par tial geo chem i cal equi lib rium be tween the ground wa ter
and the sec ond ary solid phases might be reached and main tained. In ground wa ter with a pH be low 6.7, alu minium ac tiv ity is usu ally con -
trolled by the re vers ible con gru ent dis so lu tion of Al(OH)3 forms, whereas sil i con ac tiv ity is prob a bly con trolled by the sol u bil ity the
SiO2 form (chal ce dony). At pHs above 6.7, the in con gru ent re ac tion be tween the hydroxyaluminosilicate colloid (HASB) and forms of
Al(OH)3 con trols both sil i con and alu minium ac tiv i ties.
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INTRODUCTION

Dis solved sil i con oc curs in ground wa ter at rel a tively high
con cen tra tions that de pend upon dif fer ent fac tors and pro -
cesses, such as equi lib rium with solid phases, ad sorp tion onto
sol ids (such as Al hy drox ides, aluminosilicates), the ki net ics of
dis so lu tion re ac tions, or steady-state con di tions be tween
weath er ing re lease and hydrological re moval. The amount of
sil ica re leased into shal low ground wa ter and sur face wa ter is
con di tioned by the bed rock re ac tiv ity, as well as by cli ma tic
fac tors, e.g. sea sonal fluc tu a tions of at mo spheric pre cip i ta tion
and tem per a ture. Dis solved sil i cate is con sid ered to re flect
weath er ing and wa ter cir cu la tion con di tions, and is used to es ti -
mate out flow com po nents (e.g., Wels et al., 1991; Scanlon et
al., 2001; Asano et al., 2003). Re search into alu minium sol u -
bil ity and en vi ron men tal be hav iour is fo cussed mainly on soils, 
as well as on soil and sur face wa ters due to en vi ron men tal con -
cerns, e.g. soil fer til ity, alu minium tox ic ity to plants and aque -
ous or gan isms. The ac tiv ity of dis solved sil ica af fects the for -
ma tion of alu mi no sili cate sol ute and solid spe cies, and can re -
duce alu minium tox ic ity (e.g., Exley et al., 1994, 1997).

The chem is try of ground wa ter from the weath ered zone de -
vel oped on dif fer ent bedrocks in the east ern part of the K³odzko 
Re gion was in ves ti gated. The groundwaters stud ied rep re sent
the short turn-over time zone of wa ter in the hydrogeological
sys tem. Springs and drain age in takes that dis charge from fis -
sured and/or regolith aqui fers were sam pled. In the stud ied part
of the Sudetes, the aqui fers men tioned above are the main
sources of drink ing wa ter sup plies.

The aim of the re search was to de ter mine ground wa ter
chem is try, and to ana lyse con cen tra tions and sol u bil ity con trols 
of sil i con and alu minium dis solved in shal low, low-tem per a -
ture, fresh ground wa ter. In the study area, ther mal
groundwaters also oc cur in L¹dek Spa. In the pa per, sil i con and 
alu minium dis solved in ground wa ter is in ter preted in terms of
the sol u bil ity of sec ond ary solid phases.

METHODS AND SITE MINERALOGY

The re search into the ground wa ter chem is try was car ried
out in the years 1998–2003 in the east ern part of the K³odzko
Re gion (Fig. 1). Shal low, cold ground wa ter dis charged from



springs and drain age in takes was in ves ti gated. Wa ter sam ples

were fil tered in the field by cel lu lose-ni trate 0.45 mm mem -
brane fil ters, and stored in LDPE bot tles. Spe cific elec tric con -
duc tiv ity (SEC), pH, and T were mea sured in the field. Con -
cen tra tions of Al (by ETA AAS),  SO4, NO3, PO4, F, SiO2 (by
the spec tro pho to met ric method), HCO3 and Cl (by the vol u -
met ric method), Ca, Mg, Na, K and trace el e ments (by
ICP-AES) were de ter mined in the lab. The cal cu la tion of spe -
cies ac tiv ity and sat u ra tion states was ex e cuted by the
PHREEQC code (Park hurst and Appelo, 1999). An Al-sil i cate 
( )H O) AlOSi(OH2 5 3

2+  com plex was in cor po rated into the
speciation model, us ing lgK and DHr

o  data given by Spadini et
al. (2005) and Pokrovski et al. (1996). Cal cu la tion of sat u ra tion 
in dexes also in cluded dis so lu tion re ac tions of the fol low ing
aluminosilicates: al lo phane of Al/Si ra tio = 2.0 (lgK25 = 14.20;
Su and Harsh, 1998), al lo phane of Al/Si = 1.26 (lgK25 = 11.27;
Su and Harsh, 1998), nat u ral imogolite (lgK25 = 13.60; Su and
Harsh, 1996), syn thetic imogolite (lgK25 = 13.08; Su and
Harsh, 1996), proto-imogolite (lgK25 = 7.02,
DHr

o  = –96.8 kJ/mol; Lumsdon and Farmer, 1995).

The gen eral de scrip tions of ground wa ter qual ity are also
based on the data col lected by Chmielewska (2000), Stêpieñ
(2000), B¹k (2002) and Bieleñ (2002).

Bed rock in the area stud ied is com posed of dif fer ent kinds:
sed i men tary, ig ne ous, and (mainly) meta mor phic (Fig. 1, Ta -
ble 1). Lower Car bon if er ous greywackes and con glom er ates
(with mudstones and shales) oc cur in the Bardo Mts., in the
north ern part of the area. Sed i men tary rocks of the Bardo Mts.
(GB) ad join Variscan granitoids of the K³odzko-Z³oty Stok
Mas sif (GR). Meta mor phic rocks pre dom i nate in the area stud ied. 
Lo cally, above the granitoids, coun try rocks (CR) mainly com -
posed of hornfels are pre served. In the east granitoids abut onto
the meta mor phic com plex con sist ing of Haniak-type gneiss es
(HG) with mylonites and cataclasites. The cen tral and south ern
parts of the area stud ied are com posed of dif fer ent gneiss es and
crys tal line schists (the “Œnie¿nik-L¹dek meta mor phic com -
plex”). Three main meta mor phic rock types can be dis tin -
guished in the com plex: (1) mica schists with plagioclase
gneiss es, graph ite schists and quartzites of the Stronie Se ries
(SS), (2) finely banded gneiss es and migmatites of the
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Fig. 1. Geo log i cal sketch of the east ern part of the K³odzko Re gion (af ter Sawicki, 1995) with lo ca tion of the ar eas stud ied



Giera³tów type (GG), (3) coarser gran ite-gneiss es of the
Œnie¿nik type (SG). Main fea tures of the bed rock min eral com -
po si tion are given in Ta ble 1.

