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Abstract—The Allou Kagne (Senegal) deposit consists of different proportions of palygorskite and
sepiolite, and these are associated with small quantities of quartz and X-ray amorphous silica as impurities.
No pure palygorskite or sepiolite has been recognized by X-ray diffraction. Textural and microtextural
features indicate that fibrous clay minerals ofthe Allou Kagne deposit were formed by direct precipitation
from solution. Crystal-chemistry data obtained by analytical/transmission electron microscopy (AEM/
TEM) analyses of isolated fibers show that the chemical composition of the particles varies over a wide
range, from a composition corresponding to palygorskite to a composition intermediate between that of
sepiolite and palygorskite, but particles with a composition corresponding to sepiolite have not been found.
Taking into account the results from selected area electron diffraction and AEM-TEM, fibers of pure
palygorskite and sepiolite have been found but it cannot be confirmed that all of the particles analyzed
correspond to pure palygorskite or pure sepiolite because both minerals can occur together at the crystallite
scale. In addition, the presence of Mg-rich palygorskite and very Al-rich sepiolite can be deduced.

It is infrequent in nature that palygorskite and sepiolite appear together because the conditions for
simultaneous formation ofthe two minerals are very restricted. The chemical composition ofthe solution
controls the formation of the Allou Kagne sepiolite and palygorskite. The wide compositional variation
appears as a consequence of temporary variations of the chemical composition of the solution.
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INTROPUCTION

Sepielite and palygerskite are fibreus clay minerals
with many industrial applicatiens due te their structural
and physicechemical preperties. They are used as
abserbents and as adserbents (cat litter, separatien ef
gases, filters, etc.); they have rheelegical preperties
(drilling mud en salt water, pharmacy, paint, cesmetic,
etc.) and have numereus ether uses (Alvarez, 1984;
Jenes and Galan, 1988).

The structure eof beth sepielite and palygerskite
centains ribbens ef 2:1 phyllesilicates linked by periedic
inversien eof the apical exygen ef the centinueus
tetrahedral sheet (every six atems eof Si fer sepielite
and every feur fer palygerskite). Sepielite is a tri-
ectahedral mineral with eight pessible ectahedral pesi-
tiens per half unit-cell, and all are eccupicd. The
structural fermula ef sepielite is Si;,@®;0Mgs
(®H),(®H,),.nH,® (Brauner and Preisinger, 1956).
The ectahedral sheet is discentinueus and terminal
catiens must cemplete their ceerdinatien sphere with
water melecules. The number of ectahedral pesitiens
(per half unit-cell) in palygerskite is five, altheugh it
decs net scem pessible that all can be filled (Serna et al.,
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1977). In mest palygerskites the number of eccupicd
pesitiens ranges frem feur te five, and enly a few cases
seem te be cempletely diectahedral with the structural
fermula Sig®,;0A1,Mg,(®H),(®H,),. 4H,® (Bradley,
1940).

Palygerskite and sepielite ferm in marine er cen-
tinental sedimentary envirenments. Beth minerals may
be fermed by direct precipitatien frem waters with a
large degree of salinity ceming frem strengly weathered
centinental areas (Castille, 1991), and beth minerals are
frequently asseciated with lacustrine facies in centinen-
tal sediments where they ferm frem selutiens er by
diagenetic transfermatien (Weaver, 1984; Jenes and
Galan, 1988; Chahi et al., 1997). Palygerskite is
especially cemmen in calcretes related te edaphic
precesses affecting sediments (Singer and Nerrish,
1974; Watts, 1988; Singer, 1984; Verrecchia and Le
Ceustumer, 1996). Palygerskite and sepielite can alse be
fermed as direct precipitates er as a replacement preduct
frem hydrethermal selutiens (Tien, 1973; Haji-Vassileu
and Puffer, 1975; Lépez Galinde et al., 1996; Kamineni
et al., 1993; Garcia-Remere et al., 2006). In general,
their genesis can be related te transfermatien precesses
frem previeus silicates (Yaalen and Wieder, 1976;
Suéarez et al., 1994; Terres-Ruiz et al., 1994; Lepez-
Galinde et al., 1996) er te direct precipitatien frem
selutiens (Singer and Nerrish, 1974; Watts, 1976;
Estéeule-Cheux, 1984).



Palygerskite is mere abundant than sepielite and
altheugh the twe minerals semetimes appear tegether
this is net eften the case. There are few references in the
literature in which sepielite and palygerskite eccur in the
same eor adjacent lecalities. Fer example, they are
described tegether in the fellewing Spanish depesits:
Taje Basin, (Leguey et al., 1995; Galan and Castille,
1984), Tabladille (Martin Pezas et &/, 1981); Lebrija
(Galan and Ferrere, 1982); and alse in cenwal and
central-seuthern Tunisia (Zaabeub et al., 2085), in the
Serinhisar- Acipayam Basin (Turkey) (Akbulut and
Kadir, 2003), and in the deep-sea mid- Atlantic ridge,
of hydrethermal erigin (Bewles et al., 1971). In the
Alleu Kagne depesit, sepielite and palygerskite appear
tegether. This is an impertant depesit of special clays.

The aim ef this werk is the mineralegical and
crystallechemical characterization ef the palygerskite
and sepielite frem the Alleu Kagne depesit. The
relatienships between the twe minerals have been
studied, beth frem genetic and cempesitienal view-
peints.

