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Abstract—Many studies of the chemical composition of sepiolite and palygorskite have been carried out
using analytical electron microscopy (AEM). According to the literature, a compositional gap exists
between sepiolites and palygorskites, but the results presented here show that they may all be intermediate
compositions between two extremes. The results of >1000 AEM analyses and structural formulae have
been obtained for the samples studied (22 samples of sepiolite and 21 samples of palygorskite) and indicate
that no compositional gap exists between sepiolite and palygorskite. Sepiolite occupies the most magnesic
and trioctahedral extreme and palygorskite the most aluminic-magnesic and dioctahedral extreme.
Sepiolite and palygorskite with intermediate compositions exist between the two pure extremes:
(1) sepiolite with a small proportion of octahedral substitution; (2) palygorskite with a very wide range of
substitution (the pure dioctahedral extreme is unusual); and (3) intermediate forms, Al-sepiolite and Mg-
palygorskite with similar or the same chemical composition. The chemical compositions of the
intermediate forms can be so similar that a certain degree of polymorphism exists between Al-sepiolite and
Mg-palygorskite.
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INTRODPUCTION

The sepielite and palygerskite greup of clay minerals
has been studied extensively because they make up a
very impertant greup ef minerals with a huge number of
industrial applicatiens. The number of chemical analyses
which have been carried eut is small, hewever, and many
of the chemical data reperted in the literature are the
result of bulk-reck analyses and can be affected by ether
clay minerals and ether asseciated minerals as impu-
rities. Published results of micreanalyses of individual
particles of beth sepielite and palygerskite are quite rare.

Accerding te the literature, a cempesitienal gap
exists between the extremes eof these fibreus clay
minerals. The triectahedral extreme is sepielite and the
mere diectahedral extreme, palygerskite (Martin-Vivaldi
and Fenell, 1970; Pagquet et al, 1987; Galin and
Carretere, 1999). The structure eof beth sepielite and
palygerskite centains ribbens ef 2:1 phyllesilicates
linked by periedic inversien of the apical exygen ef
the centinueus tetrahedral sheet every six atems ef Si
(three tetrahedral chains) fer sepielite and every feur
atems eof Si (twe tetrahedral chains) fer palygerskite.
Ribbens (referred te as ‘pelisemes’ by Krekeler and
Guggenheim, 2008) extend parallel te the axis ef the
fiber. The tetrahedral sheet is centinueus acress ribbens
but the ectahedral sheet is discentinueus as a result of
the periedic inversien, and terminal ectahedral catiens
must cemplete their ceerdinatien sphere with water
melecules referred te as ceerdinated water. Sepielite has

cight pessible ectahedral pesitiens per half unit cell
(p-hou.c.); all are eccupied and its structural fermula is
Si;,@3,Mg<(®H),(®H,), 4H,® (Brauner and Preisinger,
1956). The number of ectahedral pesitiens (p.h.u.c.) in
palygerskite is five, Siz®,0Mg(®H),(®H,), 4H,®
accerding te the structure prepesed by Bradley (1940),
altheugh the five pesitiens cannet be filled (Serna et al.
1977) and a diectahedral mineral with a structural
fermula Siz@,0AlL,Mg,(@H),(®H,), 4H,® is accepted.

Since the earliest articles published en the chemical
cempesitien ef the twe minerals, the pessibility ef a
centinueus series between sepielite and palygerskite had
been pestulated but alse ruled eut: “In nature ne
evidence is apparent fer a centinueus selid selutien
series between the twe, altheugh this may be expected
frem the pestulated similarity ef their structures”
(Mumpten and Rey, 1958).

Varieus authers have studied the chemical cempesi-
tien eof sepielite and palygerskite and they fixed
cempesitienal limits. Martin-Vivaldi and Cane-Ruiz
(1956) suggested that the minerals of the palygerskite
sepielite greup eccupy the regien eof discentinuity
between diectahedral and triectahedral minerals.
Brauner and Presinger (1956) reperted that the number
of ectahedral catiens fer bulk analyses for sepielite
ranges between 6.95 and 8.11 fer eight ectahedral
pesitiens and that Y'Mg varies between 4.96 and 8.1.
Fer palygerskite, Brits and Sekeleva (1971) established
that the sum eof ectahedral catiens fer bulk analyses
ranges frem 3.45 te 4.33 with V(Al+Fe) between 1.12
and 2.3 fer five ectahedral pesitiens. Pagquet et al. (1987)
studied 145 individual particles frem palygerskite-
smectite and sepielite-smectite assemblages and
affirmed that the ectahedral cempesitien ficlds ef the



smectites and fibreus clays partly everlap. The sepielite
field is clearly in the triectahedral demain, whereas the
palygerskite field is beth in the diectahedral as well as
between the triectahedral and diectahedral demains.
Newman and Brewn (1987) cenfirmed that the tetal
number of ectahedral catiens ef sepielite ranges frem
7.01 te 8.01 and between 3.76 and 4.64 fer palygerskite,
with a mean value of 4.00. Galdn and Carretere (1999)
published anether appreach te cempesitienal limits fer
sepielite and palygerskite and cencluded that sepielite is
a true triectahedral mineral, with negligible structural
substitutiens and ecight ectahedral pesitiens filled with
Mg, while palygerskite is intermediate between di- and
triectahedral phylesilicates and its ectahedral sheet
centains mainly Mg, Al, and Fe(III) with an R2/R3
(where R2 = TM(II), R3 = ZM(III)) ratie clese te 1 and
feur ef the five structural pesitiens eccupied. Miner
Mn(II), Fe(II), er Ni is alse pessible in ectahedral
pesitiens. If Ni > Mg, the species is named falcendeite
(Springer, 1976; Taulet et al., 2009). Leughlinite is the
Na-sepielite, in which Mg is partially replaced by Na
and alse centains Na in the channels (Fahey and Axered,
1948). Kadir et al. (2002) feund authigenic leughlinite
tegether with sepielite in a Neegene velcane-sedimen-
tary lacustrine envirenment in Mihali¢¢ik-Eskigehir,
Turkey. Garcia-Remere et al. (2004) reperted a very
Mg-rich palygerskite with 4.36 ectahedral catiens
(p-hou.c); Gienis et al. (2006) reperted a very Fe-rich
palygerskite; and Garcia-Remere et al. (2087) sug-
gested, frem AEM, that Al-rich sepielite exists in the
Alleu-Kagne depesit. In additien, Suarez and Garcia-

Remere (20006) reperted that isemerphic substitutiens in
ectahedral palygerskite sheets eccur enly in M2 pesi-
tiens. Fe may eccupy M2 pesitiens whereas Mg can
eccupy all pessible sites: M1, M2, and M3. In relatien te
the chemical cempesitien ef palygerskites, Suarez et al.
(2006, 2007) prepesed a classificatien inte three types,
and their relatienship with a0 effering the pessibility ef
examining the ectahedral cempesitien of a palygerskite
sample using X-ray diffracten (XRD).

Mest ef the structural fermulae reperted in the
literature are summarized here and a large number of
analyses eof individual particles of beth sepielite and
palygerskite frem different lecalities has been carried
eut, ebtaining representative structural fermulae, with
the aim ef establishing the cempesitienal limit between
the twe minerals.

MATERIALS ANDP METH@BDS

Materials

The samples studied in the present werk (22 samples
of sepielite and 21 samples of palygerskite) came frem
different lecalities areund the werld (Table 1). They
shew dif ferent textural features, with fibers which range
frem <1 pm te centimeters in length, and are of different
gcelegical erigins, frem sedimentary te hydrethermal
recks. All the samples were of high purity, altheugh in
seme cases may centain small ameunts ef ether minerals
as impurities. Samples were either supplied by cemmer-
cial enterprises in the case of ere depesits, cellected by
the authers, er came frem specialized cellecters. Seme

Table 1. Sample sources.