BASIC FEATURES OF SILICON AND ALUMINIUM
HYDROGEOCHEMISTRY

Sil i con and alu minium are — be sides ox y gen — the most
abun dant el e ments of the con ti nen tal litho sphere (Si — 27.7%,
Al — 8.1%). The geochemistries of these el e ments in nat u ral
wa ters con trast with each other. In the most groundwaters, es -
pe cially in cold low-min er al ised ground wa ter, con cen tra tion of 
dis solved sil i con con sid er ably ex ceeds that of alu minium.
Hydrolytic de cay of (alumino)sil i cates is re garded as the main
source of Si and Al dis solved in nat u ral wa ters. This pro cess re -
leases sig nif i cant amounts of sil i con, but rel a tively low
amounts of alu minium, into wa ters. Sil i con usu ally oc curs in
ground wa ter at con cen tra tions of 10–4 ÷ 10–3 mol/L, whereas
alu minium con cen tra tions are 10–7 ÷ 10–5 mol/L (Hem, 1989;
Svarcev, 1998). The geochemical be hav iour of both el e ments
is re lated to each other in some environments (e.g., in soils and
the weath ered zone).

Alu minium oc curs usu ally in aque ous so lu tion in ionic
forms, as in many min er als, at oc ta he dral (or tet ra he dral) co or -
di na tion with dif fer ent lig ands. The alu minium sol u bil ity is
gov erned mainly by pH. Ef fects of wa ter pH and hy dro ly sis of 
Al(H2O)6

3+ com plex ions is mod i fied by the for ma tion of sol u -
ble, sta ble com plexes with other in or ganic or or ganic lig ands,
such as flu o rides, sulphates, phos phates or carboxylates. As a
con se quence of its amphoteric prop er ties, alu minium shows its
high est sol u bil ity in acid and ba sic con di tions. Sil i con pre dom i -
nantly oc curs in wa ters in the form of dis solved mono- and
poly meric ac ids. Usu ally, the main form of sil i con in low-min -
er al ised non-al ka line wa ters is undissociated, orthosilicic acid
H4SiO4. Sil i con in sol utes, like as many sol ids, oc curs mainly in 
the tet ra he dral co or di na tion. An in crease in pH causes dis so ci a -
tion of silicic ac ids, and an in crease in sil i con sol u bil ity. In al ka -
line wa ters (with pH above 9.5) sil i con also oc curs as sil i cate
an ions and/or poly meric acid spe cies. Sil i con and alu minium
might form nu mer ous com plexes among them also the com -
mon com plexes: hydroxyaluminosilicates (HAS). The for ma -
tion of HAS de pends on en vi ron men tal con di tions (Swad dle,
2001). In acidic and neu tral con di tions
hydroxyaluminosilicates are mainly formed due to re ac tions of
undissociated acid H SiO4 4

0  with Al cat ions (Al(H O)2 6
3+ ,
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T a  b l e  1

Min eral com po si tion of bedrocks in the area stud ied (af ter Butkiewicz, 1968; Wojciechowska, 1975; Wierzcho³owski, 1976; Cwojdziñski,
1977; Fr¹ckiewicz and Teisseyre, 1977; Smulikowski, 1979; Borkowska et al., 1990)



Al(H2O)5(OH)+2, Al(H2O)4(OH) 2
+  ), whereas in al ka line con di -

tions HASs are formed due to the re ac tion of H SiO4 4
0  and/or

sil i cate an ion H SiO3 4
- with aluminate an ions, Al(H O) (OH2 2 )4

- . 
Apart of monosilicate com plexes, polysilicate com plexes also
are formed and ex ist in nat u ral wa ters (Dietzel, 2000).

The for ma tion of hydroxyaluminosilicates has been the
sub ject of nu mer ous in ves ti ga tions. Farmer and Lumsdon
(1994), Lumsdon and Farmer (1995) and Pokrovski et al.
(1996) worked on the for ma tion and sol u bil ity of 
AlOSi(OH)3

2+ com plex. In many soils proto-imogolite sol
(HO)3Al2O3SiOH has been iden ti fied and con sid ered as a pre -
cur sor of al lo phane/imogolite min er als, play ing an im por tant
role in soil for ma tion (e.g., Farmer et al., 1980; Farmer and Fra -
ser, 1982; Gustafsson et al., 1998). Re cently, the for ma tion and 
the struc ture of two kinds of HASs (named HASA and HASB)
has been de scribed (Doucet et al., 2001; Exley et al., 2002).
Both kinds of HASs have the com po si tion and ideal ised Si:Al
ra tios of 0.5 and 1.0, re spec tively, iden ti cal to proto-imogolite
or al lo phane/imogolite min er als. It is con ceiv able that HAS
sol utes may play an im por tant role in the for ma tion of amor -
phous/short range-or dered alu mi no sili cate solid phases
(Farmer and Lumsdon, 1994; Lumsdon and Farmer, 1995;
Doucet et al., 2001; Exley et al., 2002). Alu mi no sili cate sol ids
(allophanes, imogolite) are widely iden ti fied, es pe cially in soils 
de vel oped on vol ca nic rocks (e.g., Parfitt and Kimble, 1989;
Wada, 1989; Ugolini and Dahlgren, 1991; Ndayiragije and
Delvaux, 2003), but also de vel oped on sed i men tary and meta -
mor phic bed rock (e.g., Farmer et al., 1980; Gustafsson et al.,
1998, 1999).

Dur ing ir re vers ible trans for ma tions of pri mary min er als in
the weath ered zone a wide as sem blage of sec ond ary (re vers ible 
and ir re vers ible) solid phases can be formed. They can con trol
the sol u bil ity of sil i con and/or alu minium in nat u ral wa ters. To
ex plain their ac tiv ity in wa ter the role of dif fer ent phases, such
as Al(OH)3 forms (Sullivan and Cosby, 1998), halloysite
and/or microcrystalline gibbsite (Hem et al., 1973), metastable
aluminosilicates (Paèes, 1978; Neal et al., 1986), or mixed
phase amor phous Al(OH)3 and alu mi no sili cate (Gustafsson et
al., 1998) has been pro posed.