MATERIALS ANB® METH® BS

Materials

The palygerskite and sepielite studied were ebtained
frem the Alleu Kagne (Senegal) depesit which is lecated
~18 km frem the tewn ef Thiés en the read frem Bakar
te Thies (Figure 1). This depesit has been knewn since
the secend half ef the 20% century. Millet (1976)
reperted it and ether depesits ef fibreus clays in this
region te be of miner ecenemic interest. It is lecated in
the Senegal-Mauritania basin and its genesis is related te
sedimentatien in an epicentinental marine envirenment
during the Paleegene.

r
Darou Khoudag.”
; Daroa

o MaLst
W e SR\
Ay i

R, = s .
DAKAR™Y hisal |DIOURBEL P Y
Efer—ag et | Bambeay s
Diakay H=IY " i

Y B - }
o8 HTES f-;r - el e

Popend h.llhl:';_" j 'Fa[._-,., ||.-'\-a-\.-|.-:l__,..‘
- - e Pl
Ao Kagne depos | /' { Guinguinso

Figure 1. Map of Senegal, shewing the Alleu-Kagne depesit.

Palygerskite and sepielite usually appear in herizen-
tal layers, interbedded with carbenates (calcite and
delemite) and, in seme cases, accessery minerals like
quartz and epal A. The fibreus clay layers typically
censist mainly ef palygerskite intermingled with wvari-
able miner quantities of sepielite, are of Loewer Fecene
age, and appear ever Paleecene karstified limestenes
(Figure 2). The bettem ef the depesit censists eof
glaucenitic sands centaining phesphate and carbenate.
The sectien rich in palygerskite and miner sepielite is
divided inte twe different zenes, the lewer being the
richest in carbenates (<38%) and centaining massive
layers, echre in celer, up te & m thick. The upper zene of
the mineralized sectien is the purest in terms of centent
of clay minerals. Parallel laminatiens in the clay levels
are white or beige, and shew black and erange spets. In
seme places, silicified levels are intercalated. The tetal
thiclness is rarely >2@ m. Between beth zenes, a thin
level of sandstene may appear. This level is ~1® cm
thick, is silicified and carbenated, and is a guide level.
Samples coming frem the upper-zene level were chesen
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Figure 2. Schematic stratigraphic sectien ef the Alleu-Kagne depesit. M.T. — maximum thickness (m). W.A. — water abserptien.



for this mineralegical and crystallechemical study. The
clay beds of ecenemic interest range frem 4 te 20 m
thick, with everburden that varies frem @ te 20 m. The
preven reserves of the depesit are 25 Mt with inferred
reseurces of >60 Mt.

Te the nerth ef the area studied, in which the
lithelegical series is mere cemplete, sediments frem
Upper Eecene and @ligecenc or Mie-Pliecene appear
ever the palygerskite sectien. These sediments are
cempescd mainly ef phesphated sediments that have
fermed majer depesits of phesphates which are currently
mined.

Quaternary silica sands and laterites, and in seme
cases marly er clayish seil, appear at the tep. In the
Alleu Kagne area, the tep of the eutcrep censists of a
lateritic seil that can reach 20 m thick in seme places er,
enly a few meters in ethers. Three series of vertical
faults have caused sub-vertical displacements ef the
mineralized bed and have determined variatiens in the
cempesitien and the thickness of the Quaternary
sediments.

The clay levels studied shew parallel laminatien as a
censcquence of sedimentary erigin, and hand specimens
exhibit a clear planar structure. The sedimentary
structure of the samples was taken inte acceunt during
their study. Thin layers, ~1 mm thick, were separated te
study small-scale cempesitienal variatiens. A miner-
alegical and crystallechemical characterizatien ef the
samples at this scale was alse carried eut.

Methods

Mineralegical characterizatien was perfermed by
N-ray diffractien (XRD) using a Siemens D500 XRD
diffractemeter with CuKo radiatien and a graphite
menechremater. The samples used were randem-pewder
specimens which were scanned frem 2 te 65°28 at
0.05°28/3 s te determine the mineralegical cempesitien.
X-ray diffractien patterns frem pewdered individual and
centigueus layers of hand specimens were recerded in
erder te determine whether sepielite and palygerskite are
cencentrated in different layers or whether beth minerals
always appear tegether in similar prepertiens.

Particle merphelegy and textural relatienships were
established by scanning electren micrescepy (SEM) and
transmissien electren micrescepy (TEM). The ebserva-
tiens were perfermed using a JE@L JSM 6400 micre-
scepe, eperating at 20 kV and cquipped with a Link
System energy dispersive X-ray (EBX) micreanalyzer.
Prier te examinatien by SEM, freshly fractured surfaces
of representative samples were air dried and ceated with
Au under vacuum. The TEM ebservatiens were
perfermed by depesiting a drep ef diluted suspensien
en a micrescepic grid with celledien. Selected area
clectren diffractien (SAED) images and chemical
cempesitien by analytical clectren micrescepy (AEM)
were ebtained by TEM, in pure samples, using a JE@L
2000 FX micrescepe cquipped with a deuble-tilt sample

helder (up te a maximum ef +45°) at an acceleratien
veltage of 200 kV, with 0.5 mm zeta-axis displacement
and 0.31 nm peint-te-peint reselutien. The micrescepe
incerperates an @XFORD ISIS EBPX spectremeter
(136 ¢V reselutien at 5.39 keV) and has its ewn
seftware fer quantitative analysis. Fer AEM analyses,
feur representative samples with intermediate centents
of beth minerals, all cerrespending te the upper zenc of
the depesit were chesen. @ne representative sample was
separated inte six layers, millimeters thick, and the new
samples were named frem AKA—AKF. As it was feund
that there is a pregressive variatien in the relative
prepertiens ef clay minerals, frem the richest in
palygerskite (AKA) te the richest in sepielite (AKF),
the twe extreme samples were chesen fer the AEM
study. Structural fermulae were calculated neting that
the ideal fermula centains 21 and 32 exygens fer
palygerskite and sepielite, respectively, in the dehy-
dratecd and dchydrexylated structure per half unit-cell
(Bailey, 1980). All the Fe present was censidered as Fe**
(ewing te the limitatien ef the technigque), but the
pessible existence of Fe?" cannet be ruled eut.

