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Abstract: Crandallite group minerals from the Devonian bauxite deposit of Schugorsk, Timan, Russia, were
studied by electron microprobe. Special attention was given to the distribution of the rare earth elements (REE).
Of the A-site cations, essential are (oxides in wt.%) Ca (0.2 - 7.9), Sr (0.4 - 5.9), Ba (0.1 - 5.1), Pb (0.01 - 8.4),
Y (to 2.4) and REE (to 21.6). Bi (A-site), Ga (B-site) and V (X-site) occur in trace amounts. Two main types
of REE distribution in crandallite group minerals are distinguished. The first shows a clear negative Ce
anomaly and partially depleted Pr; crandallite group minerals of this type formed under strong oxidising
conditions (positive Eh and neutral to slightly alkaline pH values) and lost Ce due to its oxidation to Ce** and
accumulation in other minerals such as anatase. The second type displays a positive Sm anomaly and a negative
Pr anomaly. Individual crandallite group crystals belonging to this type, 1-40um in size, show a clear
compositional zoning: the core is enriched in Ca, while the rim is enriched in S, Sr, Pb and the REE. This
crandallite formed under reducing conditions related to stripping of Fe from the weathering profile. The
presence of Sm?* in the crandallite lattice is proposed, and the role of organic material in its reduction is
discussed. A Pr anomaly was inherited from the parent rock. A comparison of REE distribution in crandallite
group minerals from different weathering profiles suggests that these minerals can be used to distinguish
conditions of weathering.

Key-words: bauxite, laterite, weathering, crandallite, goyazite, svanbergite, plumbogummite, hinsdallite,

florencite, Rare Earth Elements.

Introduction 1927), in a few occurrences of the N Urals (Lu-

Minerals of the crandallite group are known in
both lateritic profiles and karst bauxite deposits.
Crandallite itself CaAl;(PO30,(OH);/»)(0OH)g
(Blount, 1974) has been recorded in karst bauxite
deposits of Hungary, Pacific islands and Jamaica
(Bardossy, 1982). It is also a principal mineral of
lateritic profiles over P-rich rocks in the Eastern
Amazon Region where it was found in association
with other aluminous phosphates such as augelite,
variscite, wavellite efc. (Schwab et al., 1983). Bu-
shinsky (1975) drew attention to a typical associ-
ation of P, Sr and S in bauxite profiles. Svanber-
gite SrAlz(PO4)(SO4-(OH)¢ has been recorded in
the Tikhvinsk deposit (Ansheles & Vlodavets,

kanina, 1959; Beneslavsky, 1974), among bauxitic
clays of Portugal (Gomes, 1968) and in lateritic
bauxite profiles of Kursk Magnetic Anomaly
(Bulgakova, 1967; Makarov, 1967); it is an essen-
tial mineral of the Zaostrovsk bauxite-phosphorite
occurrence, as well as crandallite (Mordberg,
1999). REE-bearing crandallites, including floren-
cite REEAI;(PO,)»(OH)g, are also frequently ob-
served in weathering profiles. They form during
weathering and this makes them important as in-
dicators of the conditions of bauxite and laterite
formation.

As some of the REE such as Ce and Eu are
quite sensitive to changes in Eh and dependent on
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Fig. 1. Location of the study area.

pH and T, the distribution of the REE in crandal-
lite group minerals can be used in the determina-
tion of the exact conditions of weathering. A few
published analyses of crandallites from different
weathering profiles show that the distribution of
the REE may be different. Thus, chemical anal-
yses of florencite from laterite over carbonatite in
Siberia (Slukin ez al., 1989) showed strong enrich-
ment of light REE (LREE) with the absence of
anomalous distribution of any element. Apatite-
derived crandallites from the weathering profile
over phosphorites in Lam-Lam, Senegal (Bonnot-
Courtois & Flicoteaux, 1989), are also enriched in
LREE, but display a slight positive Sm anomaly,
which needs explanation. An analysis of Nd-
goyazite from the Vlasenica bauxite deposit of
karst origin in Yugoslavia (Maksimovic & Panto,
1985) demonstrates a negative Ce anomaly indi-
cating oxidising conditions of bauxite formation.
However, recent study (Mordberg et al., sub-
mitted) shows, that in spite of the very small size
of crandallite grains from bauxite (<50 um), ele-
ments demonstrate a clear zonal distribution with
a wide range of compositions even within the
smallest crystals. Therefore, chemical analyses of
individual grains or a single microprobe analysis
cannot give a representative indication of REE
distribution patterns and crandallite formation
conditions. Thus, a statistically significant number
of microprobe analyses is important for the solu-
tion of the problem. The present study used cran-
dallite group minerals from the Devonian Schu-
gorsk bauxite deposit, which have inherited their
content of the REE from the parent rock.

Geological setting

Bauxite deposits of the Middle Timan are located
in the North of European Russia, between the NE

edge of the Russian Plate and the Pechorsk De-
pression (Fig. 1). The geology of the bauxite re-
gion has been given in detail by Likhachev (1993)
and Mordberg (1996, 1997). Devonian bauxite de-
posits located within the Chetlass orogenic struc-
ture occur on folded, mostly carbonate strata of
the Riphean. Deposits of both lateritic and karstic
types are found. The overlying rocks are Upper
Devonian volcanogenic and sedimentary se-
quences; in some instances the bauxite profile is
covered directly by Late Devonian trap basalt.
The Schugorsk bauxite deposit, the largest in
the region, was formed over Precambrian alkali
metasomatic silicate-carbonate rock (Fig. 2).