Sepiolite — Palygorskite ———
Sample Location Sample Location
BAT Batallones (Spain) BER Bercimuel (Spain)
BOS Bosnia BOA Boavista (Brasil)
FIN Finland CAS Cassiar (Canada)
GRA Grant County (USA) Ele Esquivias (Spain)
HEN Henan (China) Ell Esquivias (Spain)
HUN Hunan (China) GER Geraldton (Australia)
LIE Lieyang (China) LIB Lisboa (Portugal)
MAR Mara (Spain) LIL Lisboa (Portugal)
MER Eskigehir (Turkey) MET Metaline (USA)
MON Monferrato (Italy) NIJ Nijar (Spain)
NAM Namibia OKE ®kehampton (UK)
NEI Neixiang (China) PAL Palygorskaya (Russia)
NEV Nevada (USA) PIC Pics Crossing (Australia)
NeR Norway SEG Segovia (Spain)
POL Polatti (Turkey) TOR Torrejon (Spain)
TP® Polatti (Turkey) TRA Los Trancos (Spain)
SAN Santa Cruz (USA) Yo Yucatan (México)
SeM Somalia Y1A Yucatan (México)
VAL Vallecas (Spain) Y3 Yucatan (México)
VIC Vicalvaro (Spain) Y7 Yucatan (México)
XIX Xixia (China) Y8 Yucatan (México)
YUN Yunclillos (Spain)




Table 2. Structural formulae of sepiolites taken from the literature.

Si VAl Fe* bl VIAL  Fe(lll) Fe(Il) Ti Mg Cr Ni Mn Cu zo Ca K Na NH* cu
1 1181 016 003 1200 047 013 7.14 774 011
2 1161 €22 012 1195 735 052 014 30l
3 1184 007 007 1198 7.89 788 013 el 015
4 11.95 005 1200 001 007 7.89 797 020
5 1177 023 1200 002 025 016 6.98 0.55 7.96 001
6 1178 022 1200 006 00l 7.89 796 012
7 1123 024 053 1200 240 027 428 0.06 701 017
8 1138 010 052 1200 227 012 4.67 003 709  0l0
) 1154 046 1200 137 037 044 495 7.13
10 1196 004 1200 017 046 026 6.78 767 0.3 0.03
11 1182 010 008 1200 7.73 773 008 003 051
12 1193 007 1200 001 003 7.96 2.00 0.03
13 1167 022 011 1200 739 0.53 7.92 013
14 1178 022 1200 005 00l 7.90 796 013
15 11.87 013 12.00 0.03 7.90 793 013
16 1180 016 004 1200 045 014 7.19 778 ell
17 1168 024 008 1200 053 013 724 7.90
18 1163 037 1200 147 037 498 6.82
19 1170 026 004 1200 006 002 760 7.68 016 026
20 11.64 036 1200 148 037 044 495 7.25 0.45
21 1184 016 1200 079 012 6.04 695 009 036 024
22 1196 004 1200 040 010 7.04 754 011  eel  ele
23 12.01 1201 005  0.05 732 742 046 0.05
24 1180 011 009 1200 037 751 788 0.5
25 1162 038 1200 004 006 02 172 784 016 013 008
26 1178 022 1200 041 008 6.94 743 032 013 ell
27 1158 042 1200 011 013 7.53 777 018  ell 013
28 12.02 1202 047 007 002 639 745 011 016 012
29 1188 012 1200 029 002 736 773 012 005
30 1175 o021 11.96 811 811 006 003
31 1128 072 1200 005 026 744 775 021 051
32 1196  0.04 1200 020  01le 001 744 775 005 087 082
33 12.05 1205 005 00l 7.78 784 003
34 11.99 o0l 1200 068 012 001 645 726 009 025 022
35 1172 028 1200 048 015 004 650 717 022 025 051
36 12.16 1216 062 002 00l 7.28 733 00!
37 1195 005 1200 010 0.06 7.76 792 003 006
38 1138 052 010 1200 006 001 003 789 799 005 026 018
39 1183 008 003 1199 7.90 790 013 015
40 11.95 005 12.00 0.08 7.69 777 021
41 1149 033 0138 1200 037 003 761 801 00l 00!
42 12.00 1200 016 036 002 699 007 004 764 003 002 082



Table 2 (centd)

Si VAl Fe =t VIAl  Fe(Ill) Fe(Ill) Ti Ms Cr Ni Mn Cu zo Ca K Na NH* Cu
43 1199 o0l 1200 006 002 7.84 (X %] 7.95 (I YO
44 11.80 020 1200 016 166 6.05 787 009 007
45 12.05 1205 0.5 7.56 7.61 002 024
46 1149 o1l 11.60 7.73 773 162 013 008
47 12.04 12.04 7.93 7.93
48 12.00 12.00 7.98 7.98
49 12.03 12.03 7.94 7.94
50 1178 022 1200 006 00l 7.89 796 012
51 1180 016 004 1200 047 013 7.14 774 011
52 1154 046 1200 137 037 044 495 7.13 0.45
53 11.96 004 1200 017 046 026 6.78 7.67 0.03
54 11.64 036 1200 081 032 6.01 724 009 007
55 1189 011 1200 038 019 004 6883 749 021 006
56 1191 009 1200 073 023 003 606 705 045 005
57 11.81 019 1200 067 025 002 632 726 025 .06
58 1176 0.09 11.85 00l 001 300 LY 7) 007 00l
59 1142 046 11.88 031 005 767 2.03 006 003
60 11.60 040 12.00 0.45 005 729 7.79 008 002
61 12.00 12.00 0l0 002 709 721 007 003
62 12.00 12.00 003 00l 783 7.92 005 002
63 12.00 12.00 004 7.82 7.86 007 00l
64 12.00 12.00 0.0 7.71 7.73 006 00l
65 1191 009 12.00 005 001 7% 786 005 066 004
66 1176 021 003 1200 0.05 002 788 7.95 013 00°
67 12.00 12.00 0.04 001 760 7.65 (X T X Vi
68 12.00 1200 002 015 001 745 0.05 768 012 002 005
69 1198 o0 1200 006 042 00l 675 005 729 040 003 0ll
70 1172 028 1200 007 006 001 767 001 782 019 006 00l
71 12.00 1200 006 002 001 739 00! 749 007 002 004
72 1169 031 1200 052 ell 003 671 001 738 017 026 027
73 11.87 013 1200 018 166 001 522 00! 708 0038 00l el
74 12.00 1200 060 001 001 671 00! 734 004 001 004
75 12.00 1200 039 009 001 692 00! 742 002 012 ee
76 11.80 020 1200 044 017 001 631 00l 744 035 017 064
77 12.00 1200 003 002 001 746 00! 758 004 001 067
78 12.00 12.00 001 .00 201
79 11.79 021 1200 002 023 016 6.99 0.56 796 012
20 1179 021 1200 006  00] 7.89 7.96
81 12.01 1201 003 175 001 605 002 78 006 002 003
82 1181 011 003 12600 037 749 78 0.5
83 1148 051 1199 026 154 030 445 015 670 019 069 077
84 1174 023 1197 016 165 6.13 (X7 796 003 004 025
85 1192 008 1200 027 00l 7.56 (X7) 78  0.04
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j, S palygerskites were studied previeusly by the authers,

< T with different aims, and partial results have already been
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E 3 = published. In such cases, their structural fermulae

g -3 prepesed here have been reviewed with the new data
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B E 4 Maest of the sepielite and palygerskite fermulae frem
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=ie 8 reetmie el analyses shew great variability having been ebtained

& E =] frem different authers and analyzed by different
58 =2 3==22 il . techniques, including bulk chemical analyses of recks,
S o © o s i o = E . . .

i} - which ceuld centain admixtures of ether minerals as

e B impurities which are difficult te separate.

<+ o —— N — <t T S |
(<) (=] — - o —_ e O 2 =Ll
Sl =R e ZE Methods
R e ks e e = '::'_ 2z & The high purity ef the samples was checked by X-ray
e S e e i N 4 EA diffractien using a Siemens B 500 XRD diffractemeter
E ':: a1 with CuKa radiatien and a graphite menechremater. The
- R~ samples used were randem-pewder specimens. Pewders
5 R P P P
HE== were scanned ever the range 2—65°28 at a scan speed of
8 "_- _:: g 0.05°28/3 s te determine the mineralegical cempesitien.
- = —~ S E g% The chemical cempesitien was ebtained by analytical
= ) =] B S clectren micrescepy (AEM) with transmissien clectren
1= ; =] f micrescepy (TEM), frem samples of great purity. In erder
B o ot Sy s§ te ensure the repreducibility of the data, the analyses were
=R=q = & - carried eut at twe different laberateries: CAI of Electren