RESULTS

Mineralogical composition

As already stated, raw samples are cempescd eof
different prepertiens ef sepielite and palygerskite, and
they have small quantities of quartz and X-ray amer-
pheus silica as impurities. When several layers of a hand
specimen have been studicd separately, different preper-
tiens ef sepielite and palygerskite have been feund in
cach layer, and the prepertien ef beth minerals varies
between centigueus planes. Figure 3 shews the XRBD
patterns ef samples cerrespending te centigueus planes
which are 1 mm thick ebtained frem a laminar sample
0.5 cm thick. The pregressive variatien in the percen-
tages of sepielite and palygerskite can be ebserved. Ne
pure sepielite or palygerskite has been feund.

Textural and microtextural features

The cembined SEM eof raw samples and TEM eof
dispersed samples have cenfirmed the characteristic
fibreus merphelegy. A merphelegical and textural
study by SEM indicates that samples are cempescd of
fibers eriented accerding te the laminatien, with the axis
of the fibers peinting in all directiens (Figure 4a),
ferming well defined planes, cerrespending te their
depesitienal erigin (Figure 4b). Idiemerphic crystals ef
apatite can be ebserved ameng the fibers. Altheugh
sepielite and palygerskite appear tegether even at this
scale, as indicated by XRB, differences in size er
merphelegical features have net been feund, and it is net
pessible te distinguish the twe minerals in these samples
by SEM er TEM. The aggregate grewth ef individual
fibers ferming planes decs net permit measurement ef
the precise length ef these individual crystals, but it is
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Figure 3. XRI patterns cerrespending te centigueus mm-thick
layers. Pregressive change in the prepertiens efthe twe fibreus
minerals, sepielite (Sep) and palygerskite (Pal), can be seen.
Q: quartz.

pessible te affirm that the fibers are generally >1 pum in
length. Frem a textural peint ef view, it is pessible te
ebserve that the peres are scarce and millimetric in size,
because the fibers ferm planar surfaces and create inter-
fiber peres of <188 nm in width.

The characteristic fibreus merphelegy ef beth
palygerskite and sepielite can alse be ebserved by
TEM. The fibers are >1 pum leng (Figure 5c), altheugh
size can be influenced by the dispersion precedure which
can break the fibers. Greups of fibers are dispesed in
parallel arrangement ferming bundles which cerrespend
te the fibers seen by TEM. When the samples were
chesen frem different and centigueus layers, ne differ-

ences in size or merphelegical features were feund.

Likewise, the SAE® patterns of elengated bundles of
fibers confirmed the clese relatienship between sepielite
and palygerskite crystals. Altheugh mest diffractien
patterns of iselated fibers cerrespend te sepielite er
palygerskite crystals (Figure 5a,b), the same diffractien
patterns of sepielite and palygerskite almest parallel in
the same fiber have alse been ebserved. Spets cerre-
spending te reflections of beth sepielite and palygerskite
(12 A and 105 A) appear tegether, as shewn in
Figure 5d. This means that beth minerals ceexist at
crystallite scale.

Crystallechemical characterization

Ninety nine TEM peint analyses of iselated fibers
cerrespending te different samples were carried eut. The
chemical cempesitiens ef the particles vary between
very wide exwemes (Table 1). Samples were selected
taking inte acceunt the results ebtained frem XRB study
including the richest in palygerskite and sepielite. In
Figure 6, the results ebtained for the particles analyzed
are pletted tegether with these cerrespending te
‘theeretical fermulae’ of palygerskite and sepielite.
The peints are distributed en the graph ever a very
wide range, frem palygerskite te sepielite cempesition.
There are a few analyses with the ratie Si@,/Mg® and
AL, @3+Fe,®; similar te that cerrespending te palygers-
kite. Hewever, by centrast, ne analysis cerrespending te
a pure sepielite cempesitien was feund.

Accerding te bibliegraphic references related te the
chemical cempesitien ef fibreus clay minerals, a
cempesitienal gap eccurs between the twe exwemes.
The wiectahedral exweme is sepielite, and the diectahe-
dral extreme is palygerskite Martin Vivaldi and Cane,
1956; Paquet et al., 1987, Galan and Carretere, 1999). In
this paper, the structural fermulae fer all analyzed
particles were calculated en the basis of beth 21

Figure 4. SEMimages efthe tightened grewth ef sepielite-palygerskite fibers ferming planes. All fibers are ef similar appearance
and itis net pessible te distinguish sepielite frem palygerskite. (a) Image of a plane of fibers. The axes efthe fibers arepeintingin all
directiens and the aggregates ferm well defined planes. (b) Image of several centigueus planes of fibers. The erientatiens ef the

fibers ferming the parallellaminatien is clear.



Figure 5. TEM images. (a,b) Superimpesed negatives (TEM image and SAED spets) en the image. Camera length (L) — 868 mm,
A — 0.0825 nm. Camera censtant (LA) —28.1 in all SAE® images. There are twe graphin, scales: the vertical scale cerrespendstethe
SAE®image (1 mmbetween bars)and the herizental scale cerrespendste the TEM image. (a) Therearetwe 11@ electren diffraction
spets cerrespending te twe different bundles effibers (10.5 A) ef palygerskite which ferm a small angle, as can be seenin the image
efthe aggregate. (b)Bundle effibers ef sepielite and 118 SAED spets frem sepielite fibers(1 2A) (d) Twe different 110 SAE® spets
frem sepielite and palygerskite fibers (10.5 and 12 A) cerrespending te twe centigueus fibers that ferm a small angle in a same
bundle. Scale: 1 mm between bars. (c) Bundles of sepielite palygerskite.