- Rock-forming minerals of the metasomatite are

dolomite and microcline. Calcite, orthoclase, pla-
gioclase, aegirine, riebeckite, biotite and sericite
are also present in various amounts. The weathered
profile attains a total depth here of 100-120 m,
and the main ore-forming minerals are boehmite,
kaolinite and hematite with nearly monomineralic
white boehmitic bauxites being widespread within
the deposit. The ratio of carbonate and silicate
minerals in the parent rock varies broadly with an
average about 1:1. Due to this heterogeneity, the
deposit cannot be referred to either the lateritic or
the karstic type.

REE mineralogy

The main carriers of REE in the parent rock are
monazite and xenotime. Another REE-rich mine-
ral, bastnaesite-(Ce) or cerianite, was recorded in
a few cases. Small amounts of the REE are found
in pyrochlore and minerals such as zircon (HREE)
and apatite. An unknown mineral of a composi-
tion which fits the ideal formula Fe**Th(Si,PO,)-
(OH,F), (Mordberg et al., submitted) also contains
the REE Ce, La, Nd, Sm and Gd in amounts less
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than 1 wt.% each. For the rock-forming minerals,
REE should be expected in carbonates and feld-
spars in amounts comparable with their back-
ground for these minerals.
Both monazite and xenotime are typical of th
weathering profile. Monazite seems to be the least
altered mineral, although its weathering within the
profile has been recorded (Likhachev, 1993).
Xenotime and zircon altered during profile devel-
opment forming a metamict solid solution (Mord-
berg & Spratt, 1998). The REE are preserved in
xenotime remains and have accumulated in al-
tered zircon rims (Mordberg et al., submitted).
REE-bearing minerals formed during weathering
are “’leucoxene” (a mixture of anatase and rutile)
and those belonging to the crandallite group. The
former always contains some Ce, while the latter
may represent real florencite. Finally, small
amounts of the REE occur in plumbopyrochlore
rims, whose cores were inherited from the parent
rock.

Material and methods

More than one hundred samples representing the
parent rock and all zones of the weathering profile
were taken from drill cores. Bulk analyses of the
REE (La, Ce, Pr, Nd and Sm) and other trace and
major elements were obtained by XRF following
the methods described by Krumb (1998) at Tech-
nical University of Berlin. Crandallite mineralisa-
tion was studied on polished sections of two
samples enriched in P and REE by electron micro-
probe. Their position is shown on Fig. 2. The con-
tents of chemical elements in the minerals were
determined using a wavelength-dispersive (WD)
electron probe microanalyser (Cameca SX50) at
the Natural History Museum, London. Interna-

tional standards were used for calibration of each
element. The analytical conditions used were 15
kV and 20 nA with counting times of 20 s for Ca,
P, Fe and Al, 30 s for La, Ce, Pb, Ba and 50s for
Y, Pr, Nd, Sm, Dy, Er-and Yb. The detailed de-
scription of determination of the REE by electron
microprobe is given by Williams (1996). Elemen-
tal X-ray maps were obtained using the following
conditions: 15 kV, 100 nA and 200 uS per point.

Results

Although selective weathering of heterogenous
parent rock led to the formation of a rather com-
plicated profile (Fig. 2), different mineralogical
zones can be distinguished. The distribution par-
ameters of major and trace elements within the
profile have already been reported (Mordberg et
al., submitted). Chemical and mineral composi-
tions of samples from the parent rock and differ-
ent zones of the profile are also given in Table 1.
Of the trace elements, data are given for those pre-
dicted to occur in crandallites. Qualitatively
(using energy dispersive electron microprobe anal-
ysis), crandallites were identified in a few
samples, two of which were found to be relatively
enriched in REE (3346-08 and 3962-14) and sub-
jected to quantitative electron microprobe anal-
ysis.

Crandallite mineralization is finely dispersed
throughout the weathering profile. Normally, the
crystal size of crandallite group minerals within
the studied profile varies from a few pm to 30-40
pm. A characteristic feature of dispersed crandal-
lite mineralization from the studied deposit is its
complex composition (Fig. 3): different element
contents represent solid solutions between cran-
dallite - woodhouseite (Ca), goyazite - svanbergite
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Table 1. Chemical composition of samples from parent rock and weathering profile.

Sample 3962-04 3385-01 7277-04 7277-08 10252- 3385-35 3346-08 3385-14 3962-14
No. 15a

wt. % pr pr pr wp wp wp wp wp wp
Si0, 53.91 2409 3044 4177 4064 153 792 048 064
ALO; 1742 676 808 3216 3620 5939 6573 6524 7449
Fe;03 1331 467 351 904 636 2114 057 1615 113
MnO 003 012 012 005 000 008 000 007 001
MgO 009 309 98 066 0.07 bdl bdl bdl bdl
Ca0 054 2444 1641 015 008 006 034 007 013
NaO bdi 294 221 bdl  0.00 bdl bdl bdl bdl
K,0 1001  1.08 378 321 031 bdl 023 bdl bdl
TiO, 082 036 045 157 180 285 405 407 3.78
P,0;s 038 007 009 007 017 035 178 043 103
SO; 0.008 nd nd nd 0.015 nd 0206 0042 005
Cone nd nd nd nd nd 0012 013 <0.01 nd
L.OI 268 2673 2477 1079 1391 1236 1562 13.02 1533
SUM 9920 9435 99.71 9947 9956 97.76 9657 99.57  96.59
ppm )