g - =5 Micrescepy ‘Luis Bru’ (Cemplutense University, Madrid,

5§ o Spain) and at the CIC (University of Granada, Spain). At

=il CAI the data were ebtained using a JE@L 2000 FX

B micrescepe cquipped with a deuble-tilt sample helder (up

SI2087eAR8=8 | Ezm ® te a maximum ef +45°) at an acceleration veltage of
Shim§ SRS edeRn | Ay 200 kV, with 0.5 mm zeta-axis displacement and 0.31 nm
- il peint-te-peint reselutien. The micrescepe incerperates an
883 b L OXFORD ISIS energy dispersive X-ray spectremeter
°ee o305 (136 ¢V reselutien at 5.39 keV) and has its ewn seftware
v pee - - fer @uantitative analysis. At the CIC (University ef
33 : __ﬁ ~ g Granada), a Philips CM-20 micrescepe eperated at
LT 200 kV (fitted with an ultrathin windew, selid-state
BE N e, : : - :
Suuoamemmaaz E ':: g 3- Si(Li) victcctor fer energy dlspgrmvc X-ray analysis
e S e Tiae 'S S eAS (EDAX)) was used. The atemic percentages were
LB E calculated by the Cliff-Lerimer thin-film ratie criteria
mEn gnog ooE cail - 5 = (Lerimer and CIliff, 1976). The TEM ebservatiens were
S9ae 2538 283 s 3 perfermed by depesiting a drep of diluted suspensien en a
- micrescepic grid with celledien.
— e B A d
288888888888 - The structural fermulae fer all analysed particles were
ciciciciciciciciciclolcl ES = E calculated en the basis of @,,(@H), fer palygerskites and
£ L ©,,(®H), for sepislites. All the Fe present was censidered
o = 3 w = E as Fe(IIl) (ewing te the limitatien ef the technique), but
o o = H the pessible existence of Fe(Il) cannet be excluded.
.
E' S A ..
233I8ZEee I8 | BELEE RESULTS
SO @OB®IDO [ l<] -"-rl_:,-—,
;e i = o
B2 =3 The study eof 22 samples of sepielite and 21 eof
AEEZHBARSREH ey alygerskite by AEM generated >1000 analyses.
palyg g
_________ i . i L~ R :
————— e o v |="T_:|- B Usually, a small number ef the analyses ebtained
B o i (~5%) are errenceus as a censcquence ef instrumental
=27 g errers. Altheugh they are AEM analyses, the influence of
SUETERAIRIR2E -TWE seme impurities, specifically silica or catiens adserbed,



Table 3. Structural formulae of palygorskite taken from the literature.

Si ™Al =t VIAl Fe(ll) Fe(ll Mg Ti Fe(ll Mn Ca So Ca K Na
1 734 066 36080 225 017 1.47 389 021
2 775 025 %68 235 017 1.29 381 006
3 761 039 300 226 023 1.43 392 062
4 771 029 260 200 06l 1.70 3.71 008 0.03
5 750 050 %200 162 041 1.78 3.81 034
6 806 000 306 200 005 1.62 3.67 008 001 004
7 780 020 3600 151 038 222 4.11 0.09
] 782 018 360 157 020 2.04 3.81 036
L) 209 000 209 157 000 224 381 012 014 007
10 788 012 3600 095 042 281 0.le 428
11 775 025 8200 012 010 047 384 0.08 461 017 004 021
12 771 029 800 143 056 210 4.09
13 786 014 800 184 040 1.71 3.95
14 805 000 3605 146 041 2.09 3.96
15 781 019 3600 140 048 1.99 387 004 006 032
16 780 020 360 113 087 1.83 383 014 023 003
17 766 034 3600 152 015 2.65 432 004 004
18 805 000 305 168 010 220 398 062
19 785 015 808 115 038 253 0.08 4.14
20 798 021 819 129 037 1.96 (XX 3.62 032
21 789 011 %60 187 016 1.91 394  0.05 003
22 764 036 300 173 063 1.45 3.81  0.08
23 779 021 %68 152 031 189 005 377 031 005 0.08
24 743 057 800 158 065 1.66 389 006 021 014
25 735 065 800 129 047 220 396 020 012 045
26 766 034 800 148 046 202 003 399 0605 015 013
27 758 042 360 087 08l 242 008 418 008 008 003
28 750 050 3600 168 054 1.77 3.99 027
29 779 021 %00 106 056 246 002 410 006 006 003
30 770 030 300 127 063 206 0.06 402 006 006 005
31 78 014 260 211 022 1512 345 043 000 000
32 764 036 800 227 023 1.40 390 002 000 000
33 761 039 800 181 0.00 252 433 004 000 000
34 733 067 360 237  0.00 1.69 406 008 000 000
35 799 001 300 162 005 190 005 045 362 000 003 000
36 204 000 304 105 008 275 000 385 008 000 000
37 752 048 360 208 017 137 004  0.00 3.66 015 030 016
38 760 040 800 122 039 175 3.36 017
39 778 022 8080 157 047 1.93 3.97 022
40 771 029 %60 179 062 132 3.73 0.46
41 758 042 300 167 069 1.45 3.81 021
42 785 015 360 183 020 1.81 387 007 010
43 761 039 360 082 054 260 010 406 021 019 009
44 751 049 %00 164 076 243 417 014 013
45 793 007 800 134 028 2.48 4.10
46 780 020 3600 151 038 222 411 0.0
47 782 018 2600 157 020 003 2604 3.84 036
48 764 036 800 144 026 2.46 416 008 001l
49 781 019 360 165 040 188 002 395 004 013
50 780 020 360 153 039 199 o1 392 005 032
51 762 038 3600 158 039 161  0.05 363 011 018
52 7928 002 %00 167 020 283 006 416 010  0.08
53 781 019 %60 133 030 242 004 409 017 008
54 788 012 3600 125 023 251 0.04 403 007 032
55 787 013 360 146 040 212 002 400 003 014
56 785 015 3600 150 023 227 003 403 007 009
57 782 018 360 153 044 198 00!l 396 001 003
58 2.00 200 122 066 175  0.09 3.72 005 065
59 2.00 200 113 063 198 008 382 003 006 005
60 720 030 %60 136 131 107 011 00! 3.86 007 015
61 737 063 %68 112 116 143 0.0 00l 381 019 066 013
62 .00 800 129 038 224 006 3.97 005 o



Si ™Al =t VIAl Fe(lll Fe(Il Mg Ti Fe(l Mn Ca X0 Ca K Na

63 3.00 800 116 037 243 006 402 008 005 003
64 765 035 800 148 051 191 0604 003 397 00% 011

65 776 030 200 173 0.53 154 002 003 385 007 017

66 785 015 200 164 0.45 1.76  0.02 001 388 006 013

67 764 036 200 135 058 204 005 002 404 008 011

68 787 013 8600 1604 020 3.11 435 002 003 003
69 785 014 799 147 025 2.30 402 008 006 007
70 790 012 202 160 039 1.98 397 005 004

71 791 009 200 148 037 225 410 001 002

72 764 036 2600 210 002 2.14 426 010 001l

73 784 016 2600 200 0.06 1.96 0.04 406 003 004 002
74 7.82 018 %600 133 0.04 3.00 4.37 002 022
5 768 032 2600 020 0.68 2.78 435 08 004 010
76 794 006 200 063 007 3.91 466 016 002

71 771 2% 266 147 0.06 2.74 427 017 037
78 796 004 200 171 007 2.33 411 145 065

79 777 023 200 150 033 1.9 373 047 019
g0 802 202 092 049 270 0.06 417 003

81 8.13 813 184 0.15 1.69 368 004 001

82 802 202 092 049 270 006 417 003

&3 813 813 184 0.15 1.6% 368 004 001

84 781 01% 3200 166 036 1.83 385 001 045

85 760 040 200 158 040 1.7% 377 024 040

86 785 015 %600 172 007 210 003 392 023

87 7.83 017 800 158 0.1° 003 2604 384 036

88 7.82 018 2600 202 0.0° 1.97 408 001 001

34 780 020 32600 192 011 2.0% 412 00l 00l
% 783 017 %2600 186 018 1.61 3.65 003 012
91 74% 050 79% 119 026 2.66 411 028 002 003
92 2.00 200 022 0.48 270 006 4.06

93 2.00 200 168 023 2.12 4.03

94 201 801 161 0.53 235 449 011 028

95 795 005 200 149 061 1.73 3.83

96 764 036 2600 070 1.05 223 062 400 018 006 003
97 200 go0 1239 0.05 199 0.0l 394 007

98 779 021 200 164 042 1.9¢ 396 003 012

L] 727 073 200 0% 002 1.9¢ 001 2387

100 727 073 200 094 002 1.9 001 2387

101 748 052 200 124 0.94 1.77  0.03 3.98

102 764 036 200 144 026 246 4.16

103 780 020 200 113 .87 1.83 383 014 023 003
104 2.00 800 119 033 2.60 412 006 010 002
105 795 005 200 163 025 225 4.13 006 001
106 708 098 206 264 029 1.66 210 663 010