(Table 2) and 32 exygens per half unit-cell (as
palygerskite and sepielite, respectively) (Table 3) with
the aim eof separating twe greups ef analyses (these
which fit well either as palygerskite or sepielite) because
it is net pessible te identify the twe minerals frem their
merphelegical features alene. The results ebtained shew
that mest ef the analyses de net cerrespend te either
pure sepielite er pure palygerskite. There is ne gap
between the twe groups of fermulae, but en the centrary,
beth greups display a centinueus variatien. Whether the
fermulae are fitted as palygerskite er as sepielite the
results are centinueus. If palygerskite cempesitien is

taken inte acceunt (Table 2) there is enly a small greup
of analyses which fit well as palygerskite. Mest of the
analyses fit with Mg-rich palygerskite, and ethers are se
anemaleus that they cannet be censidered as palygers-
kite. Hewever, if sepielite cempesitien is censidered
(Table 3) there is ne analysis that fits as sepielite and all
analyses sheuld cerrespend te a very anemaleus
sepielite with a very large prepertien of ectahedral Al
There are twe pessibilities: (1) there is ne pure sepielite
and all analyses are a mixture eof sepielite and
palygerskite; or (2) the sepielites are an anemaleus Al-
rich sepielite.




Table 1. Chemical composition (wt.%) of the isolated particles.

Si®; AlL®; Mg® Fe,®; Ti®, Ca® K.@ Si®; AlL®; Mg® TFe,®; Ti®, Ca® K.@
1 70.19 4.07 2260 277 0.36 51 7038 10.77 16.830 2.00 0.60
2 7030 348 2334 251 0.35 52 6375 1134 17.91 28 100 154 145
3 69.46 6.26 203% 3.25 0.48 53 6974 775 19.73 2.0 042 036
4 70.66 880 1498 5.19 54 7017 775 19.%9¢ 143 033 014 024
5 67.88 971 17.30 439 0.73 55 67.60 10.3% 16.41 5.00 0.48
6 69.86 543 2066 3.46 0.48 56 67.60 10.01 16.75 4.15 070 034
7 7126 858 16.35 3.81 57 61.83 10.58 2006 329 417
g 7444 708 15.84 264 58 6482 317 1967 229 317 1.33
) 73.28 594 1764 312 59 6503 850 2056 500 083
10 76.28 897 15.35 60 6610 699 2305 3.86
11 71.14 429 2226 2.3l 61 7145 1134 12.60 3.29 0.48
12 7226 1059 13.95 3.21 62 7252 1096 7.30 19 033 056 060
13 69.73 1345 1361 3.21 63 6247 888 1758 037 500 168
14 7074 12,08 1423 294 64 7060 964 1907 071
15 7127 11.17 13.97 3.59 65 6824 11.71 14.43 558
16 7223 10.10 1525 243 66 7145 1058 1326 4.00 0.67
17 7145 11.73 1358 3.23 67 66.75 12.0% 11260 272
18 7103 11.8% 13.88 320 68 6568 13.04 19.9¢ 143
19 71.15 1074 1505 3.05 6% 688% 529 2421 157
20 7166 752 17.77 2.89% .17 70 6824 491 2471 100 033 007 004
21 70.71 624 1944 2.83 078 71 6568 453 25.87 3.00 033 056
2 72.15 657 15.96 3.51 72 6696 472 2553 2.00 0.834
23 7271 866 11.85 6.68 73 67.680 661 2155 329 050 028 036
24 7205 405 1925 256 018 191 74 6503 624 2454 300 100
25 7323 53% 1751 362 75 67.17 756 2222 114 100 028 072
26 6976 509 1646 276 5.69 76 6097 812 2553 129 217 084 1.8
27 70.3 6.65 18.16 275 1.96 77 6974 850 16.91 2.00 098 193
28 6875 478 227 218 1.49 78 57.12 1020 25.87 472 126 084
29 73.46 848 1495 264 0.47 79 71.88 %64 282 014
30 71.5% 868 1563 3.52 8 6568 1096 2122 114 ele 013
31 7042 1368 11.0% 394 &1 69.10 10.96 1675 272 008
32 7208 671 21.21 82 6696 1058 1675 290 126 036
33 7018 10.18 19.64 & 67.17 11.71 17.91 143 117 028 036
34 73.46 831 1823 84 6525 11.71 18.%¢ 157 183 013
35 69.11 533 2066 3.75 0.81 8 5626 13.04 2073 515 217 098 181
36 71.18 10.60 1316 512 .53 8% 5605 11.%¢ 2122 48 317 154 120
37 6869 498 2353 205 016 055 87 7124 1061 1310 415 100 042 036
38 69.49 7.41 1863 3.93 88 7252 8.6% 1227 400 167 028 048
39 6953 5.85 2123 2.6% 070 8 5733 945 2504 167 252 3.8
40 7373 432 1998 197 % 5904 926 2388 3.50 446
41 7022 6.00 2127 251 91 6610 397 27.1% 243 0.60
42 7037 4.8% 21.81 293 92 7145 794 17.8 257 033 042
43 6972 545 228 1.96 93 7259 812 1924 T2
44 6902 582 2144 337 94 5541 567 1957 3.86 392 “39%
45 6632 7.1%8 199 315 183 098 084 95 61.83 605 21.8% 400 266 3.37
46 68.8% 775 2172 172 % 7252 858 1525 3.15 067
47 5969 6.05 2553 88 97 6953 926 1592 343 08 042 060
48 6332 642 2421 6.00 98 6740 548 2155 1.8 250 098 036
49 66.10 10.58 18.9¢ 4.43 9% 7038 680 17.%1 3600 033 024 024
50 65.80 850 1890 5.15 084 072