As 11 3 3 3 19 2 45 33 12
Ba 654 120 351 348 89 77 966 123 359
Bi 14 24 22 15 9 26 64 2 25
Cu 4 bdl bdl bdl 10 9 31 47 13
Ga 28 6 10 39 30 74 99 130 146
Pb 21 5 bdl 6 11 617 2295 52 2169
Sc 12 5 12 44 32 64 100 60 218
Sr 43 79 32 18 552 459 3776 925 1456
Th 75 15 64 28 207 102 113 497 288
v 67 23 79 196 252 01 1712 540 304
Y 178 32 19 Y] 148 88 244 154 293
La 25 8 bdl 49 51 153 191 137 301
Ce 88 23 15 125 143 277 446 580 1874
Pr 3 1 2 10 8 30 34 23 53
Nd 50 8 25 53 64 225 271 106 408
Sm 8 3 4 9 11 26 35 26 80

pr = parent rock; wp = weathering profile; nd = not determined; bdl = below detection limit.

(Sr), plumbogummite - hinsdalite (Pb), florencite
(Ce) and other compounds. However, even these
small crystals may show a very clear zoning (Fig. 4):
of the elements recorded, Ca and Fe occur in the
core of a grain, while Ce, Nd and Pb are present in
the rim. Relative enrichment of grain rims with Sr
and S was also demonstrated (Mordberg et al.,
submitted). Similar florencite rims around REE-
poor cores are typical for diagenetic crandallites
from Permian sandstone in Western Australia
(Rasmussen, 1996). The relationship between
boehmite and late generation crandallite can be
seen from Fig. 5.

Some of the microprobe analyses are given in
Table 2. Data on REE contents were not converted
to oxides, since the oxidation state of some of

them is a subject for discussion. The contents of
Al and P vary within the range known for these
minerals (Nriagu, 1984a). From Table 2, it can be
seen that no one point belongs to any end member
except point 20, which can be termed florencite
due to high contents of the REE. The analyses
show small amounts of Ga, which could have sub-
stituted for Al. A few additional microprobe ana-
lyses of crandallites also showed the presence of
Bi (0.15-0.4 wt.%) and V (0.04-0.07 wt.%), which
may substitute for Ca and P respectively. The con-
tent of As was always below the detection limit.
Both Bi and As were recorded in galena related to
epigenetic alteration, and an important concentra-
tor of V is ‘leucoxene’ (Mordberg et al., sub-
mitted).
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Fig. 3. X-ray maps of elemental distribution in the area of crandallite mineralization: each single crandallite grain has
a size of only few um, but in dense clusters they look like a large crystal. See text for discussion. Bar = 100 pm.

Fig. 4. X-ray maps showing zonal distribution of elements in a single crandallite grain from crandallite mineralization
shown in Fig. 3. Bar = 10 um.
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Table 2. Microprobe analyses (wt.%) of crandallite group minerals from bauxite.

#19  #20 #22 #23 #25 #26 #41 #42 #43 #47 #60
AlL,O, 3472 37.00 31.16 34.06 33.17 32.26 34.08 41.59 38.80 36.07 36.09

Fe,0, 090 085 083 073 085 033 426 18 137 133 157
Ga,0, 0,03 bdl 0,02 bdl 0,12 0,03 bdi 0,02 bdl 0,01 bdl
P,0Os 2581 2411 2074 2322 2223 2129 2093 16.69 19.41 2225 2238

SO, 068 066 220 269 29 246 049 063 043 043 031
SrO 189 118 296 400 462 337 190 164 189 144 088
Ca0 274 223 356 427 355 269 303 210 258 273 494
BaO 273 135 160 185 153 140 176 120 185 198 232
PbO 159 219 754 843 7.02 756 332 303 211 353 099
Y,0, 241 150 116 088 084 08 093 098 083 093 050
La 026 092 066 059 052 082 324 313 296 336 4.15
Ce 044 18 145 159 127 191 094 167 110 092 0.66
Pr 006 059 014 001 001 010 042 066 052 069 062
Nd 415 572 181 182 157 188 355 451 282 428 337
Sm 304 491 089 079 059 072 073 105 060 081 065
Gd 305 301 063 066 031 059 054 068 040 061 044
Dy 113 115 046 036 013 024 012 032 023 025 0.1
Er 024 007 008 015 020 <0.02 004 006 0.04 0.07 0.07
Yb 005 008 001 0.08 002 002 003 006 001 019 0.05

(Y+REE),O, 16.48 2260 820 768 599 816 1205 15.03 1090 13.66 12.19
Total 87.89 9233 7896 87.20 8228 79.57 81.89 83.85 79.39 83.72 81.78

