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ABSTRACT: A high content of fluorine was found in ornithogenic soils around
penguin rookeries on King George Island, South Shetland Islands. Fluorine is inherent
in 0.11% in krill (Euphausia superba), eaten by penguins. Fluorine content in penguins
excreta increased approximately to 0.43%,. and after decomposition and leaching to 1.03%.
The concentration grew during mineralization of organic matter in guano (up to 2.2%).
In a surface layer of guano fluorine occurred in apatite. A phosphatization was
noted in a subsurface zone as the result of a reaction between guano leachates and
weathered volcanic rocks. In the upper part of this zone near the large rookeries a fluorine
occurred in minyulite (aluminium phosphate containing potassium and fluorine) and
fluorine content here reached 3.5%,. Sometimes fluorine was also bound with amorphous
aluminium phosphate (up. to 2.09%)., formed as a result of incongruently dissolving
of minyulite in pure water.
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Introduction

Fluorine readily combines with calcium phosphates and sometimes high
concentrations of fluorine have been also reported from ornithogenic deposits
composed of phosphatic guano (Hutchinson 1950, White and Warin 1964,
Altschuler 1973, Emigh 1973). According to these authors. fluorine came
from sea spray carried on land by winds and it was probably of a post-
depositional origin. A preliminary determination of fluorine made in a sample
of phosphate from the ornithogenic soil on King George Island (maritime
Antarctic). indicated also a high content of this element (Tatur and Barczuk
1984). However, the food of penguins and not a sea spray was most
probably the primary source of fluorine in this region. Penguins in
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rookeries in the vicinity of King George Island belong to two species:
Adelie (Pygoscelis adeliae) and Chinstrap (P. antarctica). These species feed
almost exclusively on krill (Euphausia superba) during the austral summer
while breeding (Volkman, Presler and Trivelpiece 1980). Krill contains
0.11499 of fluorine (Buchholz 1983) and several hundred tons of excreta are
deposited annually on each large penguin rookery (Tatur and Myrcha 1984).

The primary aim of the study was to learn how fluorine interacts
biogeochemically at the land/sea boundary in the maritime Antarctic. Es-
pecially the fluorine bearing minerals were identified and the concentrations
of fluorine at different depths within ornithogenic soils were examed. .

Methods

Samples of ornithogenic soils and minerals from King George Island
were taken during IV Polish Antarctic Expedition under a leadership of
Professor A. Myrcha (1979/80). The minerals and soils were described earlier
by Tatur and Barczuk (1984), Tatur and Myrcha (1984).

A determination of fluorine has been made in the Institut fiir Meereskunde
(Kiel, West Germany) by Borys Culik and Axel Keck from the staff
of Professor Dieter Adelung. The sample was decomposed and fluorine
concentrated by microdiffusion procedure according to method of Bdumle
and Glinz in modification of Culik. Determinations of fluorine were carried
out by colorimetric method according to Kremling in modification of Keck.
Most of the remaining data were taken from the former publications of
the author (Tatur and Barczuk 1984, Tatur and Myrcha 1984).

Results

The penguins feed on krill containing about 0.11499%; of fluorine (Buchholz
1983). The concentration of fluorine increased in penguin excreta (0.42 — 0.459)).
in decomposed and leached penguin excreta (0.6 — 1.9%) and finally in guano
(up to 2.3%), forming a thin superficial veneer around breeding places
(Tables 1-2).

Fluorine of guano was usually bound to calcium phosphates. In
assayed soil samples apatite was identified by x-ray analysis (Tatur and
Barczuk 1984). In ten analyzed samples of excreta and minyulite free guano,
the molar ratio of fluorine to calcium ranged from 0.15 to 0.43. After
excluding one sample (H in Table 1) the range was from 0.15 to 0.26.
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Table 1

Fluorine, phosphorus and calcium contents in excreta and guano of penguins and in
ornithogenic phosphates from a phosphatized rock zone (%, of dry weight)