PISCUSSI®ON AND CONCLUSI®NS

Sepielite is a Mg silicate with negligible isemerphic
substitutien that has eight pessible ectahedral pesitiens
per half unit-cell, all eof them eccupicd by Mg.
Accerding te Newman and Brewn (1987) the tetal
munber of ectahedral catiens ranges frem 7.01 te 8.01,
and is clese te 8 accerding te Galan and Carretere (1999)
whe cenfirmed that beth tetrahedral and ectahedral

substitutiens are negligible and cannet be detected by
the EPX technigque. Nevertheless, if the structural
fermulac frem all ef the Alleu Kagne analyses are
calculated as sepielite, the number of ectahedral catiens
ranges frem 3.12 and 8.04 and the ectahedral Mg
number varies frem 1.73 te 7.09 (4.81 en average)
(Table 3), which means that mest analyses have a
number of ectahedral catiens and Mg values which are



Table 2. Crystallo-chemical formulae calculated on basis of 21 oxygens per half unit-cell (as palygorskite). Formulae have

been ordered according to their content of octahedral cations.

Si Al VIAl Fe* Mg Ti 2O Ca K Si Al VIAI Fe** Mg Ti X0 Ca K
11 8.05 029 o010 188 27 55 7.72 028 1.12 043 2.79 4.34 007
22 8.17 0.88 2.69 357 043 52 737 063 092 025 309 009 435 019 021
36 8.04 133 004 221 358 0.06 S 773 027 1603 038 294 435 0.09
23 8.22 1.1S 057 186 3.58 21 861 083 024 328 435 009
29 8.35 0938 026 240 3.64 002 38 7.89 011 083 034 3.15 437
10 8.37 1.16 2.51 3.67 53 789 011 092 017 333 442 005 005
88 8.17 1.1S 034 206 014 369 003 007 64 791 009 118 006 3.18 442
54 792 008 023 012 335 0603 373 002 003 32 807 0.88 3.54 442
62 8.14 145 023 203 003 374 007 009 45 762 038 059 027 341 016 443 012 012
26 8.05 069 024 283 3.76 127 58 743 057 073 020 326 027 446 0.19
8 8.32 093 022 264 3.79 50 760 040 076 045 325 446 010 011
61 8.04 1.50 028 211 3.89 007 3 789 01l 073 028 345 446 0.06
31 791 009 172 033 186 391 35 790 010 062 032 352 4.46 0.18
87 8.02 133 035 220 003 39 0605 005 33 785 015 1.19 3.28 447
25 8.25 072 031 294 3.97 6 794 006 067 030 350 447 006
95 729 071 013 3.85 398 034 051 39 790 010 0685 023 3.59 450 0.09
12 8.09 140 027 233 4.00 67 7.55 045 1.16 023 3.13 4.52
% 8.13 112 027 255 006 4.00 49 754 046 096 038 321 4.55
L) 823 079 026 295 4.00 41 795 005 075 021 359 4.55
66 8.03 140 034 222 006 402 % 702 098 032 4.23 455 045 0.68
24 8.18 054 022 326 402 002 042 28 786 014 050 019 387 4.56 0.33
30 8.06 1.15 030 262 4.07 85 665 135 047 046 365 458 012 027
16 8.08 133 020 254 4.07 73 771 029 060 028 367 0084 459 003 005
LX] 8.15 107 014 287 4.08 42 798 002 065 025 369 4.59
40 8.28 057 017 334 4.08 44 786 014 064 032 3.64 4.60
17 8.00 155 027 227 4.09 1 798 0602 053 024 383 460 0.04
34 8.17 1.09 3.02 4.11 75 7.65 035 066 010 377 009 462 003 011
18 796 004 153 027 232 4.12 2 799 001 046 021 395 462 004
15 3.00 148 030 234 4.12 46 779 021 082 015 366 4.63
77 795 005 109 017 287 413 012 028 68 743 057 117 @12 335 4.64
4 300 006 1.17 044 253 4.14 80 747 053 094 010 3.60 464 007 009
13 782 018 160 027 228 4.15 59 748 052 063 043 352 007 465
14 793 007 153 025 238 4.16 43 790 010 063 017 386 4.66
L)) 8.06 105 022 287 003 417 005 57 7.2 083 056 029 345 036 466
97 789 011 113 029 269 007 418 005 009 93 770 030 044 016 3.86 022 468 012 005
19 798 002 140 026 252 4.18 37 783 017 050 018 4.00 468 002 012
27 .00 089 024 3.08 421 043 70 772 028 035 009 419 003 469 007 004
7 8.03 1.14 032 275 421 86 663 137 029 043 374 028 474 020 0.18
20 8.07 100 024 298 422 002 89 683 1.17 0.16 444 015 475 032 059
51 793 007 136 017 2.70 423 009 69 782 018 053 013 410 4.76
79 8.03 127 014 282 4.23 60 757 043 051 033 394 4.78
65 775 025 132 048 244 424 72 766 034 030 017 436 483 0.l0
L1) 798 002 089 026 303 007 425 010 003 74 748 052 033 026 421 009 489
82 7.65 035 107 036 285 428 015 005 71 756 044 018 026 444 003 491 0607
56 772 028 1.07 036 285 428 009 012 76 709 091 020 011 442 019 492 e.l1e 016
X} 723 077 010 038 381 429 055 062 48 735 065 023 052 419 494
83 760 040 116 012 3.02 430 003 005 91 759 041 013 021 465 4.99 0.0
81 780 020 126 023 282 431 005 78 674 126 0.16 042 455 513 016 0.13
63 725 075 046 037 3.04 044 431 021 47 704 084 079 4.49 528
84 742 058 099 0.13 320 432 0.09

tee lew fer sepielite. @nly 14 eof the 99 structural
fermulac ebtained as sepielite have >6 ectahedral Mg
atems per half unit-cell. Taking inte acceunt the values
reperted by Newman and Brewn (1987), enly 1 ef the 99
structural fermulae calculated in this werk ceuld be
censidercd uncquivecally as sepielite. Furthermere, this
sepielite weuld have a vacant pesitien per half unit-cell.