Fig. 5. Backscattered electron image of late generation crandallite among boehmite crystals.
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Table 3. Average chemical composition (Wt.%) of crandallite-I (19 microprobe analyses) and crandallite-II (23

microprobe analyses).
Candalitel  ALO, P,0; SO, Y;0, StO CaO Fe,0; G8,0, BaO L8,0, Ce,0, Pr,0y Nd,O, 5m,0, Gd,0, Dy, 0y Er;0; Yb,0, PO Total REE,Oy
Vean 3548 22.10 045 097 1.76 392 238 005 1.85 403 087 042 344 083 072 034 007 007 212 81.87 1162
Median 34.11 2231 040 097 179 404 182 004 180 387 075 038 307 082 073 036 007 008 213 8190 11.35
) 317 266 021 020 041 1.11 1.64 004 049 065 048 026 100 019 015 012 004 007 089 134 154
M. 3227 1669 016 0.50 0.88 210 075 000 120 312 024 010 244 055 046 013 000 000 096 7039 9.7
Mex. 4159 2678 095 1.30 244 532° 660 042 301 500 106 081 6526 122 102 048 013 022 353 8385 15.03
Candalite-ll  ALO, P,0, SO, Y,0; SfO CaO Fe,0, Ga,0, BaO La,0, Ce,0, P10, NA,0;, SM,0, Ga;0, Dy,0, Er,0, Yb;0, PBO Total REE;O;
Vean 3292 24.71 1.87 087 355 510 143 002 242 069 1.14 002 159 076 061 027 000 003 345 8124 565
Median 3259 2550 1.88 062 337 516 085 001 253 061 127 000 152 072 062 028 008 002 169 81561 552
0" 292 383 089 023 143 1.77 166 003 079 020 067 005 063 028 025 043 007 004 3.00 356 186
Mn, 2460 1567 0.71 031 162 197 033 000 140 028 008 000 000 016 008 002 000 000 041 7528  1.50
Max 37.66 3263 349 118 639 839 7.77 012 464 087 224 017 256 122 086 053 023 0.10 643 8821 820
Yisincluded. “SD = Standard Deviation

Table 4. Correlation matrix of element contents in crandallite-I (19 microprobe analyses).

AIPSYSrCaFeGIELaCePrNdSmGdDyErYb

P 047 1.00

S 0.14 040 1.00

Y 0.03 038 0.11 1.00

Sr 0.01 068 087 023 1.00

Ca -036 085 043 038 062 1.00

Fe -0.35 -0.35 -0.23 -0.43 -0.36 -0.25 1.00

Ga -0.30 0.07 -0.39 0.36 -0.27 -0.08 0.02 1.00

Ba -0.27 0.29 -0.12 -0.26 -0.01 0.09 -0.13 0.15 1.00

La -0.05 -045 -0.79 -0.17 -0.77 -0.63 0.13 054 006 1.00

Ce 048 -0.17 045 0.18 0.27 0.05 -0.35 -0.53 -0.37 -0.55 1.00

Pr 0.43 -0.68 -0.48 -0.45 -0.63 -0.82 0.05 -0.18 0.02 062 0.04 1.00

Nd 0.24 -0.70 -0.62 -0.30 -0.78 -0.84 0.13 0.07 0.06 0.71 -0.03 090 1.00

Sm 0.05 -0.58 -0.60 -0.02 -0.75 -0.58 0.20 0.26 -0.04 054 0.01 049 079 1.00

Gd -0.02 -0.34 -064 0.34 -0.80 -0.35 0.08 065 -021 064 -0290 0.16 045 070 1.00

Dy 0.11 -0.06 -0.28 0.53 -0.13 -0.11 -0.23 0.60 -0.18 0.38 -0.32 -008 004 021 069 1.00

Er 0.17 0.36 0.47 0.00 0.58 0.30 0.00 -0.15 -0.03 -0.29 -0.14 -0.23 -043 -0.56 045 -0.10 1.00

Yo 012 0.04 024 022 0.11 -0.12 -0.24 -0.14 -0.07 -0.02 006 0.13 0.12 012 0.14 020 0.08 1.00

Pb 0.12 002 040 0.34 0.26 0.01 -041 -0.31 0.01 044 070 -0.05 005 0.10 -0.17 -0.19 -0.21 0.33

Table 5. Correlation matrix of element contents in crandallite-1I (23 microprobe analyses).

A P S Y S Ca fFe Ga Ba la Ce Pr Nd Sm Gd Dy Er Yb

P 046 1.00

S 0.08 -0.69 1.00

Y 0.09 0.03 -0.33 1.00

Sr 0.13 -0.47 0.79 040 1.00

Ca -0.37 0.83 -0.51 -0.41 -0.31 1.00

Fe -0.22 0.54 -0.70 0.06 -0.68 0.62 1.00

Ga 0.19 -0.08 0.068 0.29 0.10 -0.16 0.01 1.00

Ba -0.19 0.64 -062 020 -0.38 0.53 0.55 0.28 1.00

La -0.09 -0.23 0.07 0.23 -0.17 -042 -0.16 0.07 -0.30 1.00

Co -0.06 -044 041 0.00 0.20 -0.52 -0.50 -0.08 -0.67 0.82 1.00

Pr 0.28 -0.16 -0.18 0.39 -0.290 -0.44 -0.17 -0.12 -0.39 059 046 1.00

Nd 0.10 0.09 -0.39 0.70 -0.51 -0.35 -0.02 0.00 -0.14 052 0.39 0.78 1.00

Sm 021 0.10 -046 0.70 -0.49 -0.34 -0.01 -0.02 -007 040 024 084 096 1.00

Gd 0.19 0.15-052 0.85 -0.54 -0.32 007 0.08 009 027 0.07 068 092 095 1.00

Dy 012 0.13 -048 088 -0.57 -0.32 0.09 0.02 010 035 0.10 067 090 082 086 1.00

Er 0.14 0.08 -0.36 0.52 -0.25 -0.02 0.32 0.28 0.30 -0.16 025 -0.09 023 0.23 038 0.38 1.00