The sol u bil ity of kaolinite, halloysite, Al(OH)3 forms and
some of al lo phane/imogolite min eral phases is al ready quite
well known. Un for tu nately, un like the above-men tioned
phases, the sol u bil ity of alu mi no sili cate sol utes is poorly rec og -
nized. The equi lib rium con stants of AlOSi(OH)3

2+  com plex
and proto-imogolite sol (HO)3Al2O3SiOH) are known due to
the work of Lumsdon and Farmer (1995) and Pokrovski et al.
(1996). The HASB sol u bil ity was es ti mated ex per i men tally by
Schnei der et al. (2004) and on the ba sis of field hydrochemical
data by Dobrzyñski (2006a).

SILICON AND ALUMINIUM IN 
THE GROUNDWATER STUDIED

The groundwaters stud ied are low-min er al ised, and their
spe cific elec tric con duc tiv ity (SEC) usu ally does not ex ceed

350 mS/cm (Ta ble 2). The mean tem per a ture of wa ter from dif -
fer ent aqui fers ranges from 6.1°C to 8.6°C (Ta ble 2). Ground -

wa ter pH var ies within a wide range, be tween 3.88 and 7.66,
but usu ally be tween 5 and 6.5. Cal cium, bi car bon ate and sul -
phate ions pre vail amongst the sol utes.

The ground wa ter from granitoids (GR) and from hornfelses 
(CR) dif fers from other groundwaters in terms of many chem i -
cal pa ram e ters, i.e. pH, to tal dis solved sol ids, con cen tra tion of
cal cium, mag ne sium, po tas sium, bi car bon ates, chlo rides. It re -
sults from the higher con tent of re ac tive pri mary rock-form ing
min er als in GR and CR bedrocks than in gneiss es, meta mor -
phic schists, and sed i men tary rocks (conglomerates).

Dis solved sil i cate con cen tra tions (ex pressed as SiO2) range
be tween 5.09 and 26.6 mg/L SiO2 (85–443 mmol/L), and alu -
minium con cen tra tions range be tween 1 and 1800 mg/L
(0.037–67 mmol/L) (Ta ble 2, Fig. 2). Sil i con and alu minium
con cen tra tions in the ground wa ter de pend on bed rock type
(Figs. 3 and 4).

The mean sil ica con cen tra tion in ground wa ter from dif fer -
ent bedrocks (from 10.7 to 16.8 mg/L SiO2; Ta ble 2) is sim i lar
to its av er age con cen tra tion in shal low ground wa ter of tem per -
ate cli mate re gions (13.3 mg/L SiO2) and in ground wa ter of
moun tain ar eas (15.2 mg/L SiO2) af ter Svarcev (1998). Alu -
minium and sil ica con cen tra tions in the ground wa ter stud ied
also are sim i lar to con cen tra tions found in shal low cold
ground wa ter in other parts of the Sudetes (Dobrzyñski, 1997,
2005, 2006b; Bocheñska et al., 1997).

Wa ter pH is the main vari able that gov erns Al con cen tra -
tion. How ever, cor re la tion be tween Alto tal  and pH in ground wa -
ter (Fig. 5) is weak be cause of the pres ence of nu mer ous sam -
ples with pH within the range 6–7, where Al shows the low est
sol u bil ity. Alu minium forms sta ble sol u ble com plexes with dif -
fer ent lig ands, such as hy drox yls, flu o rides, sulphates and
organics. Speciation cal cu la tion shows that Al oc curs mainly as 
Al-OH and Al-F com plexes (Fig. 6). Al-sul phate and Al-sil i -
cate com plexes form at most a few per cent of alu minium in or -
ganic com plexes. Al-or ganic com plexes have not been taken
into ac count in the speciation mod els due to lack of in for ma tion 
on Corg. in groundwaters. Dis solved or ganic car bon (DOC) in
the groundwaters was usu ally be low the an a lyt i cal de tec tion
limit (DL = 0.5 mg/L Corg.). Sil i con oc curs in the ground wa ter
stud ied mainly as H SiO4 4

0  spe cies that in all sam ples take more
than 99.65% of to tal mo lar Si con cen tra tion.

RESULTS AND DISCUSSION

The ionic equi lib rium of alu minium and/or sil i con-bear ing
sol ids in ground wa ter has been ana lysed. Interpretation was
based on the cal cu la tion for con gru ent and in con gru ent dis so lu -
tion reactions.

The groundwaters stud ied oc cur in the zone of short
turn-over time in the hydrogeological sys tem and show dis -
equi lib rium with wa ter-bear ing rocks as a whole. The wa ters
are undersaturated with re spect to the rock-form ing sil i cate
min er als (Ta ble 3), such as feld spars, biotites and chlorites.
These min er als are im por tant re ac tive phases and sources of
sol utes. Groundwaters usu ally show supersaturation with re -
spect to mus co vite and sec ond ary layer-sil i cates (kaolinite,
illite, smectities). Mus co vite/seri cite is a com mon min eral in
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Bed rock

SS

(41)

GG

(8)

SG

(47)

HG

(10)

GB

(10)
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(35)
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(8)

SEC

[µS/cm]

82.0*

36.7–127.2**

122.2

67.8–154.2

81.6

53.1–182

155.0

98.8–235.0

150.1

107.5–195.5

292.7

109–514

328.4

161.9–973

pH
5.72

5.07–7.08

5.60

5.33–5.81

5.06

3.88–6.89

5.43

5.13–6.6

4.89

4.27–5.77

6.09

5.21–7.66

6.31

5.79–7.00

T [°C]
6.07

4.6–9.46

8.62

7.5–10.0

7.06

4.7–24.3

6.45

3.0–9.6

7.45

4.1–11.0

8.02

3.0–12.2

8.55

5.3–10.8

SiO2
10.70

5.09–17.0

16.75

10.21–22.9

12.12

6.88–18.3

14.77

11.3–19.6

11.91

9.8–14.1

14.55

7.4–26.6

15.37

9.9–26.0

Al

[µg/L]