®n the ether hand, palygerskite can display greater
cempesitienal variatiens than sepielite. Galan and

Carretere (1999) cenfirmed that palygerskite centains
mainly Mg, Al and Fe with an R2/R3 ratie clesc te 1. ®@n
average, feur of every five ectahedral palygerskite
pesitiens are eccupied. Accerding te Newman and
Brewn (1987), the sum eof ectahedral catiens lies
between 3.76 and 4.64, with a mean value of 4.00.
Garcia Remere et al. (2004) reperted a very Mg-rich
palygerskite that has 4.36 ectahedral catiens per half
unit-cell. They studied a very large number of samples



Table 3. Crystallo-chemical formulae calculated on the basis of 32 oxygens per half unit-cell (as sepiolite). The formulae have

been ordered according to their Mg content.

Si VAlI VIAl Fe®* Mg Ti O Ca K Si VAl VIAl Fe** Mg Ti X0 Ca K
17 12.19 1.18 021 1.73 3.12 49 1149 051 166 058 490 7.14
13 1192 008 124 021 1.73 3.18 50 1158 042 134 068 495 697 016 0.16
15 12.18 113 023 178 3.14 S8 1132 068 130 030 496 042 698 0.30
19 12.16 108 020 192 3.20 24 1247 083 033 497 6.13 003 064
31 12.05 276 051 283 6.10 33 11.97 003 202 4.99 7.01
23 12.53 176 087 284 5.47 21 12.20 127 037 5.00 6.64 0.14
62 1241 221 035 309 004 569 010 013 S3 1203 157 026 507 690 005 008
88 1245 176 052 3.14 022 564 005 011 40 1261 087 025 5.09 621
61 12.25 229 042 322 593 015 011 5S4 1207 157 018 510 004 6389 003 065
87 12.22 202 054 335 013 604 008 008 68 1132 068 197 019 S.11 737
36 12.25 203 066 3.37 6.06 0.10 45 1160 040 108 041 519 024 692 018 0.19
66 1223 214 052 339 009 6.14 57 1086 1.14 105 043 525 021 694
18 1213 239 041 353 6.33 3 12.03 128 042 526 6.96 0.09
12 1232 213 041 3.55 6.09 6 12.11 1.11 045 533 6.839 0.09
14 12.08 243 038 3.62 6.43 35 12.03 1.09 049 536 6.94 027
65 11.80 020 2.19 073 3.72 6.64 59 11.39 061 1.15 066 S37 011 7.29
29 12.53 170 034 3.80 584 0.09 32 12.29 1.35 5.39 6.74
10 12.81 1.77 3.84 5.61 41 1211 122 033 546 7.01
4 12.19 179 067 3.85 6.31 39 12.04 1.19 035 548 7.02 013
16 12.31 203 031 387 6.21 80 1138 062 162 015 548 725 010 0.13
% 12.39 171 040 388 009 608 44 1197 003 1.16 049 554 7.19
30 12.29 176 045 4.00 6.21 85 10.13 1.87 090 070 556 029 745 019 041
8 12.67 142 034 402 5.78 46 1187 0.13 144 022 558 7.24
22 1245 1.34 4.10 544 065 73 1176 024 112 043 559 007 721 065 008
97 12.02 189 045 410 011 655 008 013 98 1173 027 086 024 561 033 7604 018 008
51 12.08 218 026 4.11 6.55 013 42 1216 100 038 562 7.00
7 12.24 174 049 4.19 6.42 86 10.11 189 064 066 570 043 743 030 028
sS 1176 024 189 065 426 6.80 011 11 1226 087 030 572 6.89
79 12.24 124 022 429 5.75 75 1166 034 121 015 575 013 724 050 0.16
81 11.88 022 200 035 429 6.64 008 94 1100 100 133 058 580 771 083 095
26 12.27 105 037 431 5.73 194 1 1216 083 036 583 702 007
82 11.65 035 1.82 054 434 670 023 008 95 11.12 088 040 587 054 681 051 077
56 1177 023 182 054 434 670 0.13 0.19 43 12.04 1.11 025 588 7.24
2 1228 161 033 437 004 635 008 28 1197 003 095 029 589 7.13 050
LX) 12.42 163 022 438 6.23 60 1154 046 093 051 6.00 7.49
77 12.11 174 026 438 638 0.18 043
5 1178 022 177 057 447 681 0.14 2 1218 071 033 6.02 7.06 007
25 12.57 109 047 448 6.04 37 11.92 008 094 027 6.10 731 003 018
L) 12.55 120 040 450 6.10 69 1192 008 100 020 624 7.44
20 1229 152 037 454 643 0.03 48 11.20 0.80 054 080 638 7.72
83 11.58 042 196 0.19 460 675 005 008 70 1184 016 084 013 639 004 740 010 065
34 1245 1.66 461 6.27 74 1140 060 069 040 641 013 7.63
L1 12.16 139 039 461 011 650 016 005 9% 1070 130 068 6.45 7.13 068 1.03
63 1104 096 089 057 463 067 676 032 72 1168 032 065 026 664 755 0.16
27 12.18 136 036 4.69 6.41 066 76 10.80 120 050 0.17 674 029 770 0.16 024
52 1124 076 160 038 470 668 029 033 71 1152 048 046 040 676 004 766 0.11
67 1151 049 197 035 477 7.09 89 1040 160 042 677 023 742 049 0389
38 12.03 151 051 481 6.83 47 1072 128 120 6.84 8.04
64 12.05 194 009 485 6.88 78 1027 173 043 064 693 300 024 019
84 1131 069 1.70 021 483 024 703 013 9] 1157 043 039 032 7.09 7.80 0.13