Yb 027 0.03 -0.07 0.39 -0.25 -0.17 -0.05 032 030 0.17 0.00 0.16 027 032 0.34 0.37 -0.01 1.00

Pb 0.04 -0.74 0.79 0.04 0.33 -0.67 -0.49 0.08 -062 041 0.60 0.08 -0.04 -0.17 -0.20 -0.10 -0.17 0.13
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Fig. 7. Chondrite-normalized REE distribution pattern of
silicate and carbonate parent rocks. Sample compositions
are given in Table 1.
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Four types of REE distribution in crandallite
group minerals are distinguished from their
chondrite-normalised patterns (Fig. 6). Of these,
two types (crandallite-I and crandallite-IA) show a
distinctive negative Ce anomaly, and a slight de-
pletion of Pr can also be seen. The REE sum is
high (9-15 wt.%). These varieties of crandallite
were found only in sample 3962-14, which is free
of organics (Table 1). It is typical that the type of
the distribution pattern of crandallite-I does not
result from crystal zoning.

Crandallite-II and crandallite-ITA have a sharp
positive anomaly of Sm. With the exception of
one case (point 20), a clear negative anomaly of
Pr is observed as well. In the other analysed
points, the content of Pr is below the detection
limit, but the appearance of the patterns is the
same. These two varieties of crandallite were
found in sample 3346-08. They contain the lowest
(1.5-8.2 wt.% in grain cores) and the highest (14-
21 wt.% in grain rims) contents of REE respec-
tively (as already stated the latter case can be
termed florencite). It is notable, that within this
sample all the analysed grains show the same
REE distribution pattern. The difference between
the core and the rim can be found only from the
level of concentration of the elements. Also im-
portant is an enrichment of the sample with or-
ganic carbon. It forms 0.1-0.5 mm thick veinlets
which carry crandallite and “leucoxene” minerali-

. zations (Mordberg et al., submitted). Although the

bulk content of organics in the sample is not very
high (Table 1), it is at least an order of magnitude
higher than in other samples.

Crandallites I and II differ by the total amount
of the REE (Table 3) the average of which is two
times higher in crandallite-I. Crandallite-II is rela-
tively enriched in S, Sr and Pb. Correlation anal-
ysis of element contents of crandallites (Tables 4,
5) also shows some differences between crandal-
lites I and II. Thus, in crandallite-IT, S correlates
positively with both Pb and Sr, pointing to the
presence of hinsdalite and svanbergite. In crandal-
lite-I, S correlates positively with only Sr showing
that Pb occurs in plumbogummite.

Data on REE in crandallites were compared
with those in bulk parent rock and weathering
profile (Table 1, Fig. 7-11). Of the three analysed
samples from the parent rock, the first (7277-04)
is composed of mainly silicate minerals such as
feldspar, aegirine and riebeckite, while the second
and the third are composed of silicates as well as
carbonates (calcite and dolomite, samples 3385-01
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and 7277-04 correspondingly). Chondrite-nor-
malised REE patterns (La to Sm) of two samples
show a negative Pr anomaly so that the appear-
ance of this anomaly in crandallites can be ex-
plained by its inheritance from the parent rock
(Fig. 7). The REE patterns of weathered rocks
normalised to parent rock show their redistribu-
tion and accumulation during weathering with a
more or less horizontal trend (Fig. 8, 9). Among
different types of weathered rock, bauxite itself
has the highest degree of REE accumulation. No
substantial Ce depletion or Sm accumulation is
observed. However, both Ce and Sm anomalies
can be seen clearly on the REE patterns of cran-
dallites normalised to bulk bauxite samples
(Fig. 10, 11). This is evidence of Ce separation
from crandallite-I and Sm accumulation in cran-
dallite-I during their formation.

Discussion

REE mobilisation and migration

Release of the REE during weathering occurred
according to the dissolution rates of parent rock
minerals. Dissolution of rock-forming calcite, dol-
omite and K-feldspar should have provided neu-
tral to alkaline media with the carbonate ion
dominating in solution. Locally, sulphate and
phosphate ions could play a more important role
due to dissolution of sulphides and P-bearing
minerals such as apatite. '

For light REE (LREE), the dominant carbo-
nate complex is [LREE(CO3)]'*, while for heavy
REE (HREE) a complex such as [HREE(CO3),]"
dominates in solution (Cantrell & Byme, 1987).
Among inorganic complexes, carbonate com-
plexes are more frequent in the pH range 7 to 9;
above pH 9 hydroxyl complexes prevail, and
below pH 7 REE?* ions dominate, while the role
of sulphate and halide complexes is subordinated
(deBaar et al., 1988; Lee & Byrne, 1992). An in-
crease of pH decreases the role of REE* ions, es-
pecially for HREE. In slightly alkaline environ-
ments (pH = 8-9), LREE prevail as carbonate
complexes, while for HREE phosphate complexes
are more typical.