107 8.02 802 191 0.04 2.01 39 061 0.07
108 785 015 200 157 024 221 402 003 011

109 795 005 200 193 008 192 393 003 001 00
110 774 026 200 0281 1.12 2.11 404 001 006 015
111 780 020 200 200 .30 1.10 3.9 040

112 743 058 %01 149 0.83 1.54 3.86

113 738 062 200 09 0.62 2.86 4.44

1-11 compiled by Newman and Brown (1987); 12—14 from Galan and Carretero (1999); 15—45 compiled by Galan and
Carretero (1999); 46—48 compiled by Jones and Galan (1991); 49—57 from Zaaboub et al. (2005); 58—63 from Torres-Ruiz et
al. (1994); 64—67 from Jamoussi ef al. (2003); 68—71 from Garcia-Romero et al. (2004); 72—79 from Post and Crawford
(2007); 80—81 from Neaman and Singer (2000); 82—83 from Weaver and Polland (1973); 84—85 from Weaver (1984);
86—87 from Imai and @tsuka (1984); 883—8% from Post and Heaney (2008); 90—91 from Corma e: a/. (1987); 92 from Singer
and Norrish (1974); 93 from Giiven (1992); 94 from Verrecchia and Le Coustumer (1996); 95 from Lopez-Galindo (1987);
96 from Akbulut and Kadir (2003); 97 from Tien (1973); 98 from Lopez-Galindo ez al. (1996); 99 from Artioli ez al. (1994);
100 from Artioli and Gali (1994); 101 from Li es al. (2007); 102 Galan et al. (1975); 103 from Siddiki (1984); 104 from
Chahi et al. (2002); 105 from Giusteto et al. (2006); 106 from Suérez et al. (1994); 107 from Suarez and Garcia-Romero
(2006); 108 from Suérez et al. (2007); 109 from Garcia-Romero e al. (2006); 110 from Gionis et al. (2006); 111 from
Magalhaes et al. (2008); 112 from Lopez-Galindo et al. (2008); and 113 from Chen et al. (2008).



cannet be ruled eut cempletely. In the case when
Impurities were present, accurate cemparisen of chemi-
cal cempesitiens was precluded. Prier te ebtaining the
mean structural fermulae, a certain number eof the
analyses ebtained was eliminated, using the fellewing
criteria. First, the fermulae that did net have a geed
balance eof charges were deleted, assuming instrumental
errers In such cases. Alse remeved were all these
analyses that had tee many Si atems er tee many
ectahedral catiens. Whether a fermula fer sepielite with
>12 atems ef Si er fer palygerskite with >8 atems ef Si
is the result of an instrumental errer er because eof
adserbed amerpheus silica is unknewn. In any case,

excess silica which is tee great cannet cerrespend te
tetrahedral pesitiens. Taking inte acceunt that sepielite
has 12 tetrahedral pesitiens (p.h.u.c.) the fermulac with
=122 Si atems were remeved. Samples may centain a
small ameunt ef amerpheus silica which is impessible te
aveid. Equally, sepielite has eight ectahedral pesitiens
and the analyses with >8 ectahedral catiens were
climinated. Fer the same reasen, fer palygerskites,
analyses centaining >8.2 Si er >S5 ectahedral pesitiens
eccupied (p.h.u.c.) were remeved. Remaining were 1223
definitive analytical data fer the structural fermulae
calculatiens (454 frem sepielite and 779 frem palygers-
kite). Appreximately half ef the data remeved cerre-

Table 4. Chemical composition (mean values, wt.% oxides) of the sepiolite samples studied.

Sith Al Fiyiy Mg® Tick; Ca® Na® K.® E
BAT N-19 67.48 431 2.13 2341 094 012 0.56 100.07
STV 1.73 1.29 1.19 2.70 091 033 0.56 032
BOS N-—-14 66.70 2.78 2.14 25.33 1.54 1.34 99.83¢
STV 3.47 1.80 1.59 2.88 144 1.61 0.83
FIN N-22 66.46 2.82 8122 25.60 0.04 1.08 017 0.63 100.01
STV 2.05 121 1.18 1.70 010 097 0.26 0.84 0.13
GRA N-13 69.01 049 0.44 29.1% 034 043 010 100.00
STV 0.68 034 044 0.84 0.33 044 008 001
HEN N-—33 68.54 0.33 0.59 2927 001 031 021 019 99 95
STV 0.75 0.57 0.48 0.95 0.06 036 043 027 ele
HUN N-—-24 66.09 524 2.61 23.18 078 094 1.19 99 97
STV 1.97 221 1.08 2.04 092 0.83 0.83 0.06
LIE N-15 69.43 5.97 2.44 21.38 001 031 0.39 0.04 99.39
STV 0.86 2.14 1.28 2.84 003 012 012 0.0 0.17
MAR N— 30 67.57 340 2.04 2622 0.13 024 0.04 0.27 100.03
STV 1.80 1.87 1.45 1.55 032 039 0.08 031 024
MER N-6 69.04 025 0.07 30.57 002 0.06 100.00
STV 0.44 027 011 0.33 004 000 00l
MON N-23 68.59 143 1.61 2792 034 .18 9995
STV 1.37 1.17 0.81 1.14 0.18 0.20 019
NAM N-—20 68.74 1.18 070 28.78 0.55 0.16 100.11
STV 1.28 070 092 1.12 0.50 027 030
NEI N-—-25 66.77 2.20 1.88 27.48 0.87 (X ) 0.76 99.9%6
STV 3.85 2.07 2.45 235 1.25 0.06 0.93 0.0
NEV N-31 66.52 235 1.53 28.01 0.88 011 0.59 99.9%
STV P72 1.08 1.07 1.97 1.2¢9 025 041 007
NeR N-—26 68.49 1.12 0.38 28.78 0.15 034 019 0.46 9991
STV 1.33 1.38 0.45 1.52 030 0.54 035 1.0% 0.27
POL N-—-22 65.39 835 4.56 18.58 1.02 1.18 078 9938
STV 040 2.0% 2.34 4.06 0.38 0.53 040 018
SAN N-12 69.02 020 0.44 29.64 030 027 0.13 99.9¢%
STV 0.56 0.20 0.29 0.75 021 041 018 0.03
SeM N—-22 68.38 1.14 0.53 2930 0.27 012 0.24 100.00
STV 1.28 0.74 0.59 0.75 0.38 0.20 0.38 007
TP@® N—-11 69.02 0.34 0.35 29.95 021 0.13 100.00
SATRV 0.57 036 031 061 029 029 00!
VAL N-17 68.01 2.01 0.64 28.20 031 029 012 034 99.83¢0
STV 222 1.11 0.83 1.41 0.52 0.56 046 0.57 0.54
VIC N-—20 67.25 2.37 1979 27.72 0.02 0.50 0.04 0.27 9997
STV 2.30 1.29 2.16 1.96 0.0% 0.67 017 0.40 019
XIX N-6 69.67 0.05 0.3 29.08 011 0.20 100.00
STV 040 0.12 044 0.58 017 049 001
YUN N-—20 69.50 1.04 030 28.78 000 .15 el 0.05 100.00
STV 0.44 023 .15 0.36 002 0.07 014 0.07 001




spended te analyses with tee much silica, prebably
adserbed amerpheus silica but pessibly alse related te
instrumental errers.

The chemical cempesitiens ef the samples can be
cemparcd frem mean values eof exide percentages
(Tables 4, 5). Sepielite has a mean Si®, centent which
ranges between 65.39% (P®L and FIN samples) and
69.67% (XIX sample). The Mg® centent varies greatly
between 30.57% in the mest magnesic sample (MER)
and 18.58% in the P@®L sample which, in accerd with the
Mg centent, has the greatest prepertien ef Al,@;
(8.35%). Three samples have an AlL,®; centent ef
<4%. Fe,®; ranges between 3.22% and 0.07% (FIN

and MER, respectively), altheugh 70% ef the samples
have <2% ef this exide. The centents ef ether exides
such as Ti®,, K,®, and Na,® are generally small er
zere. The mean centents are semewhat greater (~1%
Ti®, in BAT, B@®S, and POL, er 0.94% Na,® in HUN)
but the standard deviatien is similar te the mean value
which indicates the variability ef these exides in the
AEM analyses. Ca® is present in all the sepielites
studied with variable centent and a large standard
deviatien.