frem different lecalities and verified that in all cases the
Al centent is less than the Mg centent in the ectahedral
sheet, even theugh the ratie R**: Mg is clese te 1, duc te
the presence of Fe** in mest samples. In additien, the
number of isemerphic substitutiens is censiderable. The
structural fermula ef this palygerskite has semewhat
mere Mg than Al with a ratie ef Mg/Al clese te 1.3 and
a small prepertien ef Fe’*. Taking inte acceunt the 99
structural fermulae calculated en the basis ef 21 exygens

per half unit-cell (as palygerskite), it is pessible te verify
that there are many structural fermulae that can
cerrespend te palygerskite but they shew a very wide
cempesitienal variatien, ranging frem terms very clese
te the ideal fermula (Al/Mg clese te 1) te ethers which
are mere magnesic (Table 2).

Calculatiens ef structural fermulae sheuld give twe
greups eof results, as mentiencd abeve, these cerrespend-
ing te palygerskite that will fit te 21 exygens per half



unit-cell, and these cerrespending te sepielite that will
fit better te 32 exygens. Figures 7 and & centain all
analyses fitted te beth pessibilities, palygerskite and
sepielite. Whether ectahedral eccupancy is taken inte
acceunt (number and type eof catiens) er whether
tewahedral centent is censidered, the plets shew a
greup of centinueus peints, and in ne case de the twe
greups of analyses separate. Whether the number of Si
atems and the tetal number of ectahedral pesitiens filled
are taken inte acceunt (Figure 7) and the fermulae are
fitted as palygerskite, it is pessible te find a centinueus
cempesitienal variatien which ranges between the
richest in Si and lewest ectahedral centent, and the
smallest St centents and greater number of ectahedral
catiens. Three greups ef analyses can be separated.
There are: (1) a certain number of peints with an excess
of Si (>8 Si per half unit-cell); and (2) anether greup in
which >4.5 ectahedral pesitiens are filled, that is te say
‘wiectahedral palygerskites’. They may cerrespend te
sepielite when fermulae are fitted te 32 exygens. (3) A
third greup (centaining the mest peints) is characterized
by a Si centent between 7.5 and &, and between 4 and 4.5
ectahedral pesitiens filled. This greup ef peints fits well
with Mg-rich palygerskite, as described by Chahi et al
(2082) and Garcia-Remere et al (2084). In Figure 7, if
peints that cerrespend te fermulae fitted as sepielite are
analyzed, a centinueus cempesitienal variatien can alse
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Figure 6. Chemical cempesitien (ratie Si0,/MgO vs. (A,O0; +
Fe,03)) (%) ef the particles analyzed by AEM. Theeretical
fermulae for palygerskite (@ )and sepielite () are alse pletted.

be found between twe terms, these with excess Si (>12
atems per half unit-cell) and small ectahedral centent,
and these with the smallest Si centents and the greatest
number of ectahedral catiens. It is pessible, never-
theless, te verify that there is ne peint that cerrespends
te sepielite, and enly a few of the peints pletted are in
the zene between 11.5 and 12 Si atems and 7-8
ectahedral pesitiens eccupied.

Mg vs. R2/R3 is pletted in Figure 8, fitted beth as
palygerskite and sepielite fermulae. In beth cases, there
is a centinueus variatien between the terms with greater
R2/R3 raties and Mg centent and these having lesser
values of beth variables. Mest analyses fitted fer 21
exygens are prejected in the field of palygerskite (taking
inte acceunt the bibliegraphic data mentiened abeve),
that is te say, between 2 and 3.5 atems ef Mg, and R2/R3
ranges between [ and 3.5. Hewever, as can be seen in the
fermulae fitted as palygerskite, mest of the analyses
cerrespend te Meg-rich palygerskite, because they are
richer in Mg than rdeal palygerskite. In centrast, nene of
analyses is pletted in the sepielite field when the
fermulae are fitted te 32 exygens. The field of sepielite
is pletted in Figure 7, in agreement with data published
by Newman and Brewn (1987) and Galan and Carretere
(1999). Therefere, a field cerrespending te sepielite is
pletted between 7 and & Mg and >7 fer R2/R3. In fact,
theeretical sepielite could net be pletted en this graph
because the ratie R2/R3 is equal te infinity in the ideal
fermula, in which all ectahedral pesitiens are eccupied
by Mg, and ne R*" catiens (Al er Fe") are present.
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Figure 7. Number of Si atems vs. number of ectahedral catiens,
per half unit-cell, calculated beth as palygerskite (x) and as
sepielite (+). Theeoretical palygerskite (@) and sepielite () are
alse pletted.
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In Figure & nene ef the analyses is pletted in the
sepielite field but as sepielite was determined by XRB in
a prepertien between 2038 %, there sheuld be a similar
prepertien in the analyzed fibers. All the AEM analyses
have been carried eut en iselated fibreus particles but,
nevertheless, it is net pessible te cenfirm that all ef them
cerrespend te pure palygerskite er pure sepielite. Twe
pessibilities must be censidered: (1) sepielite frem Alleu
Kagne depesit has an impertant number of isemerphic
substitutiens and is therefere an Al-rich sepielite, or (2)
analyses actually cemrespend te fibers of palygerskite
and sepielite tegether.