121

1–1224

32

5–103

133

1–1800

18

4–89

26

2–96

13

1–46

11

1–33

Ca
11.53

3.22–20.84

11.67

5.23–20.04

8.22

2.4–25.11

18.56

10.5–27.1

15.61

10.74–23.40

37.94

8.5–70.8

32.01

14.11–60.36

Mg
1.21

0.44–2.6

2.00

1.08–2.9

1.11

0.19–2.84

9.02

2.2–16.2

5.49

1.80–10.07

9.45

2.9–17.17

12.13

5.11–37.02

Na
7.61

1.5–16.8

14.36

5.6–27.5

11.59

1.6–28.0

4.59

2.5–7.29

6.33

4.2–12.3

7.67

4.2–12.3

9.58

4.5–30.0

K
1.88

0.5–3.0

2.53

0.5–8.2

1.86

0.75–5.1

1.62

0.9–2.4

2.62

1.24–5.80

3.05

0.75–12.0

4.46

1.17–18.0

HCO3
29.49

0.05–67.2

12.90

0.05–29.29

14.10

0.05–80.93

22.31

9.0–55.62

13.19

8.3–20.1

72.25

8.18–160.9

84.65

41.87–238.1

SO4
10.89

2.86–42.3

33.27

10.0–45.6

17.18

3.03–67.47

44.23

16.2–100.64

53.99

36–82

57.74

19.1–209.83

42.83

21.5–80.0

Cl
3.52

0.5–13.83

3.46

2.15–5.24

3.34

0.5–9.23

6.28

5.2–8.58

7.51

6.38–10.21

13.04

5.1–50.7

13.64

5.74–38.07

F n.a. n.a. n.a.
0.17

0.04–0.29

0.12

0.02–0.28

0.25

0.08–1.46

0.18

0.02–0.35

PO4
0.33

0.01–2.22

0.17

0.07–0.31

0.16

0.01–0.60

0.05

0.01–0.14

0.06

0.03–0.10

0.12

0.01–0.38

0.06

0.01–0.15

NO3
8.52

2.0–14.2

9.73

6.1–14.1

10.74

5.6–24.2

3.09

0.8–7.0

5.01

1.8–7.8

4.41

0.3–14.0

6.26

0.9–25.7

() — num ber of sam ples; SEC — spe cific elec tric con duc tiv ity; * — mean con cen tra tion; ** — range of con cen tra tions, n.a. – not ana lysed; con cen tra tions 
(ex cept Al) in mg/L; bed rock types as in Ta ble 1

T a  b l e  2

 Se lected physico-chem i cal char ac ter is tics of the ground wa ter

Fig. 2. Cu mu la tive counts of sil i con and alu minium mo lar con cen tra tion in the ground wa ter
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Fig. 3. Box charts of sil ica con cen tra tion in the ground wa ter

For bed rock types ab bre vi a tions see Ta ble 1

Fig. 4. Box charts of alu minium con cen tra tion in the ground wa ter 

For bed rock types ab bre vi a tions see Ta ble 1

Fig. 5. Ac tiv ity of Alto tal and Al+3 vs. pH in the ground wa ter Fig. 6. Share of Al-F, Al-OH, Al-SO4 and Al-Si com plexes vs. pH 
in the ground wa ter



the bed rock (Ta ble 1) and is sta ble in the most of
the aqui fers in ves ti gated (Ta ble 3). Most wa ters
also show supersaturation with re spect to sec ond -
ary re vers ible amor phous/short-range or dered
aluminosilicates (al lo phane/imogolite). This
might in di cate the ten dency of those sol ids to be
formed in the weath ered zone. Sat u ra tion in dexes
(SI) cal cu lated by the geo chem i cal code re late to
the re ac tion of con gru ent dis so lu tion. These better
re flect the geo chem i cal be hav iour of re vers ible
sec ond ary phases (such as kaolinite, halloysite, al -
lo phane/imogolite, Al(OH)3 forms and SiO2

forms) dur ing weath er ing than the ir re vers ible re -
ac tions of pri mary min er als. The lat ter ones usu -
ally dis solve in con gru ently. SI val ues sug gest that
the sil ica ac tiv ity in ground wa ter might be con -
trolled by chal ce dony (Ta ble 3).

Alu minium (Al+3) ac tiv ity plot ted vs. pH
(Fig. 7) is scat tered within a wide range, be tween
the amor phous Al(OH)3 and kaolinite sol u bil i ties.
Ground wa ter from granitoids of the K³odzko-
 Z³oty Stok Mas sif (GR) and their coun try rocks,
hornfels (CR) shows a reg u lar pat tern and in di -
cates that lo cally and/or tem po rary a geo chem i cal
equi lib rium with re spect to microcrystalline
gibbsite, gibbsite and the phases of sol u bil ity in ter -
me di ate be tween halloysite and kaolinite phases
might be main tained.

In ter pre ta tion of the ion ac tiv ity quo tient
(IAQ) for solid phases was ap plied with re gard to
the ac tiv ity of both el e ments (sil i con and alu -
minium) in ground wa ter. IAQ curves were es tab -
lished for the fol low ing sol ids: allophanes by Su
and Harsh (1998) (al lo phane-2.0 of Al/Si ra tio =
2.0 and al lo phane-1.26 of Al/Si ra -
tio = 1.26), proto-imogolite of com -
po si tion by Lumsdon and Farmer
(1995), kaolinite, and Al(OH)3

forms. Due to the same Al/Si mo lar
ra tio, the curve for al lo phane-2.0
also re lates to imogolite, and the
curve for kaolinite to halloysite. The 
IAQ curve for Al(OH)3 forms re -
lates to the com po si tion of gibbsite,
microcrystalline gibbsite or amor -
phous alu minium hy drox ide. The
curves were cal cu lated at mean val -
ues of Al+3 and  ac tiv i ties in ground -
wa ter from par tic u lar bedrocks. The
re ac tion quo tient (lg IAQ) for se -
lected sol ids in ground wa ter from
dif fer ent bedrocks was plot ted on
Fig ure 8A–G and com pared with
the the o ret i cal IAQ curves.