Palygerskite samples have Si®, centents which range
between 72.93% (LIL sample) and 68.90% (BO®A
sample) and shew a great variability in terms ef the

Table 5. Chemical composition (mean values, wt.% oxides) of the palygorskite samples studied.

S, A5k Peslly Mge® Titl Ca® Na® X.,® =
ATT N-8 69.58 12.11 327 13.73 0.00 0.65 0.26 036 99.95
STV 0.76 0.98 0.53 0.99 0.0] 0.30 0.37 0.24 007
BER N-6 70.04 12.97 4.54 11.76 0.43 0.25 100.00
STV 1.08 2.03 0.47 1.50 0.27 0.25 001
BOA N—~72 68.90 13.88 4.16 11.28 0.36 0.95 0.64 100.15
STV 221 1.44 1.38 1.13 051 0.34 0.66 031
CAS N-—39% 71.38 14.46 1.76 10.75 048 0.62 0.54 100.02
STV 1.68 0.95 0.93 0.75 0.35 .79 0.54 047
E 10 N—41 70.42 7.52 1.64 19.82 025 028 9% .92
STV 1.46 1.57 1.08 1.89 050 037 040
E 11 N-— %6 69.44 10.04 2.05 17.33 001 038 047 031 100.03
STV 721 6.45 092 2.50 0.03 0.55 137 033 059
LIB N-12 71.88 12.31 1.74 13.37 0.33 011 021 002 999
STV 092 070 058 0.64 0.56 0le 020 0.04 003
LIL N-—20 72.93 14.56 0.29 11.75 0.0] 0.17 036 (X 7] 100.10
STV 0.93 0.68 0.26 0.95 0.03 0.20 0.64 0.03 036
MET N-12 72.16 13.51 0.57 13.04 0.64 010 100.00
STV 0.36 0.95 031 1.85 061 024 00]
NIJ N-13 71.71 12.61 2012 12.5% 0.06 0.0 0.35 0.03 100.05
STV 1.00 342 1.65 1.67 010 0.06 043 0.04 018
OKE N — 48 71.26 15.88 038 11.38 001 0.15 0.63 011 99.30
STV 1.23 0.65 0.43 1.01 0.02 0.26 0.56 0.26 042
PAL N-63 7141 15.03 0.22 12.37 0.00 0.37 0.45 0.15 100.00
STV 1.71 1.37 0.34 1.70 002 043 0.54 031 00l
PIC N =52 70.08 999 5.54 13.21 0.14 018 0.74 007 99.96
STV 0.38 071 051 0.66 033 019 049 011 .15
SEG N — 46 71.67 15.84 0.68 11.16 001 041 0.74 0.08 9%.9%
STV 1.56 1.06 051 0.96 0.05 0.65 0.65 0.14 0.25
TOR N—-17 70.08 11.59 448 13.60 0.06 0.03 99.9¢
STV 0.61 0.33 0.59 092 0.11 0.14 0.13
TRA N-20 71.42 921 1.83 16.91 0.0° 0.38 013 99.97
STV 1.00 0.72 036 1.85 0.52 040 017 013
Yo N-—28 70.25 12.17 4.01 12.4% 0.06 019 037 043 99.97
STV 1.9¢ 1.82 1.81 1.25 012 020 0.65 0.62 007
YIA N — 30 71.4% 11.83 1.96 14.30 026 009 0.03 100.01
STV 1.01 1.78 0.3% 1.63 0.37 0.29 0.17 003
Y3 N-14 TLi2 11.92 1.60 14.08 0.07 0.12 0.18 031 10.00
STV 1.3 0.95 043 0.96 010 0.15 027 030 00l
X7 NE—15 71.26 12.75 2.08 13.27 0.05 021 031 0.08 98.16
STV 1.41 1.04 0.96 0.87 018 031 053 018 4.45
Y8 N-15 70.60 13.46 243 12.91 0.07 0.06 0.05 042 10.00
STV 1.06 1.23 0.43 0.78 0.14 0.0° 0.09 028 001
YUC N-11 7145 11.36 3.02 14.01 0.07 0.06 0.03 100.00
STV 1.47 1.16 1.52 1.17 0.24 019 .08 001




centents of the exides of the main ectahedral catiens.
Al,@®; ranges between 15.88 and 7.52% (@KE and E16,
respectively) and Mg @ between 19.82 and 16.75% (E1¢
and CAS, respectively). All of the samples studied
centain Fe,®; with the ameunt reaching 5.54% in the
PIC sample, with standard deviatien equal te 8.51, which
indicates that in general all analyses ceirespending te
this sample centain a large ameunt of Fe. Ti@; is absent
frem nine samples and in the rest the centent is very
small. Na,®, K,®, and Ca@® appear as miner cempe-
nents, Ca® eccurring in all samples studied. Beth
minerals present a great variability in terrns of ameunts
of the main exides (Tables 4, 5). In fact, if the ameunts
of exides of the main ectahedral catiens are pletted
(Figure 1), the analyses appear te be prejected in a
centinueus regien witheut separatien between the twe
minerals.

The mean values of each catien, the tetal, tetrahedral,
and ectahedral centents (p.h.u.c), and the standard
deviatien fer all are shewn tegether with Si/Mg and
R3/R2 relatiens (Tables 6, 7). The number of Si atems
ranges frem 11.5@ te 12.11 fer sepielite and frem 7.88 te
8.06 for palygerskite. The number of tetal ectahedral
catiens ranges frem 6.87 te 7.95 for sepielite and frem
3.35 te 4.40 for palygerskite. These values cerrespend te
8.6-14% ectahedral vacancies for sepielite and between
12 and 23.6% fer palygerskite. Clearly, Mg is the main
ectahedral catien in sepielite (4.88—7.92) and this
mineral centains enly miner ameunts ef Al
(0.01-1.24) and Fe(IlI) (0.0l —-0.43). Palygerskite
shews greater ectahedral variability: Mg (1.79-3.34),
Al (0.92-1.99), and Fe(HI) (0.602—0.47). Mest of the
analyses of each sample range between narrew limits, as
indicated by the small values fer standard deviatien

v T
k] 0 B

Fe O,
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Figure 1. AFM diagram fer the sepielites and palygerskites
studied. All peints analyzed are prejected between the twe
extremes, but with ne separatien between data cerrespending te
sepielites and palygerskites.

(Tables 6, 7). Very small ameunts of Ti appear in the
mean structural fermulaec eof several sepielites. Ca is
always present as an exchangeable catien and Na and K
are present in mest samples.

PISCUSSI®ON

Bue te the large number of samples studied in the
present werk, several chemical variatiens were feund.
The swuctural fermulae prepesed fer the samples studied
(Tables 8, 9) are frem the mean values of each catien
ebtained (Tables 6, 7). Regarding the tetrahedral
cempesitien, theeretical sepielite has twelve tetrahedral
pesitiens and palygerskite eight, altheugh a few ef these
pesitiens can be partially filled by Al and sepielite ceuld
have Fe in tetrahedral pesitiens. A certain number of
samples of sepielite have Fe(IN) as a tewahedral catien
(Table 6), in very small ameunts (<6.84) and with
standard deviatien even greater than the mean.
Regarding the ectahedral centent, the natural palygers-
kites shew a wider range of substitutiens than sepielites,
which can cerrespend te different types. The MER, TP@,
and SAN sepielites have a swuctural fermula clese te the
theeretical, beth fer the tetrahedral and the ectahedral
centent. The MER sample is the mest ‘perfect’ sepielite
frem these data, in geed agreement with these published
by Ece (1998) fer sepielite frem the same lecality.
Twelve samples centain variable ameunts ef tewahedral
Al, with >7 atems ef Mg p.h.u.c. (between 9¢ and 95%
of the ectahedral pesitiens eccupied by Mg) and miner
ameunts of Al and Fe(IN); the remainder of the samples
MAR, B@S, FIN, BAT, HUN, and P@®L) are character-
ized by the greater ectahedral substitutien and these six
samples alse present tetrahedral substitutien. These mest
Al-rich and/er Fe-rich sepielites have between 61 and
85% eof the ectahedral pesitiens eccupied by Mg.