Sample F P Ca Minyulite Molar ratios

Nr Material A o A mm F/P F/Ca

E, Excreta 0.4466 — — — — e

E, - 0.4228 — — — — —

E, ' 0.6886 — — — — —
E, . 1.0280 3.21 9.6 0 0.52 0.26
Es 55 0.7428 2.73 6.0 0 - 0.44 0.26
G, Guano 1.0045 7.31 13.7 0 0.22 0.15
G, 5 1.0186 8.66 14.4 0 0.19 0.15
H " 2.2036 7.96 10.90 0 0.45 0.43
S Phosphate 0.0039 12.44 0.41 0 0.00 0.02
L/M 1.0125 9.31 4.80 21 0.18 0.44
L/X ’ 0.1111 7.32 0.19 9 0.02 1.23
M/X 5 1.3025 7.59 0.85 74 0.28 3.23
M 3.4500 13.76 0.55 233 0.41 13.23
A 5 1.9606 11.19 1.50 0 0.28 2.76
T " 0.0990 17.84 0.10 0 0.01 2.09

Detailed description of the samples: fresh mixed excreta of: E, — P. antarctica, E, — P. papua; shells of krill
from excreta of: E; — P. adeliae, E, — P. adeliae after long leaching in the field (coarse fraction). E5 — sample E, fine
fraction; G, — nitrogenous guano from the surface of the soil (coarse fraction>| mm diameter), G, —sample G, fine
fraction <1 mm. H — phosphatic guano from the soil subsurface, S — pure struvite from the soil surface, L/M — phosphatic
clay with high content of leucophosphite and minyulite (from a phosphatized rock zone), L/X -— phosphatic clay with high
content of leucophosphite and undefined mineral with 8.9 A p’attern (from a phosphatized rock zone), M — pure minyulite
(hard, vesicular) from a phosphatized rock zone, A — almost pure amorphous aluminium phosphate, hard grains of gravel
fraction (from a phosphatized rock zone). T — phosphatic clay of pure taranakite from a phosphatized rock zone.

Remarks: 1 — minyulite content was calculated on the base of 5.54 A x-ray pattern (height on difractogram in mm),
2 — samples of phosphates and the sample H were the same as in Tatur and Barczuk (1984). Phosphorus and calcium
content and results of x-ray analysis were taken from this paper.

Therefore if all calcium was bound in apatite (which seems to be the
case), it must be fluorapatite since the molar ratio of fluorine to calcium
in this mineral Ca(PO,);(OH.F) is exactly 0.2.

The highest concentrations of fluorine (up to 3.2%) were found below
a guano layer in the upper part of the phosphatized zone in the vicinity
of large and old penguin rookeries. Minyulite was the main ornithogenic
mineral in this soil horizon (profile 5 at depth 5-90cm. profile 7 at
depth 10--80 cm and probably profile 6 at depth 10—-60 cm). A concen-
tration of fluorine in pure minyulite (sample M in Table 1) equals
3459, at F/P molar ratio 0.41. The molecular formula of this mineral

was calculated on the basis of earlier analyses. (Tatur and Barczuk 1984)
for KAI, (F,4,O0H, ) (PO,), 4H,0.
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Concentrations of fluorine decreased sharply in the deepest layers, usually
minyulite free (profile 6 at depth 60—150 m: Table 2) and in soils located
off the rookery (profile 8 at depth 2080 cm: Table 2). Concentrations

Table 2

Fluorine, phosphorus and calcium concentrations in ornithogenic soils (%, of dry weight)

Sample Molar ratios
Zoite Profile Depth f ? Ca Minyulite F/P F/Ca
no. (cm) 7~ 4 % mm

A 26 —10  0.4060 9.40 4.70 0 0.07 0.18
A 17a 0—3 1.3050 — — — — —
10—20  0.7240 — — — — —