The presence of organic ligands substantially
changes existing REE complexes. Thus, oxalate
complexes seem to prevail within the pH interval
4 to 8; at lower pH REE?* ions are more wide-
spread and sulphate complexes such as
[REESO,]!* may appear, while an increase of pH
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malized to carbonate parent rock. Sample compositions
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Fig. 10. REE distribution pattern of crandallite-1 nor-
malized to bulk sample.

leads to an increase in the role of carbonate and
phosphate complexes such as [REEPO,* or
[REE(PO,),]* (Wood, 1993). It should be noted
that all the above estimations are based on some
assumptions, such as equal activity of all species,
comparably low concentration of REE and ab-
sence of ions of other metals in the solution.
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Crystal chemistry of crandallites

Crandallite and the other Al- and Fe-phosphates
and -arsenates belong to the alunite family. Ac-
cording to recent generalisations (Gaines et al.,
1997), three groups can be distinguished, namely
crandallite, florencite and beudantite. The simpli-
fied general formula which fits all end members
can be written as

AB3(XO4);(OH)¢Hy o 1

where A = Ca, Ba, Sr, Pb, Bi, REE, Th, [1; B = Al,
Fe** and Ga; and X = P, As, S, Si and C. The
presence of an extra H depends on the cation
charge in the A- and X-sites.

In crandallites, A-site cations occur in 12-fold,
B-site in 6-fold, and X-site in tetrahedral coordi-
nation (Kato, 1971, 1990; Blount, 1974; Radoslo-
vich, 1982). Florencite, which has trivalent REE
cations in the A-site (Kato, 1990), does not require
an extra proton, similarly for the S-bearing min-
erals (Kato, 1971). The crystal structure and exact
formula of crandallite CaAl3[PO3(0,,0H;)]s-
(OH)¢ were determined by Blount (1974), who
found that an extra proton was bonded to both apical
oxygens of PO, tetrahedra. Later on, Radoslovich
(1982) found that the formula of the Ba-analogue
gorceixite was BaAl;(PO,)(PO;OH)(OH)g, because
of O replacement by OH in only one of two PO,
tetrahedra. He also supposed that the same could
be observed in goyazite and plumbogummite.
This is based on the fact that although the A-site
cation occurs in 12-fold coordination, the Ca-ion
is relatively small, and actually coordinates with
only eight ions. Since Ba-, Sr- and Pb-ions are
sufficiently larger than Ca, they coordinate with
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all twelve ions. This is confirmed by linear corre-
lation between cell constants and ion sizes for the
elements from Ba?* (the largest) to Ca®* and Ce3*,
while smaller ions deviate somewhat from this de-
pendance (Schwab et al., 1990). The distance be-
tween apical oxygens of PO, tetrahedra in gor-
ceixite is higher; therefore, an extra proton can be
bonded with only one of the apical oxygens. This
changes the space group of gorceixite to Cm
(Radoslovich, 1982). As S frequently occurs in the
X-site, the problem of order - disorder in this site
can also affect the nomenclature of crandallites
(Sejkora et al., 1998): an ordered PO, and SO,
distribution was found only for corkite
PbFe?*3(PO,)(SO4)(OH)s (Giusepetti & Tardini,
1987).

Taking into account these details of crystal
structure and analytical data, we can give the for-
mula of analysed crandallites from the Schugorsk
deposit as

AT A BIX T Odl1x [(X T 030H),(X*04)]1-{OH)s

where x may vary from O to 1; A>* = Ca, Sr, Ba,
Pb and Bj, A3>*=Y and REE, B = Al, Ga and Fe?*,
X5+ = P and V, and X5 = S. This follows the idea
of Somina & Bulah (1966) and Sejkora er al.
(1998) with the specification of A- and X-sites.

Thermodynamic properties of crandallites

Consideration of thermodynamic properties of
pure synthetic crandallites on the basis of Gibbs
free energies shows their general agreement with
crystal chemistry data. Thus, the stability of flor-
encites against gibbsite increases in the sequence
HREE < Gd < Eu < Pr < Sm < Ce < Nd < La for
trivalent ions (Schwab et al., 1993). Among
the pure Al-phosphate species of crandallite type
with divalent A-site metals, thermodynamic sta-
bility (also against gibbsite) increases in sequence
Pb%* > Sr?* > Ba®* > Ca?* that suggests better fit-
ting of Pb- and Sr-ion sizes to the 12-fold coordi-
nated site (Schwab et al., 1993). Although in our
case crandallites exist in association with
boehmite, the sequence of stabilities should be
similar, since it is related to crystal chemistry, and
particularly, to ion sizes (Schwab et al., 1990,
1993).

An approach to the estimation of conditions of
crandallite formation can be made from data on
thermodynamic stabilities of Pb phosphates. At
reasonable activities of Al**, Pb?*, carbonate and
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sulphate ions, plumbogummite PbAl;(PO,)H-
(OH)¢ and hinsdalite PbAl;(PO,4)(SO4)(OH)g are
stable in alkaline environments, the former being
stable at higher phosphate ion activity, and the lat-
ter at lower phosphate ion activity (Nriagu,
1984b). This may be important for understanding
the conditions of crandallite-II formation. High
contents and positive correlation of Pb and S in
crandallite-II point to the existence of hinsdalite
cells, and therefore, to relatively low activity of
P043' or I'IPO42'.