When cemparing these results with these which
appear in the literature (Table 2), seme sepielites shew
the same characteristics: smaller Mg centent than the
ideal cempesitien, due te substitutien by Al and/er
Fe(IN). This seems te indicate that Al-rich sepielite is
net se rare. The Mg centent vs. tetal ectahedral centent
was pletted (Figure 2), beth fer data frem the literature
and fer these frem the present study. The same
diswibutien fer the twe types of data was feund. As
expected, mest of the peints pletted in the regien with
the greatest Mg wvalues with the largest number of
ectahedral catiens because sepielite may net have
ectahedral substitutien (Galan and Carretere, 1999). A
certain number eof analyses cerrespend te the mest
diectahedral extremes and the smallest Mg centents and
cquate te Al-rich sepielites such as that referred te by
Regers et al. (1956). Imat and @tsuka (1084) reperted
Fe-rich palygerskite, and Garcia-Remere et «f. (2087)
reperted very Al-rich sepielite tegether with a very Mg-
rich palygerskite in the Alleu Kagne depesit (Senegal).
Leeking at the data beth frem the literature and frem



Table 6. Mean values of tetrahedral and octahedral cations, and Si/Mg and R3,/R2 relations for the sepiolite samples, calculated from the structural formulae.

Si VAl Fe** b2l VIAL Fe?* Mg Ti %o Ca K Na SiMg  R3/R2

BAT N=19 11.81 021 12.02 068 028 6.10 013 7.2 013 012 004 1.94 016
STRV 022 02 004 029 016 0.69 012 036 017 013 011

BeS N= 14 11.77 027 0 12.04 031 028 6.71 731 029 031 1.75 0.0
STRV 04 036 00l 0.06 017 021 0.59 037 028 038

FIN N=14 11.72 03 0 12.01 029 0.43 6.72 00! 7.45 021 0.15 0.06 1.74 011
STRV 027 025 00l 004 0.16 0.16 0.45 00! 026 018 02 0.0

GRA N=13 12.02 (XY 12.04 (Y1) 005 7.58 771 007 002 015 1.59 (X7
STRV 009 003 0.06 0.07 0.06 022 016 0.06 00 015

HEN N=33 11.95 005 00l 12.01 011 0.07 761 0.00 7.79 0.06 0.04 007 1.57 (YY)
STRV (30 007 (XY 004 012 0.06 025 00l 0.15 007 0.06 015

HUN N=24 11.66 034 12.00 0.75 035 6.08 7.18 0.15 027 032 1.92 018
STRV 029 029 0.00 033 0.15 0.53 027 017 019 028

LIE N=15 12.02 004 12.06 1.18 032 5.52 7.02 0.06 004 013 218 027
STRV 014 010 0.05 0.40 018 0.74 030 002 011 004

MAR  N=30 11.80 025 12.04 0.45 028 6.82 (XY 7.57 005 0.06 001 1.73 011
STRV 029 024 0.06 021 013 040 004 022 007 007 (XX

MER N=6 11.99 0.0 12.01 0.03 001 7.92 7.95 001 001 151 001
STRV 0.06 004 003 004 00l 010 0.06 00l (XY

MON  N=23 11.97 0.08 0.00 12.05 022 021 7.21 7.66 007 004 1.66 0.06
STRV 019 014 00l 0.06 0.16 010 030 016 004 0.05

NAM  N=20 11.97 009 12.06 016 0.08 7.45 7.69 010 0.04 1.61 0.03
STRV 016 009 010 (30 012 035 023 ol0 0.06

NEI N=25 1173 025 004 12.02 021 021 7.20 7.62 013 016 00l 1.63 0.06
STRV 047 036 013 0.06 22 025 058 027 025 021 (XX

NEV N=31 11.68 030 001 11.99 0.17 019 7.40 7.73 0.16 0.12 004 1.58 0.05
STBV 035 029 005 000 0.15 004 036 020 024 010 0.0

NeRr N=26 11.95 000 12.04 0.14 005 7.48 00! 7.69 006 010 0.06 1.60 003
STRV 0.15 011 007 022 0.06 037 004 020 010 0.25 012

POL N=22 11.50 0.50 12.00 124 061 4.88 0.14 6.87 022 019 236 033
STRV 004 (XX 001 042 031 1.04 012 033 010 000

SAN N=12 12.02 0.0 0.00 12.04 002 0.06 7.69 7.77 0.06 001 0.0 1.56 001
STRV 0.08 004 (O 0.05 0.03 004 019 0.16 0.03 0.0 014

seM N=22 11.92 011 12.03 013 007 761 7.81 0.05 0.06 (XX 1.57 (XX
STRV 017 0.15 0.05 009 002 018 012 007 009 0.06

TP® N=11 12.00 003 12.03 004 005 7.76 7.85 0.04 004 1.55 00!
SATBDV 003 004 005 0.06 004 017 0.13 0.05 010

VAL N=17 11.86 017 (X 12.04 025 0.06 7.35 0.03 7.69 0.05 002 0.06 1.61 004
STRV 029 023 0.04 0.05 0.15 (30 036 0.06 020 011 0.13 013

VIC N=120 11.77 023 00! 12.01 027 023 722 000 7.73 010 0.06 00l 1.63 007
STBV 029 027 003 002 018 029 0.46 00! 017 0.13 0.08 0.06

XIX N=6 12.11 12.11 001 012 7.53 7.53 002 007 1.61 002
STRV 0.06 0.06 002 0.06 014 014 0.03 0.16

YUN N=20 12.06 12.07 021 003 7.45 7.69 (X%} (X 003 1.62 0.03
STRV 0.05 004 0.05 (X%} 009 008 00l (X 005




AEM in this study, sepielite can be classified inte twe
greups: sepielite and Al-sepielite. A limit fer these twe
greups can be established frem the ectahedral eccupancy
and Al-sepielites are these that have >10% eof ectahedral
pesitiens vacant and >0.5 YAl atems (Table 6).
Palysgerskite has greater cempesitienal variatien than
sepielite. The ideal palygerskite has filled four of its five
ectahedral pesitiens (2 Mg and 2 Al). Accerding te
Sudrez et al. (2007), based on the ectahedral cempesi-
tien, palygerskite ceuld be eof three different types:
(1) Ideal palygerskite, with an ectahedral cempesitien

near te the ideal palygerskite, similar centents of Al and
Mg, and negligible substitutiens. (2) Cemmen palygers-
kite, where the YIAl centent is less than in the ideal
fermula and as a censequence the Mg centent is greater,
but the number of octahedral catiens is clese te 4 (vacant
ectahedral pesitiens = 1). Altheugh Al may be partially
substituted by Fe(III) and/er Mg, this type of palygers-
kite has diectahedral character. (3) Magnesic palygers-
kite is the mest triectahedral extreme. The number of
ectahedral catiens is >4 (vacant ectahedral pesitiens 1).
Palygerskite can, en eccasien, be Fe-rich, such as the

Table 7. Mean values of tewahedral and octahedral cations, SUMg and R3/R2 relations for the samples of palygorskite

calculated from the structural formulae.

si Mal oz VAl FST Mg T Bo- ' Ca K Na SiMg R3/R2
ATT N-8 78 014 300 147 028 231 000 406 008 005 006 340 076
STBV 007 007 061 005 004 016 001 007 004 003 003
BER N-6 79 012 302 160 3% 198 397 005 064 399 161
STBV 012 009 004 020 004 025 011 003 004
BOA N-72 7% 021 300 164 035 191 391 004 009 021 408 164
STBV 017 017 002 017 @12 019 011 006 010 019
CAS N—-3% 7938 006 3604 188 015 179 381 006 008 012 446 113
STBV 013 009 006 011 003 012 011 004 008 013
EI0 N-41 785 0608 363 092 014 334 440 003 004 238 02
STV 013 010 005 019 008 032 016 006 005
EIl N-9% 792 010 3862 114 @13 292 000 425 004 004 006 271 045
STBV 015 013 004 020 003 041 001 021 065 005 0ll
LIB N-12 788 063 801 161 016 227 001 405 662 005 353 078
STBV 069 005 006 067 002 011 00l 157 60l 004
LIL N-20 806 003 810 18 002 195 38 06l 007 413 098
STBV 067 013 014 008 002 017 012 002 013
MET N-12 8602 002 804 175 005 216 395 008 00l 371 083
STBV 0608 004 005 011 007 017 013 087 002
NIJ N-13 802 064 806 162 018 210 390 001 000 019 382 08
STBV 011 006 007 040 014 030 013 o0l 00l ole
OKE N-438 792 065 801 19 003 138 391 002 062 014 421 167
STBV 010 0035 002 005 004 017 011 003 004 012
PAL N-63 793 003 302 1839 062 265 395 004 002 010 387 0%
STBV 015 013 005 020 003 030 000 016 065 004 012
PIC N-52 79 005 8601 128 047 224 061 4601 002 06l 016 355 078
STBV 008 006 003 008 004 011 003 007 002 002 01l
SEG N-46 790 011 %362 197 06 185 388 005 6601 016 427 116
STBV 014 012 004 011 004 017 011 003 002 014
TOR N-17 788 @12 860 143 038 228 409 001 o002 346 079
STV 063 007 001 0le 005 016 006 001 003
TRA N-20 302 002 303 120 015 28 001 419 065 002 283 048
STBV 068 003 005 011 003 018 0605 012 005 003
Yo N-28 783 011 804 151 034 210 001 39 002 006 068 378 088
STBV 017 @13 005 018 @16 021 001 015 062 009 014
YIA N-30 7989 004 8203 152 016 238 407 003 001 082 336 071
STPV. 069 066 005 020 007 028 011 004 002 006
Y3 N-14 302 003 804 15 013 235 001 463 061 004 004 341 071
STV 069 0604 006 011 004 016 001 016 062 004 006
Y7 N-15 79 007 863 162 017 221 000 401 003 06l 007 360 081
STV 012 0609 005 013 009 015 002 014 004 003 01l
Y8 N-15 791 009 800 163 020 216 001 405 001 007 06l 366 087
STBV 011 010 002 008 064 013 001 0607 001 004 002
YUC N-11 %60 003 304 147 023 234 404 004 000 001 342 073
STBV 011 008 005 017 015 021 013 010 00l 004