The power of the chem i cal data
set for groundwaters from par tic u lar
types of bed rock shows marked dif -
fer ences. This af fects the re li abil ity
of in ter pre ta tion. The chem i cal data
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Solid phases
Bed rock

SS GG SG HG GB GR CR

K-feld spar   –1.61   –2.46   –2.64   –4.41   –5.51   –1.79   –1.12

Al bite   –3.65   –4.15   –4.49   –6.53   –7.67   –3.84   –3.25

An or thite   –7.01   –9.09   –9.27 –12.84 –14.98   –7.35   –6.35

Mus co vite     6.86     4.09     4.38   –1.45   –3.74     4.60     6.14

Annite   –7.86 –10.83 –12.10 –14.89 –17.20   –6.71   –5.81

Phlogopite –21.67 –23.82 –25.18 –24.36 –28.33 –16.36 –15.16

Chlorite –27.99 –31.10 –33.26 –32.79 –38.89 –20.26 –18.35

Illite     0.35   –1.61   –1.63   –5.76   –7.84   –0.90     0.32

Ca–beidelite     2.74     1.00     1.05   –3.25   –5.15     0.91     2.01

Kaolinite     4.73     3.12     3.36   –0.49   –1.90     2.83     3.73

Halloysite   –0.56   –2.14   –1.92   –5.78   –7.17   –2.44   –1.53

Imogolite–nat u ral*     4.08     2.03     2.56   –1.32   –2.74     1.87     2.69

Imogolite–syntet.*     4.60     2.55     3.08   –0.80   –2.22     2.39     3.21

Al lo phane–2.0*     3.48     1.43     1.96   –1.92   –3.34     1.27     2.09

Al lo phane–1.26*     4.19     2.25     2.70   –1.13   –2.59     2.05     2.89

Proto–imogolite     0.67   –0.19   –0.03   –2.01   –2.65   –0.31     0.13

Gibbsite     1.48     0.52     0.75   –1.27   –1.87     0.43     0.87

Gibbsite mi cro     0.15   –0.80   –0.57   –2.60   –3.19   –0.88   –0.45

Al(OH)3(a)   –1.39   –2.33   –2.11   –4.14   –4.73   –2.42   –1.98

Quartz     0.52     0.67     0.55     0.66     0.55     0.60     0.62

Chal ce dony     0.02     0.18     0.07     0.17     0.06     0.12     0.14

SiO2(a)   –0.88   –0.71   –0.84   –0.74   –0.84   –0.78   –0.76

* — imogolites and allophanes af ter Su and Harsh (1996, 1998); bolded SI val ues re late to 
val ues within the equi lib rium state range as sumed (±5% lgK); shad owed cells in di cate
over-sat u ra tion (SI> +5% |[gK]); bed rock types as in Ta ble 1

T a  b l e  3

Mean sat u ra tion in dexes (SI) of the ground wa ter with re spect to solid phases

Fig. 7. Ac tiv ity of Al+3 vs. pH com pared with the sol u bil ity of se lected min eral phases, at 7°C

For bed rock types ab bre vi a tions see Ta ble 1
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Fig. 8. Ion ac tiv ity quo tients of allophanes, imogolite,
kaolinite/halloysite, proto-imogolite and Al(OH)3 forms in the ground -
wa ter from dif fer ent bedrocks

A — schists of the Stronie Se ries (SS), B — Giera³tów gneiss es (GG), C —
Œnie¿nik gneiss es (SG), D — Haniak gneiss es (HG), E — sed i men tary
rocks of the Bardo Mts. (GB), F — granitoids of the K³odzko-Z³oty Stok
Mas sif (GR), G — coun try rocks (hornfelses) of the K³odzko-Z³oty Stok
Mas sif (CR)



for ground wa ter from the Stronie Se ries
(SS), Œnie¿nik gneiss es (SG) and
granitoids (GR) are more abun dant than
the hydrochemical data from other
bedrock types.

The pat terns of IAQs in ground wa -
ter from the meta mor phic bedrocks
dom i nated by gneiss es and schists (SS,
SG, GG, HG) show sim i lar i ties. The
IAQs for Al(OH)3 forms and
proto-imogolite sol show better agree -
ment with the curves (es pe cially in wa ters with pH be tween 5
and 6.5) than the IAQ of other sol ids (Fig. 8A–D). More over,
IAQ pat terns in ground wa ter from GG and HG bedrocks also
con form to the sol u bil ity of kaolinite/halloysite and al lo -
phane-2.0/imogolite, but hydrochemical data here are not nu -
mer ous. Ground wa ter from granitoids (GR) and hornfelses
(CR) es sen tially show the same pat tern (Fig. 8F and G). At pHs 
be low 6.7 the IAQs are con sis tent with the sol u bil ity of
Al(OH)3 forms and proto-imogolite. Also in ground wa ter from
sed i men tary rocks of the Bardo Mts. (GB) the IAQs cor re late
to Al(OH)3 forms and proto-imogolite, but hydrochemical data
are few (Fig. 8E).

De spite the dif fer ent bed rock mineralogies, the chem is try of
the ground wa ter shows some com mon fea tures. The ion ac tiv ity
quo tient of Al(OH)3 forms and alu mi no sili cate sol
(proto-imogolite) shows the stron gest agree ment with the the o -
ret i cal com po si tion, es pe cially in ground wa ter of pH be low 6.5.
Proto-imogolite re lates to hydroxyaluminosilicate of the HASA

type, and can form when the sil ica con cen tra tion in so lu tion is
close to that of alu minium (Doucet et al., 2001; Exley et al.,
2002). There fore, the for ma tion of HASA or proto-imogolite in
the aqui fers stud ied is rather doubt ful (Fig. 2).

The IAQ plots in di cate a hy po thet i cal equi lib rium of
ground wa ter with both aluminosilicates and Al(OH)3 forms.
This sug gests that the ground wa ter stud ied might be in equi lib -

rium with more than one sec ond ary solid. Si mul ta neous geo -
chem i cal equi lib rium of the ground wa ter with dif fer ent sec -
ond ary phases sug gests in con gru ent trans for ma tion and an
equi lib rium state be tween them. Hy po thet i cal in con gru ent re -
ac tions be tween the dif fer ent aluminosilicates and the Al(OH)3

forms of var i ous crystallinity were con sid ered (Ta ble 4).
Amongst the Al(OH)3 forms gibbsite, microcrystalline
gibbsite, and amor phous Al(OH)3 were taken into con sid er -
ation, whereas kaolinite, halloysite, imogolite, and
proto-imogolite were taken into ac count amongst
aluminosilicates. Apart from the above-men tioned alu mi no sili -
cate phases the hy po thet i cal re ac tion of in con gru ent dis so lu tion 
be tween hydroxyaluminosilicate HASB and Al(OH)3 forms
was also con sid ered. This in con gru ent re ac tion was as cer tained 
by Schnei der et al. (2004) dur ing the lab o ra tory ex per i ments on 
HASB dis so lu tion. In the ab sence of a pre cisely de ter mined
HASB sol u bil ity con stant, the value (lgK7 = 14.0±0.7) es ti -
mated by Dobrzyñski (2006a) was used in the cal cu la tion. The
al lo phane-2.0 and the al lo phane-1.26 af ter Su and Harsh
(1998) were not con sid ered due to the lack of enthalpy of re ac -
tion (DHr

o ) data. The cal cu la tion was per formed for 7°C, as a
tem per a ture close to mean val ues in ground wa ter (Ta ble 2).
The ther mo dy namic data ap plied to cal cu late the equi lib rium
con stants for the in con gru ent re ac tions are given in Ta ble 5. An 
equi lib rium con stant (Ta ble 6) was used to cal cu late sil ica ac -
tiv ity in so lu tion that should be main tained by the par tic u lar re -
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Re ac tions