REE oxidation states

Although the REE exist in nature mainly in trival-
ent form, tetravalent Ce and divalent Eu are also
well known (Henderson, 1996). At 25°C, CeQ, is
a stable form of Ce** within a wide range of pH
and Eh, especially in alkaline media (Brookins,
1989). Therefore, oxidizing conditions of
weathering commonly lead to the formation of ce-
rianite CeO, (Braun et al., 1990, 1998; Mongelli,
1997). The present patterns (crandallite-I and IA)
look very similar to that which can be calculated
from an analysis of ‘REE-bearing goyazite’ from a
Yugoslavian karst bauxite deposit given by Mak-
simovi¢ & Panto (1985). The same REE distribu-
tion (La to Sm) was found in apatite-derived
florencite from a weathering profile over granites
in New South Wales, Australia (Banfield & Eggle-
ton, 1989). These patterns represent a negative Ce
anomaly and can be explained by strong oxidising
conditions of weathering, which should have ox-

idised Ce to the tetravalent state. Cerianite itself
has not been recorded within the studied profile;
however, indirect evidence that Ce** exists there is
its accumulation in ‘leucoxene’ and a Th-rich un-
known phosphate (Mordberg et al., submitted)
where it may replace Ti** or Th* accordingly.

The observed patterns II and IIA are quite un-
usual and need consideration of REE oxidation
states because of the Sm anomaly. A similar pat-
tern with a slight positive Sm anomaly was also
observed in crandallite from P-rich laterite profile
of the Lam-Lam deposit, Senegal (Bonnot-
Courtois & Flicoteaux, 1989). Cesbron (1986) be-
lieves that Sm?*, as well as Eu?*, may be suffi-
ciently stable in aqueous solutions. This opinion is
supported by consideration of thermochemical
data. At temperatures above 250 °C the dominant
form of Eu is likely to be divalent, while at low
temperatures (25 °C), Eu** dominates in solution
(Sverjensky, 1984). Within this temperature inter-
val, both forms may be present. Divalent Eu can
be expected in low-temperature aqueous solution
together with SO,> in alkaline media (pH > 9) and
low oxygen fugacity (Sverjensky, 1984). Calcula-
tions also show, that Sm and Yb have a similar
trend of equilibria between divalent and trivalent
ions (Wood, 1990). For the most widespread geo-
logical environments, Sm?* dominates in solution
at temperatures above 400 °C; however, under ex-
tremely reducing and/or alkaline conditions it may
appear at lower temperatures (Wood, 1990). There
is also evidence that Sm?* occurs in natural flu-
orite as a result of irradiation damage (Bill &
Calas, 1978).
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The diadochy of REE to other elements is cru-
cially dependent on ionic radii. For the REE and
other A-site cations, these data are given in
Fig. 12. Although not all radii of REE are known
for 12-fold coordination, some conclusions can be
made from the existing data. One can believe that,
with respect to the REE, this coordination is re-
stricted to large cations (Cesbron, 1986). The
three known varieties of florencite (florencite-
(La), florencite-(Ce) and florencite-(Nd)) (Burt,
1989) seem to confirm this opinion, as well as lat-
tice constant dependences and thermodynamic
stabilities (Schwab et al., 1990, 1993).

The ionic radius of Sm?* is relatively close to
that of Ca?*, but much smaller than those of Pb?*
and Sr%*. However, the ionic radius of Sm?* in 8-
fold coordination is very close to those of Pb?*
and Sr?* (Fig. 12). For 12-fold coordination, the
ionic radius of Sm?* is not determined, but from
the observed patterns, we may suppose that it is

also very similar to Pb%* and Sr2*. The structure of -

crandallites bearing Sm> and other relatively
small REE ions could be sufficiently stabilised by
the presence of large Pb** and Sr?*ions (Schwab
et al., 1993). However, this cannot explain the ap-
pearance of the Sm anomaly in crandallite-II, as it
does not exist in the parent rock or bulk weathered
samples.

As was already discussed above, reduction of
Sm?* to Sm?* could occur under strongly reducing
conditions which played an important role in the
development of the Schugorsk deposit. Total dis-
solution of hematite and removal of Fe are evi-
dence for this, as well as the formation of sulphide
minerals such as galena, pyrite and sphalerite
(Likhachev, 1993; Mordberg et al., submitted).
The role of organics seems to be quite important,
but needs a detailed study. However, this process
may be related not only with low-temperature di-
agenetic transformation, but also with superim-
posed hydrothermal alteration (Mordberg, 1997;
Mordberg et al., submitted).