Table 8. Structural formulae proposed for the sepiolites studied.

Si Al =t VAL Fe** Mg Ti %o Ca K Na
BAT 1181 019 12.00 068 028 6.10 0.13 7.19 013 0.12 004
BOS 11.77 023 12.00 031 028 6.71 730 029 031
FIN 11.72 028 12.00 012 061 6.66 7.46 025 017 005
GRA 12.00 1200 009 0.05 7.58 7.72 007 002 0.15
HEN 11.95 0.05 12.00 011 007 761 779 0.06 004 007
HUN 11.66 034 12.00 075 035 6.08 7.18 015 027 032
LIE 12.00 12.00 1.18 032 5.52 7.02 0.06 004 013
MAR 11.80 020 12.00 0.45 028 6.82 (X} 7.57 0.05 0.06 00!
MER 11.99 001 12.00 003 00l 7.92 7.96 (X 001
MON 11.97 003 12.00 022 021 721 7.64 007 004
NAM 11.97 0.03 12.00 0.16 003 7.45 7.69 010 004
NEI 11.73 022 11.95 022 021 7.20 7.62 018 0.16 00!
NEV 11.68 032 12.00 0.17 019 7.40 7.76 0.16 012 0.04
NeRr 11.95 005 12.00 0.14 005 7.48 00l 7.68 0.06 010 0.06
POL 11.50 050 12.00 124 061 488 0.14 6.87 022 019
SAN 12.00 12.00 002 0.06 7.69 70T 0.06 001 0.09
seM 1192 003 12.00 013 007 761 7.81 005 0.06 0.03
TP® 12.00 12.00 004 005 7.76 7.85 004 004
VAL 11.84 0.16 12.00 025 0.06 7.35 0.03 7.69 0.05 008 0.06
VIC 11.77 023 12.00 027 023 722 7.72 (30 0.06 00!
XIX 12.00 12.00 010 012 7.53 7.66 (X} 007
YUN 12.00 12.00 027 (XX 7.45 7.69 (X 001 003
MAX 12.00 0.50 124 061 7.92 0.14 7.96 029 031 032
MIN 11.50 000 00! 0.00 488 0.00 6.87 00! 000 0.00
MEAN 11.87 0.13 032 019 7.06 002 7.57 010 0.0 0.06

Table 8. Swuctural formulae proposed for the palygorskites studied.

Si VAl Tt VIAL Fe** Mg Ti %o Ca K Na
ATT 7.86 014 3.00 1.47 028 231 4.06 008 0.05 0.06
BER 7.90 010 2.00 1.60 039 1.9% 3.97 0.05 004
BOA 7.30 020 2.00 1.64 035 1.91 3.90 004 009 021
CAS 7.98 002 2.00 1.88 0.15 1.79 3.82 0.06 0.03 0.12
Ele 7.95 0.05 2.00 (X7} 0.14 3.34 4.40 003 0.04
Ell 7.92 0.03 2.00 1.14 018 292 424 0.04 004 0.06
LIB .00 3.00 1.61 0.16 227 00! 4.05 (X ) 0.05
LIL .00 2.00 1.89 (XY 1.95 3.86 001 007
MET 3.00 2.00 175 0.05 2.16 3.96 00 001
NIJ 3.00 2.00 1.62 018 210 3.90 00! 019
OKE 7.92 0.08 2.00 1.99 0.03 1.88 3.90 0.0 002 0.14
PAL 7.93 007 2.00 1.89 002 2.05 3.96 0.04 002 010
PIC 7.96 004 3.00 1.28 047 224 00! 4.00 (X%} 00! 0.16
SEG 7.90 010 2.00 1.97 0.06 1.85 3.88 005 00l 0.16
TOR 7.88 012 2.00 143 038 228 4.09 00! (X 7]
TRA 3.00 8.00 1.20 0.15 2.83 4.19 005 (XY
Yo 7.93 007 2.00 151 034 210 00! 3.96 0.0 0.06 008
Y1A 7.99 00l 2.00 1.52 0.16 238 406 0.03 00! 002
Y3 .00 2.00 1.54 0.13 235 00! 403 001 004 004
Y7 7.96 004 2.00 1.62 0.17 221 400 0.03 00! 007
Y8 7.91 0.0 2.00 1.68 020 216 00! 405 (X 007 00!
YUuC 3.00 3.00 147 023 234 4.04 004 00!
MAX 2.00 020 1.99 047 3.34 001 4.40 003 (X1} 021
MIN 7.86 0.00 (X7 (XY 1.79 0.00 3.82 00l 0.00 0.00

MEAN 7'9%5 0.06 1°5¢ Oi19 224 0.00 4.01 0:03 0.03 007
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Figure 2. Mg centent (p.h.u.c.) vs. tetal ectahedral centent, fer data fremtheliterature (@)and ferdata fremthe present study (x ).

Thetwekinds ef dataare prejected inthesameregion efthe plet.

Greek samples studied by Gienis et & (2087).
Accerding te this classificatien mest palygerskites
studied here cerrespend te Type II and magnesic
palygerskites (Type III) are EI®¢, EI1l, and TRA.
Ameng these, the smallest Al centent cerrespends te
E1¢ (0.92), the mest wiectahedral palygerskite feund in
the present study.

All swuctural fermulae calculated frem AEM analysis
of palygerskite studied here and in the literature are
prejected taking inte acceunt the number of Mg

(p.h.uc.) vs. the ectahedral centent (tetal number eof
ectahedral catiens p.h.u.c.). When the samples studied
here are cempared te these in the literature, similar
tendencies are feund (Figure 3) and the data frem the
literature can alse be classified inte the types described
previeusly.

With the literature data and new data ceming frem a
very wide range ef samples of different erigins,
hewever, a new type of palygerskite must be defined,
namely the Type IV, ‘aluminic palygerskite’, the mest
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Figure 3. Number of Mg catiens (p.h.u.c.) vs the tetal number of ectahedral catiens p.h.u.c. fer palygerskites, fer data frem the
literature (@) and fer data frem the presentstudy ( x ). The diagram shews the feur classificatiens (I-IV) described in the text.



diectahedral extreme, which centains palygerskites with
a tetal number of ectahedral catiens (p.h.u.c.) ef <4,
with R3/R2>1 and Mg<2 Taking inte acceunt the
swuctural fermulae prepesed (Table 9) feor the palygers-
kites frem the present study, samples CAS, @KE, and
SEG cerrespend te Type IV.

A categery eof Fe-rich palygerskite ceuld be used
when Fe>Al in the different types described abeve.
Palygerskite studied by Gienis et /. (2086) is an Fe-rich
palygerskite, Type II; and Chiyssikes et al. (2089)
studied several palygerskites rich in Fe, that ceuld be
classified as Fe-rich, Types I, X, and II1. In the samples
studied here, the Fe centent can be large (< 0.47) but
nene ceuld be referred te as Fe-rich. This classificatien
of palygerskites ceuld be fermulated with the variables
prepesed by Gienis et al. (2007): i.e. where x, y refers te
the palygerskite fermula yMgsSiz®,4(@H ), (1—y)
[xMg,Fe,(1—x) Mg;Al,]Sic®,(@H),. Taking inte
acceunt that y is an indicatien ef the triectahedral
degree in palygerskite, y is negative in Type IV, ~8 in
Type 1, ranges between ¢.1 and 82 in Type K, and >6.2
in Type HI (the mest triectahedral eptien). In the same
fermula, x is an indicatien ef the Fe centent for all types
of Fe-rich palygerskites where x >.5.