(kaolinite, halloysite, HASB) « Al(OH)3(s) Al2Si2O5(OH)4 + 5H2O = 2Al(OH)3(s) + 2H SiO4
0

4

imogolite « Al(OH)3(s) Al2SiO3(OH)4 = 2Al(OH)3(s) + H SiO4
0

4

proto-imogolite « Al(OH)3(s) 0.5(HO)3Al2O3SiOH = Al(OH)3(s) + 0.5H SiO4
0

4

T a  b l e  4

Re ac tions of in con gru ent dis so lu tion be tween alu mi no sili cate sol ids and the Al(OH)3 
forms con sid ered

Re ac tion lgK25
DHr

o

[kJ/mol]
lgK7 Source

Quartz, SiO2 + 2H2O = H SiO4 4
0 –3.98 22.7 –4.235 a

Chal ce dony, SiO2 + 2H2O = H SiO4 4
0 –3.55 20.3 –3.778 a

SiO2 amor phous, SiO2 + 2H2O = H SiO4 4
0 –2.71 15.5 –2.884 a

Gibbsite, Al(OH)3 + 3H+ = Al+3 + 3H2O   8.11   –95.395   9.184 a

Microcrystalline gibbsite, Al(OH)3 + 3H+ = Al+3 + 3H2O   9.35 –102.508 10.504 a

Al(OH)3 amor phous, Al(OH)3 + 3H+ = Al+3 + 3H2O 10.8  –110.876 12.048 a

Kaolinite, Al2Si2O5(OH)4 + 6H+ = 2Al+3 + 2H SiO4 4
0   + H2O     7.435 –147.695   9.097 a

Halloysite, Al2Si2O5(OH)4 + 6H+ = 2 Al+3 + 2H SiO4 4
0   + H2O   12.498 –167.025 14.378 b

Imogolite, Al2O3Si(OH)4 + 6H+ = 2Al+3 + H SiO4 4
0  + 3H2O 12.10 –206.991 14.430 c

Proto-imogolite, 0.5(HO)3Al2O3SiOH + 3H+ = Al+3 + 0.5H SiO4 4
0   + 1.5H2O   7.02 –96.8    8.109 d

Hydroxyaluminosilicate HASB, Al2Si2O5(OH)4 + 6H+ = 2 Al+3 + 2H SiO4 4
0   + H2O – –        14.0 (±0.7) e

a — Nordstrom et al. (1990); b — Ball and Nordstrom (1991); c — Wada and Kakuto (1999); d — Lumsdon and Farmer (1995); e — Dobrzyñski (2006a);  
DHr

o — enthalpy of re ac tion cal cu lated af ter enthalpy of for ma tion data: DH
f, Al 3+

o  = –540.9 kJ/mol (Palmer and Wesolowski, 1992), DHf, H O2

o  = –285.83
kJ/mol (Robie and Hem ing way, 1995), DH

f, H SiO4 4
0

o  = –1457.3 kJ/mol (Ball and Nordstrom, 1991), DHf, imogolite
o  = –3189.6 kJ/mol (Farmer et al., 1979)

T a  b l e  5

Ther mo dy namic data used in cal cu la tion of the equi lib rium con stant for in con gru ent re ac tions



ac tions at the equi lib rium state (Ta ble 7). Af ter wards, the sil ica
equi lib rium ac tiv i ties cal cu lated were com pared with the sil ica
ac tiv i ties in ground wa ter. The cor rect ness of equi lib rium con -
stants de pends upon the ther mo dy namic data qual ity. More -
over, the value of re ac tion con stant for in con gru ent re ac tions
var ies with the tem per a ture and the crystallinity of solid phases. 
The poorer the ar range ment of Al(OH)3 struc ture and/or the

better ar range ment of alu mi no sili cate struc ture and/or the
higher tem per a ture, the lower is the sil ica equi lib rium ac tiv ity.

The sil ica equi lib rium ac tiv i ties cal cu lated fluc tu ate within a
wide range (Ta ble 7). Fig ure 9 shows only the val ues close to the
field data. Sil ica equi lib rium ac tiv i ties that are higher than amor -

phous sil ica sol u bil ity (as for the halloysite « gibbsite re ac tion)
are un re al is tic, be cause they con form to metastable con di tions.

The sil ica ac tiv i ties in ground wa ter are sit u ated be tween the 
sol u bil ity of quartz and the sol u bil ity of amor phous sil ica

(Fig. 9). Two hy po thet i cal in con gru ent re ac tions (imogolite «

gibbsite and HASB « microcrystalline gibbsite) have sol u bil i -
ties clos est to the field data on sil ica con cen tra tion. The mean
sil ica ac tiv ity in ground wa ter (lg[H SiO4 4

0] = –3.6704) is higher
than the sol u bil ity of chal ce dony (Fig. 9), and lower than the
sil ica ac tiv ity at the equi lib rium state in the in con gru ent re ac -
tion be tween HASB and microcrystalline gibbsite. In most
ground wa ter sam ples, the sil ica ac tiv ity found is be tween the
equi lib rium with chal ce dony con gru ent dis so lu tion and the

equi lib rium in the in con gru ent re ac tion HASB «
microcrystalline gibbsite.

As sum ing that the geo chem i cal equi lib rium with the
above-men tioned phases is main tained in the sys tems stud ied,
the con cen tra tion of sil ica can be ex plained in dif fer ent ways.
The sil ica ac tiv ity in ground wa ter might re sult from: (1) the

HASB « microcrystalline gibbsite re ac tion; (2) dis so lu tion of
chal ce dony; or (3) ef fects of both re ac tions.