It is clear that there are fibers of pure palygerskite
and pure sepielite, as can be seen by SAER
(Figure 5a,b), and there are alse particles fermed by a
mixture of sepielite and palygerskite (Figure 5d). The
iselated fibers that can be seen by TEM cerrespend te
ageregates of several fibers of smaller size, and in this
case they may be a mixture of crystals eof sepielite and
palygerskite with different prepertiens ef crystallites of
beth minerals. Altheugh the pessibility of the mixture of
fibers of beth minerals can be taken inte acceunt, as
mest ef the fibers are menemineralic, then sepielite must
be very rich in Al

Frem the data set eut abeve, seme genetic censidera-
tiens can be made. The Alleu Kagne sepielite-palygers-
kite was generated by sedimentatien in an epicentinental
marine envirenment. Sedimentary features of the levels
studied have been seen in hand specimens and by SEM,
and ne evidence eof diagenetic precesses has been
ebserved. Furthermere, there is evidence ef authigenic
fermatien ef beth sepielite and palygerskite fibers.
Therefore, palygerskite-sepielite levels are the result of
a chemical precipitatien and the crystallechemical
characteristics of the mineral particles sheuld be a result
of chemical cempesitien ef the selutien. As the
ageregates ebserved by SEM as small bundles are

fermed by very small numbers of fibers that can be
either palygerskite, sepielite, or beth, this indicates the
clese genetic relatienship between them, and epitactic
grewth may even be pessible.

As has already been mentiened, it is net eften that
sepielite and palygerskite ce-exist in nature.
Experimental studies en the stability ef fibreus clays
shew that sepielite and/er palygerskite eccurrences in
sedimentary envirenments indicate saline cenditiens,
with high activity ef Si and Mg and high pH (8—18)
(Siffert and Wey, 1962; Wellast er a/., 1968; La Iglesia,
1977). The fermatien ef sepielite er palygerskite
depends en the availability ef Al (Hay and Wiggins,
1980; Singer and Nerrish, 1974). In the Alleu Kagne
depesit, palygerskite and sepielite appear with X-ray
amerpheus silica. Birect precipitatien ef sepielite and
palygerskite frem selutiens is mere favered in the
presence of X-ray amerpheus silica than with quartz,
and it is alse favered by small values of leg
[«AL>/(aH )] (Birsey, 2002).

Textural and micretextural features (Figure 4) allew
us te prepese that fibreus clay minerals of the Alleu
Kagne depesit were fermed by direct precipitatien frem
selutien. If beth minerals precipitate tegether frem the
same selutien, se clese tegether that semetimes they
cemprise a single small bundle, this suggests that they
grew at the same time and therefere fermatien cendi-
tiens were very reswicted, clese te the limit of their
stability fields. Lewer aqueeus Al activities faver the
nen- Al phases (sepielite) with respect te the Al-centain-
ing phases (palygerskite). At lewer pH values, paly-
gorskite can be fermed by the transfermatien ef the
amerpheus silica and diectahedral smectites. At slightly
higher pH values, sepielite, amerpheus silica and
palygerskite can ferm frem the selutien. In silica-peer
selutiens the fermatien eof sepielite requires a higher pH
than that ef palygerskite. Cencentrated silica selutiens



(leg [aH,S1@,] > —4.75) but lewer Al activities are the
mest faverable cenditiens fer the direct precipitatien eof
sepielite frem selutien (Birsey, 2002).

The chemical cempesitien ef the selutien favercd the
fermatien ef palygerskite rather than sepielite, duc te
the presence eof reactive Al in the selutien with
significant values of Mg and Si activity. A wide
cempesitienal variatien ef palygerskites and sepielites
(frem palygerskites clese te ideal fermula te ethers very
rich in Mg er Al) appear as a censecquence of temperary
variatiens ef the chemical cempesitien ef the selutien.
These cempesitienal variatiens ceuld be a censcquence
of cyclical variatiens in the fermatien ef palygerskite
which censumes Al. The variatiens in the cempesitien ef
the selutiens ceuld alse be influenced by the fermatien
of intermediate celleidal phases as ultrafine alumineus
celleids. When palygerskite ferms, Al activity is
reduced, and the new cenditiens faver the precipitatien
of sepielite. Legically, sepielite precipitatien remeves
Mg frem the selutien and increases Al activity, and a
new cycle begins with new precipitatien ef palygerskite.
Beth phases can even ferm in the same cycle, due te the
preximity ef the twe phases in the stability diagrams,
thus allewing the fermatien ef beth minerals by peint
changes in the micrechemical cenditiens.

Palygerskites in calcareeus fermatiens are eccasien-
ally mixed with smectites. The ectahedral cempesitien
of smectites and fibreus clays partly everlap. Sepielite is
clearly in the triectahedral demain but the palygerskite
field is beth in the diectahedral demain as well as
between the diectahedral and triectahedral demains ef
smectites (Paquet et al., 1987). Hewever, it is clear that
smectites mixed with the fibreus clays de net appear in
the Alleu Kagne depesits, suggesting a relatively mere
alkaline, siliceeus and magnesic envirenment cemparcd
te that which is necessary fer the fermatien ef smectite,
but net necessarily mere saline (Jenes and Galan, 1988).
The increased evaperatien ef water, tegether with an
increase in alkali activity and in pH, weuld faver the
fermatien ef mixed-layer kerelite-stevensite. The tri-
ectahedral smectite ferms in the same system at higher
pH (Kheury et al., 1982). Precipitatien ef sepielite and/
or palygerskite depended en cvaperatien, and en rain
and fresh-water flews that temperarily changed the pH
In seme parts ef the clesed basin. Semi-arid climatic
cenditiens interrupted by humid intervals prevailed, and
these did net allew the develepment of evaperitic facies
except fer delemites and/er limestenes.
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