A great variability in the structural fermula ef the twe
minerals exists, especially in palygerskite. Several
isemerphic substitutiens are pessible and this means
that the eccupancy ef ectahedral pesitiens alse varies. In
beth minerals, Al, Fe, and Mg can exist with very
variable prepertiens. Martin-Vivaldi and Cane-Ruiz
(1956) said, “the minerals of the palygerskite-sepielite
greup eccupy the regien eof discentinuity between

diectahedral and triectahedral minerals,” and cemparing
the samples in terms of ectahedral eccupancy is very
useful. Te cempare the twe minerals frem their
structural data the relatien between Si/Mg catiens and
the eccupancy ef the ectahedral pesitien (in percentage)
was used (Figure 4). The results ceirespending te the
structural fermulae prepesed for the samples studied in
the present werk are prejected in the same graph as data
taken frem the literature. In the latter, greater dispersion
was feund due te the variety of metheds ef analyses and
prebably te the presence of impurities, but all samples
are prejected ente ene curve. Three greups emerged: a
group of samples of palygerskite which have the largest
Si/Mg ratie and ectahedral vacancies, a greup ef
sepielite samples with smaller values of these twe
variables, and a third greup ef samples in which beth
sepielites and palygerskites are pletted. Mg-palygers-
kites and Al-sepielites are pletted between the erdinary
palygerskite and sepielite greups.

The cempesitienal limit between the twe minerals
was feund by studying the exides centent and taking inte
acceunt the fact that the samples studied here represent
the general tendency feund in the literature feor these
fibreus clay minerals (Figure 4).The mean Si@, centent
of the sepielites and palygerskites is similar, as can be
seen when cemparing the mean values of majer exides
centents ebtained fer the samples studied with the
theeretical fermulae of beth minerals. The Si@, centent
is slightly smaller in sepielite than in palygerskite and
smaller than the ideal centent fer each mineral in
general, as expected, taking inte acceunt that in all
analyses, exides ether than Si@,, Al,@;, and Mg® have
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Figure 4. Cemparisenbetween the sepielites and palygerskites frem their structural fermulae. The relatien between Si/Mg and the
ectahedral eccupancy (%) shews thesametendency bethfer data frem the literature and ferthe data ebtainedin the present study and

sepielite and palygerskite are prejected in a centinueus regien.
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Figure 5. 8102/MgO raties fer all AEM analyses, erdered frem the largest te the smallest values.

been detected. @nly three sepielites (XIX, YUN, and
LIE) and ene palygerskite (LL.) have a little mere silica
than these ideal cempesitiens, indicating that these
samples may centain adserbed silica, especially sample
XIX, in agreement with the structural fermulae ebtained.

The best way te cempare the chemical cempesitien is
te cempare the centents of the main exides. When all of
the particles analysed are pletted frem the greatest te the
smallest values of the relatien between Si@®; and Mg@®, a
centinueus curve is ebtained (Figure 5) and ne break in
the data between palygerskites and sepielites was feund.
®n the cenwary, beth minerals everlap and a centinueus
cempesitienal variatien exists frem the ideal sepielite te
the mest Al-rich palygerskite (peints with the largest
Si@,/Mg® values). Each type of mineral (sepielite and
palygerskite) is prejected inte different demains.
Legically, sepielite plets in pesitiens nearest te the

smallest Si@,/Mg® values. Palygerskite can have Si@,/
Mg@® values of between ~7.5 and 3.8 and sepielite frem
~1.5 te 4.5, but in the range 3.6—4.5 beth minerals are
pessible.

The same kind of plet (Figure 6) and cenclusiens are
ebtained if the ameunts ef different exides of ectahedral
catiens are censidered (Al,@;+Fe,@®3/Mg®). Again,
cach type of mineral (sepielite and palygerskite) is
prejected inte a different demain, but the twe demains
everlap. Sepielite, legically, is prejected inte the
pesitiens nearest te the smallest (Al,@;+Fe,@3)/Mg@®
values. Palygerskite can have (Al,@;+Fe,@®:)/Mg@®
between ~8.25 and 2.2 and sepielite frem 6.6 te ~1.8,
but in the range between €.25-—1 beth minerals are
pessible.

Several samples, therefere, have intermediate chemi-
cal cempesitien between the mest extreme members,
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Figure 6. (Al205+Fe203)/MgO raties fer all the AEM analyses, erdered frem the largest te the amallest values.
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Table 10. Mean values of tetrahedral and octahedral cations, Si’Mg, and R3,/R2 for Al-sepiolite samples on the basis of
®,,(®H), (as palygorskite) and for Mg-palygorskite on the basis of @;4(@H), (as sepiolite).

Si VAl =t VAl FT Mg Ti %o Ca K Na  Si/Mg R3/R2
El® 1212 003 1215 145 021 515 681 006 066 000 235 032
Ell 1209 006 1215 182 026 448 656 009 006 003 270 046
TRA 1223 1223 186 024 430 640 007 003 285 049
BAT 787 018 205 036 013 405 005 459 007 005 002 1% 012
HUN 766 034 801 039 023 401 462 0% 015 017 191 015
LIE 790 610 260 071 021 359 451 005 061 66l 220 026
PoL 757 042 799 078 043 366 016 437 014  ell 247 040
CONCLUSI®NS

e.g. samples POL sepielite and E18 palygerskite (Tables
4, 5) have similar chemical cempesitiens and as a
censcquence are prejected in the same regien of the plet.
If histegrams cerrespending te the main exides centents
(Figure 7) are censidered, in all cases beth sepielite and
palygerskite ficlds everlap and sepielite and palygers-
kite can centain similar ameunts ef the feur main exides.
Ne chemical differences exist within a certain number of
analyses of sepielites and palygerskites which have a
cempesitien that might be referred te as intermediate.
These samples are Mg-palygerskites and Al-sepielites,
the cempesitiens ef which are se similar that if the
structural fermula were fitted as if they were the ‘ether’
mineral (Table 10), fitting sepielite as palygerskite (with
21 negative charges) and palygerskite as sepielite (with
32 negative charges), acceptable results frem the peint
of view eof eccupancy ef pesitiens and balance eof
charges can be reached.

Altheugh slight differences have been feund, the
analyses indicate a very narrew cempesitienal range in
cach sample, as illustrated by their small standard
deviatien. Nevertheless, the samples display a large
cempesitienal range frem each ether. This indicates that
cach sample has its ewn features, which may be as a
censcquence of their different genetic geelegic enviren-
ments. Pata frem the cellectien studied here are
censistent with these published feor these minerals,
even taking inte acceunt that the literature data can be
affected by the presence eof impurities. Therefere, a
centinueus range ef chemical cempesitien exists
(Figures 1-7) and a cempesitienal gap is absent. @n
the centrary, chemical cempesitiens can be se similar
that a certain degree ef pelymerphism between Al-
sepielite and Mg-palygerskite exists.

The results ebtained raise twe questions:

(1) What kinds ef cenditiens are necessary te
precipitate sepielite er palygerskite frem a selutien
with the same cempesitien (with respect te the main
exides)?

(2) What structural arrangements de Al-sepielite and
Mg-palygerskite have? Are the excess Mg and Al within
specific demains in the structures er hemegenceusly
distributed aleng the ribbens?

Beth sepielite and palygerskite can have a certain
degree of tetrahedral substitutien (<2% generally).

Theeretical sepielite has eight ectahedral pesitiens,
all eof which are filled by Mg. Seme ectahedral
substitutiens eof Mg fer Al and/er Fe are pessible
which induce an increase in the number of ectahedral
vacancies. Sepielite can centain large prepertiens ef Al
and be censidered Al-sepielite.

Palygerskite has, as is well knewn, a greater
likeliheed of ectahedral substitutien than sepielite. Al-
palygerskite, cemmen palygerskite, Mg-palygerskite,
and eccasienally Fe-palygerskite alse exist.

Accerding te the data presented here, ne cempesi-
tienal gap exists between sepielite and palygerskite.

Al-rich sepielites and the Mg-rich palygerskites can
have similar cempesitiens: Si/Mg between 3.0 and 4.5
and (AL®;+Fe,®;)/Mg® between 0.25 and 1.
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