The value of equi lib rium sil ica ac tiv ity cal cu lated for the re -
ac tion (1) is af fected by the qual ity of ther mo dy namic data
used. The sol u bil ity of microcrystalline gibbsite was taken af ter 
Nordstrom et al. (1990), and the sol u bil ity of HASB

(lgK7 = 14.0±0.7) af ter Dobrzyñski (2006a; Ta ble 5). The dis -
crep ancy be tween the equi lib rium sil ica ac tiv ity and the mean
ac tiv ity in ground wa ter can orig i nate from un cer tainty in the
es ti ma tion of the HASB sol u bil ity. The equi lib rium sil ica ac tiv -
ity fits very well to the field hydrochemical data when a HASB

sol u bil ity with the un cer tainty range ±0.7 is con sid ered (Fig. 9). 
Most groundwaters show sil ica ac tiv i ties be tween that for

378 Dariusz Dobrzyñski

Al(OH)3

amor phous
Gibbsite

microcrystalline Gibbsite

Kaolinite –14.999 –11.911 –9.271

Halloysite   –9.718 –6.630 –3.990

Imogolite   –9.666 –6.578 –3.938

Proto-imogolite   –3.939 –2.395 –1.075

Hydroxyalumino-
sil i cate HASB

–10.096 –7.008 –4.368

T a  b l e  6

Equi lib rium con stants (lgK7) cal cu lated for the in con gru ent re ac tions

Al(OH)3

amor phous
Gibbsite

microcrystalline Gibbsite

Kaolinite –7.500 –5.956 –4.636

Halloysite –4.859 –3.315 –1.995

Imogolite –9.666 –6.578 –3.938

Proto-imogolite –7.878 –4.790 –2.150

Hydroxyalumino-
sil i cate HASB

–5.048 (±0.35)* –3.504 (±0.35)* –2.184 (±0.35)*

* — sil ica ac tiv ity re lates to the un cer tainty range of lgKHAS-B, 7 = 14.0 ±0.7
(Ta ble 5)

T a  b l e  7

Sil ica ac tiv ity (lg[H SiO4 4
0]) in equi lib rium 

with in con gru ent re ac tions, at 7°C

Fig. 9. Com par i son of H SiO4 4
0  ac tiv ity in the ground wa ter with equi lib rium ac tiv ity for in con gru ent re ac -

tions be tween aluminosilicates and Al(OH)3 forms, and sol u bil ity of sil ica forms, at 7°C

Ex pla na tions of in con gru ent re ac tions: A — al lo phane 2.0 « gibbsite; B — imogolite « gibbsite; C —

hydroxyaluminosilicate HASB « microcrystalline gibbsite; D — halloysite « microcrystalline gibbsite; C-min
and C-max — sil ica ac tiv i ties re late to the un cer tainty range of lgKHAS-B (Ta ble 7)



lgKHAS-B, 7 = 14.0 and for lgKHAS-B, 7 = 13.3, “C” and “C-min”
ac tiv i ties on Fig ure 9, re spec tively. This pat tern might sug gest
un cer tainty in the es ti ma tion of lgKHAS-B. How ever, it also can
re sult from the sol u bil ity of the Al(OH)3 form. Lower equi lib -
rium sil ica ac tiv ity sug gests that in the geo chem i cal sys tem the
HASB can dis solve form ing Al(OH)3 forms that are slightly
more dis or dered and more sol u ble than microcrystalline
gibbsite taken af ter Nordstrom et al. (1990).

The role of chal ce dony sol u bil ity might also be sig nif i cant,
es pe cially in ground wa ter with lower sil ica ac tiv ity. How ever,
the dis tri bu tion of sil ica con cen tra tion in the ground wa ter is
close to the nor mal one (Figs. 2 and 9). This sug gests that the
same pro cess may be re spon si ble for sil ica con trol in ground -
wa ter from dif fer ent bedrocks. Geo chem i cal equi lib rium of the
in con gru ent re ac tion be tween HASB and forms of Al(OH)3

seems to be the most prob a ble con trol ling pro cess in the geo -
chem i cal sys tems stud ied. Anal y sis of the ex ten sive set of
hydrochemical data in terms of hydroxyaluminosilicate HASB

sol u bil ity in di cated that the solid phase may play role, es pe -
cially in ground wa ter of pH above 6.7 (Dobrzyñski, 2006a).

The aqui fer rocks dif fer in min eral re ac tiv ity and neu tra li -
sa tion ca pac ity, which cru cially af fects ground wa ter pH. Wa ter 
pH — es pe cially in the shal low un con fined aqui fers — shows
sea sonal fluc tu a tions. Sil i cate min er als dis solve pre dom i nantly 
by re ac tions that de pend on H+ ac tiv ity in the so lu tion. Changes 
of pH might cause the dif fer ent phases to play an im por tant role 
in con trol ling the sol ute ac tiv ity.

The re sults of the ionic equi lib rium anal y sis (based on sat u -
ra tion indices, sol u bil ity curves, quo tients of re ac tion) al lowed
indication the phases that prob a bly are re spon si ble for the sol u -
bil ity con trol of sil i con and alu minium. The main as sump tion is 
that lo cally and/or pe ri od i cally (sea son ally) a par tial geo chem i -
cal equi lib rium be tween ground wa ter and the sec ond ary phases 
might be reached and maintained.

In ground wa ter from gneiss es and crys tal line schists of the
Œnie¿nik-L¹dek meta mor phic com plex (SS, SG, GG) alu -
minium is likely con trolled by the dis so lu tion of Al(OH)3

forms at pHs be low 6.5(6.7). In wa ters from SS and SG
bedrocks at pHs above 6.7 an in con gru ent re ac tion be tween
hydroxyaluminosilicate HASB and a Al(OH)3 form is re spon si -
ble for the con trol of alu minium and sil i con ac tiv ity. Both el e -
ments in ground wa ter from the Giera³tów gneiss es (GG) also
might be con trolled by the sol u bil ity of kaolinite/halloysite
and/or an al lo phane-like phase, but the quan tity of the data
available is very low.