A 17 0—5 0.6090 7.44 5.70 0 0.13 0.26
10—30 0.9180 6.30 8.50 0 0.24 0.23

B 5 ¢ 2—15 14318 8.83 0.36 —- 0.26 3.98
15—45  2.8683 13.32 0.34 —_ 0.35 17.80

45—70  3.0000 14.45 0.29 — 0.34 21.82

70—90  2.4067 12.17 1.20 199 0.32 423

: 90—95  1.6239 10.85 1.42 0 0.24 2.41

B 6 0—5 0.5800 6.85 5.90 0 0.14 0.21
5—45  0.7650 7.20 0.20 — 0.17 8.07

45—60  0.7255 8.32 0.12 — 0.15 12.75

60—110 0.1860 5.15 0.24 —_ 0.06 1.63

110—150 0.610 10.36 0.06 0 0.01 2.14

B 7 0—10  0.6460 5.68 2.70 67 0.19 0.50
10—80  1.3700 8.58 0.85 — 0.26 3.40

B 8 3—-20 0.3760 5.44 3.40 — 0.11 0.23
20—80 0.0128 5.32 0.45 0 0.00 0.06

C 4 0—0.3 0.7795 7.00 8.00 0 0.18 0.21
0.3—10  0.1600 4.38 2.90 — 0.06 0.12

C 3 0—10 0.0863 1.90 1.83 - 0.07 0.10
D 1 0—10  0.4605 4.86 4.80 — 0.16 0.20
12—16  0.1330 1.44 3.50 —_ 0.15 0.08

16—20  0.2510 3.68 4.40 —_ 0.11 0.i2

E 15 0—10  0.0420 1.34 1.25 — 0.51 0.07
below 10 0.0008 0.38 0.70 — 0.00 0.00

A — soils in the breeding rookery. B — soils in the zone with intensive deep phosphatization. C-—soils in the zone
of surficial accumulation of guano and phosphate at stony beaches, D — bottom sediments in the shallow pool below
penguins rookery, E — soils in the zone of feathers accumulation on the soil surface.

Remarks: 1-—samples of the soil. phosphorus and calcium content are the same as in Tatur and Myrcha (1984).
2 — minyulite content was calculated on the base of 5.54 A x-ray pattern.

of fluorine in these samples were very low. even when content of phosphorus
was high (see molar ratio F/P).

Only in one minyulite and apatite free sample the concentration of
fluorine was high (phosphatized zone —- profile 5 at depth 90—95 cm). This
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sample was mainly composed of amorphous aluminium phosphate (sample A:
Table 1). Such a high content of fluorine could be explained by a development
of the molecular formula of this mineraloid AL,, (F,sOH,; ) (PO,), about
43 H,O (¢f. Tatur and Barczuk 1984).

In ornithogenic soils of the penguin landing beaches (profile 4 at
depth 0.3—10 cm and profile 3 at depth 0—10 cm) phosphates were relatively
fluorine rich (F/P molar ratio about 0.07) in spite of a low absolute
fluorine content (0.08—0.16%,). This phenomenon was due to a dilution
of phosphates with alluvial material. Both apatite and minyulite occurred there.

Fluorine content was low in soil samples from sites where penguins
have moulted (profile 15 at depth 0—10 cm). The content of fluorine in
the underlaying weathered volcanic rocks (profile 15 below 10 cm) was much
below the average for this kind of material.

Statistical description of results

Concentration of fluorine in ornithogenic soils varied widely and was
independent of ornithogenic phosphorus content (Table 3. also F/P molar
ratio in Tables 1 and 2) as only two or three of six tested phosphates
were fluorine bound. A distribution of fluorine in ornithogenic soils was
controlled mainly by apatite and minyulite content and only exceptionally
by amorphous aluminium phosphate.

Apatite bound fluorine in the surface guano layer due to neutral
and alkaline reactions. Minyulite bound fluorine in a surface zone of
phosphatized rocks where it was formed as a result of metasomatic re-
actions between acid guano leachates and weathered volcanic rocks. Zones of
apatite and minyulite overlapped locally each other (sample L/X in Table 1,
profile 7 at depth 0-10 cm in Table 2). A statistical analysis was used to
evaluate the variability in fluorine content in connection with the apatite
and minyulite content (Table 3). The mentioned samples containing alu-
minium phosphate (sample A in Table 1 and profile 5 at depth 90—95 cm
in Table 2) were excluded from this calculation and will be described
separately.

The obtained equation was significant for the both controlling factors.

The varying content of apatite and minyulite explained 85% of changes in
the fluorine concentration.
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Table 3

Verification of factors (X,. X,, X;) that control a fluorine concentration (Y)
in ornithogenic soils

X, X, X3
bx 0.1001 0.0128 0.00787
SE b 0.0208 0.0014 0.0271
t 4.820 9.119 0.290
P <0.001 <0.001 >0.05 R =0.924

Estimation of fluorine concentration (Y) occurring in connection with two significant factors
(X, X,) gives the following equation:

Y =a+b,X, +b,X,

R=0922 n=20

a = 0.0464

b, =0.0984+0.0193 t=5.098 P <0.001
b, =0.0129+0.00134 t =9.627 P -0.001

where: Y — concentration of fluorine (%), X, — concentration of calcium (%) as a simplified
value of apatite content, X, — high of 5.54 A x-ray pattern (mm), specific for the minyulite
peak and can be used as a measure of its content. X; — concentration of phosphorus
as simplified value of phosphate content (%).