Crandallite formation

The sources of the REE in the parent rock were
carbonates (calcite and dolomite) and feldspar, as
well as some REE-bearing minerals such as bast-
naesite, monazite and xenotime (Mordberg et al.,
submitted). Although the background level of the
REE in carbonates and feldspars is low, the vol-
ume of rock dissolved to form the bauxite deposit
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was high enough to release significant amounts of
these elements. Following the dissolution of pri-
mary rock minerals, REE released in this weather-
ing process could exist in solution as carbonate
complexes such as [LREE(CO3)]* or [HREE-
(CO3),]". Locally, they might also occur as REE?*
and REE(SO,)?* (acidic environment), REE(P,0)
(alkaline environment) and organic complexes
(nearly neutral environment). The formation of
crandallite group minerals took place during the
weathering process. The complicated chemical
distribution in individual crandallite group mine-
ral crystals is directly related to the rates of dissol-
ution of minerals from the parent rock, the source
of P being primary apatite. Two methods of cran-
dallite formation have previously been described:
a direct replacement of apatite by attack of the
weathering solution (Viellard et al., 1979) and for-
mation through apatite dissolution and subsequent
precipitation (Schwab et al., 1989). Both partial
dissolution and direct alteration must have taken
place in the Timan occurrence and is illustrated in
Fig. 3 and 4: it seems that crandallite mineraliza-
tion in the centre of the area (Fig. 3) may have in-
herited the shape of, initially, an apatite crystal.
Deep weathering destroyed the crystal, and its re-
mains altered into Ca-rich crandallite. This can be
confirmed by the fact that Ca-crandallite itself
forms cores of the grains (Fig. 4). The formation
of Sr-, Pb- and REE-rich rims took place later
through supply of these elements from the
weathering solution. The dissolved part of P could
precipitate within a short distance from the apatite
crystal, also with the formation of crandallite
group minerals. This may explain the existence of
small individual grains around the zone of cran-
dallite mineralization (Fig. 3).

In a karstic environment, REE usually accu-
mulate within a comparatively thin layer above
the footwall. They preferentially form carbonate
minerals of the bastnaesite group (Maksimovic &
Pantd, 1996). In laterites over P-rich rocks, cran-
dallites form a distinctive layer together with
other Al-phosphates (Schwab et al., 1989). Such a
layer may form even in karstic environment, if the
parent rock is enriched in P-minerals such as
apatite (Mordberg, 1999). However, the studied
profile cannot be referred to as exclusively karstic
or lateritic due to the composition of parent rock
and selective weathering. Only disseminated cran-
dallite mineralization was found.

Not too many data are known on REE dis-
tribution in crandallites from weathering profiles,
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although they are relatively widespread. A mineral
with a composition intermediate between Nd-
florencite, goyazite and crandallite occurs in the
bauxite deposit of Vlasenica, Yugoslavia (Maksi-
movi¢ & Pantd, 1985). Gorceixite and florencite
were recorded in the Lohrheim kaolinite deposit,
Germany (Dill et al., 1995). Minerals of the cran-
dallite group, such as goyazite, gorceixite and
florencite, have been observed in bauxitic kaolins
of NE Sudan (Wipki, 1995; Germann er al., 1995;
Schwarz & Germann, 1999). Florencite and cran-
dallite are typical of weathering profiles over car-
bonatites (Slukin ef al., 1989; Wall et al., 1996).
Morteani & Preinfalk (1996) believe that gorce-
ixite is the main concentrator of the REE in la-
terite over alkaline rocks of Araxd and Cataldo
(Brazil). Gorceixite was also found in a weather-
ing profile over apatite-rich carbonatite of Juquid
(Brazil); there, it shows a specific distribution of
the REE with the enrichment in La, Ce and espe-
cially Nd, and close chondrite-normalised values
for the elements from Sm to Yb (Walter et al.,
1995). The contents of the REE in that gorceixite
are very low (0.00n-0.n wt.%), presumably be-
cause of the very high ionic radius of Ba, that re-
stricts the isomorphic capacity of the mineral with
respect to the REE. Therefore, strong accumula-
tion of the REE in gorceixite is doubtful. The data
presented, as well as the observation made, show
that the number of known occurrences of REE-
crandallites in weathering profiles is high, and the
distribution of the REE is different in them. These
patterns can be used for the explanation of the for-
mation of one or other mineral assemblage of
bauxite or laterite and for the determination of ge-
ological and geochemical conditions of deep
weathering.

Conclusions

Summarizing the results and discussion, we dis-
tinguish two generations of crandallites within the
Schugorsk bauxite deposit. The first one formed
under oxidizing conditions (positive Eh values) in
a neutral to slightly alkaline environment. Oxidis-
ing conditions were responsible for the develop-
ment of a negative Ce anomaly. Extra Ce was dis-
tributed among minerals, which carry tetravalent
ions, such as Ti (‘leucoxene’) or Th (unknown Th-
rich phosphate). It is supposed, that reducing con-
ditions (negative Eh values, more alkaline media
with pH 8-9 and low oxygen fugacity) led to the
formation of Sm-rich crandallite-Il where Sm3*
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might have been reduced to Sm?*. This may re-
place Sr’* and/or Pb** and form the cell identical
to that of svanbergite and hinsdallite.

Crandallite group minerals from the Schu-
gorsk bauxite deposit have a very complicated
composition and clear zonal distribution of cation-
s in all sites, that reflects the history of their for-
mation. The core is composed of mainly crandal-
lite itself with other elements as admixtures. The
rim is enriched in Sr, Pb, S and REE representing
the occurrence of goyazite-svanbergite, plumbo-
gummite-hinsdallite and florencite. Weathering of
apatite from the parent rock resulted in formation
of crandallite both in situ (direct alteration) and
within a small distance through its dissolution and
following P and Ca precipitation due to high Al
activity in the weathering solution.

The results of the present study and compari-
son with existing data show that crandallite group
minerals have a broad distribution among bauxitic
and lateritic profiles of different origins and may
represent quite different patterns of the REE
whose high sensitivity to changes in Eh-pH makes
them quite important for the specification of con-
ditions of deep weathering.
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