The granitoids of the K³odzko-Z³oty Stok (GR) and their
coun try rocks — hornfels (CR) — are rocks that are more re ac -
tive than the other bedrocks stud ied, which re sults in the high -
est pH of the ground wa ter (Ta ble 2). The chem is try of ground -
wa ter from GR and CR bedrocks pres ent a pat tern sim i lar to
that found in the Œnie¿nik-L¹dek meta mor phic com plex. In
ground wa ter with pH be low 6.7, alu minium might be con -
trolled by the sol u bil ity of Al(OH)3 forms, whereas in wa ter
with pH above 6.7 by the in con gru ent dis so lu tion be tween
HASB and Al(OH)3 forms. The lat ter re ac tion also plays a role
in the sil i con ac tiv ity con trol.

The power of a set of hydrochemical data for ground wa ter
from the Haniak gneiss es (HG) is very low. Alu minium ac tiv -
ity in is prob a bly con trolled by the Al(OH)3 form.

Sed i men tary rocks (mainly con glom er ates) of the Bardo
Mts (GB) are poorly weatherable. Groundwaters oc cur mainly
in the regolith aqui fer, and are not ef fi ciently neu tral ised. Their
chem i cal com po si tion prob a bly il lus trates the most chem i cal
dis equi lib rium con di tions amongst the geo chem i cal sys tems
stud ied. Sil i con and alu minium con cen tra tions in ground wa ter
likely re sult from ki net ics or steady-state con di tions be tween
the weath er ing release and the hydrological removal.

It is con ceiv able that chal ce dony might be re spon si ble for
the sil i con ac tiv ity con trol in all the ground wa ter stud ied, es pe -
cially if the pH does not ex ceed 6.5(6.7).

CONCLUSIONS

The chem is try of the ground wa ter stud ied is at dis equi lib -
rium with the aqui fer rocks. Dur ing ir re vers ible weath er ing
trans for ma tion of pri mary rock-form ing min er als an as sem -
blage of sec ond ary re vers ible and ir re vers ible solid phases is
formed in the weath ered zone. The lat ter phases usu ally are
more sol u ble than the pri mary min er als. De spite the short-time
na ture of wa ter tran sit in the hydrogeological sys tem, lo cally
and/or pe ri od i cally ground wa ter reaches par tial geo chem i cal
equi lib rium with some of sec ond ary phases. In ter pre ta tion of
the aque ous chem is try from the view point of solid solubilities
al lows in di ca tion of  the phases that are prob a bly responsible
for silicon and/or aluminium solubility in groundwater.

Groundwater chem is try de pends upon the re ac tiv ity of the
min er als in the wa ter-bear ing rocks. Granitoids of the
K³odzko-Z³oty Stok Mas sif (GR) with their coun try rocks com -
posed of hornfels (CR) are the most re ac tive amongst the bedrocks 
stud ied, whereas the sed i men tary rocks (mainly con glom er ates) of 
the Bardo Mts. (GB) are the least weatherable. Bed rock re ac tiv ity
af fects the chem is try and pH of the so lu tion, and gov erns the sol u -
bil ity and the sta bil ity of the sec ond ary solid phases.

Ground wa ter chem is try was in ter preted in terms of sol ids
solubilities with the main as sump tion that the par tial geo chem i -
cal equi lib rium be tween the ground wa ter and the sec ond ary
phases lo cally and/or pe ri od i cally (sea son ally) might be
reached and main tained in the systems studied.

Sil i con and alu minium ac tiv ities in the ground wa ter are
mainly con trolled by the equi lib rium of con gru ent dis so lu tion
of the re vers ible sec ond ary phases (such as Al(OH)3 forms and
chal ce dony) and/or by the in con gru ent re ac tion be tween the
hydroxyaluminosilicate colloid HASB and the
hydroxyaluminium forms.

Groundwaters from the Œnie¿nik-L¹dek meta mor phic com -
plex (gneiss es and crys tal line schists), and those from the
granitoids of the K³odzko-Z³oty Stok Mas sif and their coun try
rocks (hornfels) show sim i lar fea tures of aquatic chem is try.
Where ground wa ter pH is be low 6.7, alu minium is likely con -
trolled by the re vers ible con gru ent dis so lu tion of Al(OH)3. In
ground wa ter of pH above 6.7 the equi lib rium of the in con gru -
ent dis so lu tion of hydroxyaluminosilicate colloid, HASB with
the pro duc tion of Al(OH)3 forms is re spon si ble for the con trol
of alu minium and sil i con ac tiv ity in the so lu tion. It is con ceiv -
able that the sil i con ac tiv ity in ground wa ter with pH be low 6.7
is controlled by the reversible solubility of chalcedony.
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Sil i con and alu minium in ground wa ter from the Giera³tów
gneiss es (that be long to the Œnie¿nik-L¹dek meta mor phic com -
plex) also might be con trolled by the sol u bil ity of
kaolinite/halloysite and/or an al lo phane-like phase. How ever,
in ter pre ta tion is dif fi cult be cause the hydrochemical data set is
very small.

The power of a set of hydrochemical data for ground wa ter
from the Haniak gneiss es (HG) also is very low. Alu minium
ac tiv ity in these groundwaters is prob a bly con trolled by the
Al(OH)3 form.

Sed i men tary rocks (con glom er ates) of the Bardo Mts. (GB) 
are poorly weatherable. Groundwaters in that bed rock are not
ef fi ciently neu tral ised. The chemical com po si tion shows
chem i cal dis equi lib rium with re spect to the solid phases. The
silicon and alu minium con cen tra tions in the ground wa ter prob -
a bly re sult from ki net ics or a steady-state sit u a tion be tween the
weath er ing release and the hydrological removal.

The concentration of sil ica and alu minium in the ground -
wa ter can also be af fected by other than equi lib rium pro cesses,
such as ad sorp tion, ki net ics or a steady-state con di tion be tween 

weath er ing re lease and hydrologic re moval. The re sults shown
are based on min eral solubilities. Fu ture chemical and min er al -
og i cal ex am i na tions should fo cus on the pres ence of Al(OH)3

forms and amor phous/short-range or dered aluminosilicates
(allophanes/imogolite) in the weath ered zone de vel oped on
bed rock in the east ern part of the K³odzko Re gion to ver ify the
con clu sions based on the aque ous chem is try and the spe cies
sol u bil ity. In the light of the re sults ob tained here the pres ence
of hydroxyaluminosilicate HAS in groundwater is also a
promising research subject.
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