Discussion

An occurrence of fluorine in calcium phosphate deposits has been noted

by several authors. however this is the first description of a fluorine bound
in minyulite and amorphous aluminium phosphate. formed during the
ornithogenic phosphatization. Minyulite seems to be at least as important
as apatite in ornithogenic soils of maritime Antarctic.
" Earlier authors (Hutchinson 1950. White and Warin 1964, Altschuler 1973)
reported enhanced fluorine content in ornithogenic deposits with calcium
phosphates originated from a marine spray. Fluorine in ornithogenic (pen-
guins) soils of the maritime Antarctic comes, however, mainly from krill,
eaten by penguins. Tatur and Myrcha (1984) estimated that penguins
deposited 10 kg dry excreta per a square metre a year in their breeding
places. A concentration of fluorine in excreta was equal 0.43%, (Table 1)
and therefore the quantity of fluorine deposited in these areas amounts
for 43¢ per m’/yr. If a sea water (with 1.3 mg/l) were the main source
of fluorine (Warner 1971). then the amount of fluorine equal 43 g per
m?/yr. would have required 33 tons of sea water. This seems to be im-
probable because the greatest accumulations of fluorine were found 20 m
above a sea level and at a distance of 100 m from the sea.

In krill fluorine was found mainly in shells (Adelung 1983, Buchholz
1983). They contain 0.26%, of fluorine and are composed of chitin. protein
and mineral compounds (after Keck 1983). A decomposition of the pen-
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guin excreta containing disintegrated krill remains leads to a concentration
of shells with weathered chitin and scattered aggregates of calcium phosphate
inside and on the surface of the organic structure (Pietr, Tatur and
Myrcha 1983). Calcium phosphate was determined with x-ray analysis
as apatite. probably hydroxylapatite (Tatur and Barczuk 1984). Results
of this paper find it however to be fluorapatite. Concentrations of cal-
cium and fluorine during a decomposition of excreta and guano changed
simultaneously with the constant molar ratio of F/C close to apatite
one (about 0.2), at the excess of phosphorus. An occurrence of fluora-
patite in guano could have resulted therefore from simple releasing and
recrystallization of previously amorphous calcium phosphate (Posner, Blu-
menthal and Betts 1984) during a mineralization of the organic matter
in the excreta. Fluorapatite is unstable in soil and may be easily dis-
solved by periodic acid guano leachates (Brown 1973, Tatur and Myrcha
1983). A dissolution must be rapid because of microcrystalline structure
(Tatur and Barczuk 1984) and a large specific surface of this mineral
(Posner, Blumenthal and Betts 1984).

Fluoride ions released during the dissolution of fluorapatite percolate
through the soil in an acid solution and may be bound again in the
subsurface layer of a soil with potassium aluminium phosphate i.e. minyulite
(Tatur and Barczuk 1984). Minyulite forms due to a metasomatic phos-
phatization of silicates what requires a high much phosphorus and alkalis
as well as fluorine. The existence of fluorine free minyulite is inlikely
(Spencer, Bannister and Hey 1943, Haseman. Lehr and Smith 1950. Tatur
and Barczuk 1984). Thus. minyulite may be probably formed only syngeneticly
during manuring in contrast to fluorapatite. However, fluorapatite may
be also formed later by an isomorphous subsitution of OH by F in
the earlier. syngeneticly formed hydroxylapatite.

Minyulite is also unstable and requires a high ion concentration in
soil solutions. therefore its occurrence depends on a permanent manuring
by birds. When the manuring stops, rain and melt water dissolves this
mineral, leaving simply aluminium phosphate while releasing potassium
and some phosphorus into the solution (Cole and Jackson 1950, Taylor and
Gurney 1961).

In the assayed soils a natural paragenesis of minyulite plus amorphous
aluminium phosphate occurred (sample M and A in Table 1), described
in details earlier by Tatur and Myrcha (1984). The phosphatic soil (profile 5
in Table 2) composed almost of pure minyulite (sample M in Table 1),
forms a layer 95 cm thick. A bottom of this profile occurs below a ground water
level (profile 5 at depth 90--95: Table 2) and amorphous aluminium
phosphate was the main mineraloid of this layer (sample A in Table 1),
containing still plenty of fluorine. The deepest layer of this soil profile
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was under alternate leaching by solutions of various chemical compositions:
1) supersaturated solutions coming from the rookery and percolating through
this soil, 2) pure ground water coming from the catchment area laying
above the penguin rookeries.

An incongruently dissolving of minyulite to the amorphous aluminium
phosphate with releasing of potassium at the bottom of the profile appeared
during washing out of the soil by a pure ground water while super-
saturated guano leachates supplied the excess of fluorine bound by this
mineraloid. Described distribution of fluorine in the alteration process of
minyulite was found only in a single place and therefore it can be
considered as the local one.

The course of chemical degradation of fluorine bearing ornithogenic
phosphates is now better understood, although the rate of this process (and
return of fluorine to the sea) is difficult to estimate. The ornithogenic
fluorine deposits may be regarded as the geologicly unstable features in the
climatic conditions of maritime Antarctic.
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Pesrome

[IpoBenenbl onpenenenus ¢ayopa B MuHepanax (TabG. 1) U OPHHUTOTEHHBIX TOYBAX
(Tab. 2), o6pa3yroMXxcs BOKPYI MECT FHE3/10BaHHUsl M JIeXOUILl MTHHIBUHOB U3 BUAOB P. antarctica
u P. adeliae na ocrpose Kunr [xop/ok B paiioHe 3anuBa AJIMHpAJITH.

Bbl.10 ycTaHOBJIEHO BBICOKOE CONEPMAHUT Guiyopa B HCCieayeMbIX MouBax. Mdiyop BbIHO-
cHICH M3 MoOps Ha Oeper nUHrBMHHAMH. OHM  MUTAKOTCH KPWJIEM, KOTOPBIH 6orat 3THM
siaementom (0,11%). Conepxanue ¢uyopa mnopeliaercs B (peKanusX 3THX NTUL, BbIAEJSH-
HbIX BOJMIM3UM MecT rHe3foBaHus (mo ok. 0,439;), a mocie pa3jiokKeHHss M NPOMBIBKM (eKaaui
1o 1,03%. INocne nanbHeilero pa3jaoxeHus OPraHMYECKON MaTepuu HabroaaeTCs aaabHEHIIun
POCT KOHUEHTpauuu ¢yopa B cioe ryana (ao 2,2%;). ®diayop HakanjiuBaeTCs TaKXKe B ! niro-
BEPXHOCTHOH 30He (ochaTU3MPOBAHHBIX CKaJ, HAXOAsLIEHCS BOMM3M OONBIUMX (i  iiilO-
YUCJIEHHBIX KOJIOHHWH (1m0 3,4%).

Beilo 10Ka3aHO, YTO B OPHHUTOTEHHBIX MOYBAX pacrnpeleieHue (yopa 3aBuciii fpekie
BCErO OT pacrnpeleneHus AByX ¢GochaToB, CBA3BIBAIOMIMX (UIyop: anaTUTa W MMH\1M1d, NPH
YeM COOTHOLIEHHE CoacpXaHus ¢ayopa u coaepxanuio pocpopa (coorHoutenue F/P — Tab. 1
H 2) He cToJIb GJIM3KO0, MOCKOJIBKY B HCCIIENYEMBbIX MOYBAX LIKPOKO BBICTYNAKOT japyrue gochatsl,
KoTOpele He conepxaT ¢uyopa. IlpencTaBieHHBIH BBIBOJ MOIEPKUBAETCS PErPECCUOHHBIM
ypaBHeHueM (Tab. 3).

AnatuTt, 06pa3ylomuics U3 MHHEPAIH3UPYIOILErOCs OPraHMYECKOrO BEUIECTBA, CBSA3bIBAET
Gbayop B NOBEPXHOCTHOM CJO€ MOYBBI B YCIOBUSIX HEHTPAJBHOW M IIEJOYHONW peaKUHUH.
®yop yBONHAETCS M3 anaTUTa BO BPEMs LMKJIMYECKOTO MOJKHCIIEHUS ITHX MOYB, B PE3yJbTaTe
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4ero anaTuT pacteopsiercs. Payop, npoHuKarouMi BriyGb NOYBbI B KHUCJIBIX pacTBOpax,
MOXET CBSI3bIBATLCS B HHU3JIEKALIEM cjoe (HOocHaTH3IUPOBAHHBIX CKaJl B THAPAaTUPOBAHHOM
AJIIOMHUHM — KaiuitHOM ¢docdate — MuUHyIHUTE.

Munyaut obpasyercsi B pe3yjbTaTe METACOMATHYECKHX peaKLMil MexXAy KHCIAbIMH 00-
MBbIBKaMH T'yaHa M JIPECBOH (BbIBETPEJOCTHIO) BYJIKAHHYECKHX CKaJl THMA aHJE3UTa M Oa3zajbra.
CnenyeT OXHMAaTb YTO NPOM30WACT WHKOHIPYIHTHOE PACTBOPEHHE ITOrO0 MHHepasna. Koria
TOJILKO B MOYBY TMEPECTAHYT TOCTYNaTb MHHEpajbHble YRoOpeHHs -3 ¢dekanuit NMUHTBUHOB
U 110uBbl OyAyT NPOMBIBATCS CJ1a00 MHHEPAIM30BAHHBIMM BOJAMM M3 OCAJKOB M TasilllMX
cieros. [lpoayktoM 73TOoro mnpouecca sBJsSCTCs NPOCTOM aMopdHbliii dochaT anoMUHHUSA,
kanuii ke u Quayop nepexoust B pactBop. OJHAKO, B ONpeAeJCHHBIX cuTyauusx duayop,
B OpJHMYHME OT Kajius, MOXET TOXKE 3alePkuBaTbCs B amopdHom docdarte amoMuHus.

Streszczenie

Przeprowadzono oznaczenia fluoru w mineratach (tab. 1) i glebach ornitogennych (tab. 2)
tworzacych si¢ wokol miejsc lggowych pingwinéw z gatunku P. antarctica i P. adeliae na
Wyspie Krola Jerzego w rejonie Zatoki Admiralicji.

Stwierdzono wysokie zawartosci fluoru w badanych glebach. Fluor wynoszony jest
z morza na lad przez pingwiny. Odzywiaja si¢ one zasobnym w ten pierwiastek krylem
(0,11%). Zawarto$¢ fluoru wzrasta w odchodach tych ptakow wydalanych na obszarze
miejsc legowych (do okolo 0,43%,), a po rozkladzie i przemyciu odchodéw do 1,03%.~
Po dalszym rozkladzie materii organicznej nastgpuje dalsza koncentracja fluoru w warstwie
guana (do 2,2%). Fluor akumulowany jest rowniez w powierzchniowe;j strefie sfosfatyzowanych
skal przylegajacej do duzvch i liczebnych kolonii (do 3.45%).

Udowodniono, ze rozmieszczenie fluoru w glebach ornitogennych uzaleznione jest przede
wszystkim od rozmieszczenia w nich dwoch wiazacych fluor fosforanow: apatytu i minyulitu.
przy czym zwiazek zawartosci fluoru z zawartoscia fosforu (stosunek F/P: tab. 1—2) jest
do$¢ luzny, gdyz w badanych glebach powszechne sa tez inne fosforany nie zawierajace
fluoru. Powyzszy wniosek udokumentowano réwnaniem regresji (tab. 3).

Apatyt powstajacy z mineralizujacej si¢ materii organicznej wiaze fluor w powierzchniowej
warstwie gleby w warunkach odczynu obojetnego i alkalicznego. Fluor uwolniony zostaje
z apatytu w wyniku cyklicznie wystepujacych okresow zakwaszania tych gleb. podczas
ktorych apatyt zostaje rozpuszczony. Fluor przesigkajacy w glab gleby w kwasnych roztworach,
moze zosta¢ zwiazany w podleglej warstwie sfosfatyzowanych skal w uwodnionym fosforanie
glinowo potasowym — minyulicie.

Minyulit powstaje w wyniku reakcji metasomatycznych migdzy zakwaszonymi poptuczkami
guana a zwietrzeling skal wulkanicznych typu andezyt i bazalt. Nalezy oczekiwac¢ inkongruentnego
rozpuszczania tego mineratu. gdy tylko nawozenie organiczne przez pingwiny zostanie przerwane
i gleby przemywane beda stabo zmineralizowanymi wodami opadowymi i roztopowymi.
Produktem tego procesu jest prosty amorficzny fosforan glinu, natomiast potas i fluor
przechodza do roztworu. W pewnych jednak sytuacjach fluor w odréznieniu od potasu moze
by¢ zatrzymany rowniez w amorficznym fosforanie glinu.





