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A NEW APPROACH TO COMPOSITIONAL LIMITS FOR SEPIOLITE
AND PALYGORSKITE

EmiLio GALAN AND M? ISABEL CARRETERO
Departamento Cristalografia y Mineralogia, Facultad de Quimica, Universidad de Sevilla, Apdo. 553, Sevilla 41071, Spain

Abstract—Most bulk chemical analyses of sepiolite and palygorskite available in the literature are er~
roneous because samples analyzed are admixtures of minerals that are difficult to separate or identify by
other techniques. Some chemical analyses performed on selected individual particles by energy dispersive
X-ray analysis (EDX) are also influenced by the same problem. Chemical analyses are summarized for
sepiolite and palygorskite reported in the literature (bulk and EDX analyses). The analyses are evaluated
by comparison to three sepiolite and three palygorskite pure samples analyzed by EDX techniques. Results
indicate that sepiolite is a true trioctahedral mineral, very pure (near end-member) with negligible struc-
tural substitution and with eight octahedral positions filled with magnesium, close to the theoretical
formula Mg,Si,,0,,(OH),(OH,),(H,0),. Palygorskite is intermediate between di- and trioctahedral phyl-
losilicates. The octahedral sheet contains mainly Mg, Al, and Fe with a R¥/R? ratio close to 1, and with
four of the five structural positions occupied. The theoretical formula is close to
Mg, RS AL O,,(OH),(OH,),-R?, ,(H,0),, where x = 0-0.5. Sepiolite and palygorskite are thus
more compositionally limited than previously reported.
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INTRODUCTION

Most chemical data reported for clay minerals are
the result of bulk analyses. These analyses are affected
because of both crystallochemical variations and ad-
mixed contaminants (other clay minerals and associ-
ated minerals). Generally contaminants are very dif-
ficult to isolate and detection by X-ray difraction
(XRD) is difficult also. Similar problems exist for fi-
brous clay minerals, sepiolite, and palygorskite. The
most frequent admixtures in sepiolite and palygorskite
are smectites, illite, chlorite, quartz, feldspars, carbon-
ates, zeolites, and iron and silica gels. They may con-
tribute elements to the analyses which can be inter-
preted erroneously as part of the clay mineral struc-
ture.

Microanalyses of selected individual particles were
published for both palygorskite (Paquet, 1983; Paquet
et al., 1987; Agrawi, 1993; Chahi et al., 1993; Suarez
et al., 1994; Lopez Aguayo and Gonzidlez Lopez,
1995) and sepiolite (Post, 1978; Paquet et al., 1987;
Bastida et al., 1994; He et al., 1996). These analyses
have given a more accurate chemical composition of
these minerals. Generally, such samples contain many
other minerals because they were not purified prior to
analysis. Also, the reproducibility of energy dispersive
X-ray analyses (EDX) was not very good.

This paper reassesses the chemical limits of the se-
piolite and palygorskite group minerals. The octahe-
dral content is critically reviewed from chemical an-
alyses published previously. Bulk analyses and select-
ed particle analyses from EDX scanning-transmission
electron microscopy are considered. Also, new EDX
analyses of six samples are presented. We show that
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the chemical composition of sepiolite and palygorskite
is more limited than previously reported because these
analyses probably consider elements from impurities
as structural contributions to the sepiolite or palygor-
skite formula.

MATERIALS AND METHODS

We selected 28 bulk chemical analyses of palygor-
skite, 33 of sepiolite, eight EDX analyses of individual
palygorskite particles, and three analyses of sepiolite
particles from the literature. The structural formulae,
most calculated from bulk chemical analyses, and their
sources are presented in Tables 1 and 2. Those cal-
culated from EDX analyses are tabulated in Tables 3
and 4. We also used the EDX analyses from Paquet et
al. (1987) (52 palygorskites and 24 sepiolites) and
bulk analyses (50 sepiolites and 20 palygorskites) from
Martin Vivaldi and Cano (1956). Other analyses found
in the literature were rejected because: 1) they were
incomplete, 2) the methods of chemical analyses used
were not well described, or 3) the results clearly
showed substantial impurities.

Three palygorskites and three sepiolites (Table 5)
were selected for additional analyses. They are well-
described and representative materials from occur-
rences previously studied. Chemical analyses were
performed using a Si (Li) energy-dispersive (EDX)
spectrometer (Link system, ISIS instrument) mounted
with a pentafet detector with a Be thin window (ATW)
and coupled to a scanning electron microscope (JEOL,
JSSM-5400), operated at 20 kV. Samples of sepiolite
were prepared by cutting a fragment and coating it
with Au. Palygorskite samples were first treated using
the dodecylammonium treatment (Abudelgawad er al.,
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Sepiolite structural formulae deduced from selected bulk analyses.

(1) (Siyy5Ale0Fe*"005)(Mg; 13)Ca g gsNato s K g.03

Mid-Atlantic Ridge (Hathaway and Sachs, 1965)

(2) (Sijy93AlG07)(ALy o Fe?* 0sME7 g6)s.00Na 003 Goles, South Serbia (Maksimovic and Radukic,
1961)
(3) (Sijy Al pFe g DM, 36Mng 55)7.0,Cu%7 15 Little Cottonwood, Utah, USA (Nagy and Bradley,
1955)
(4) (Siy;75AL52)(Alg osFe?* g 5, Mg 00)7.06Ca% 6 15 Kuzuu District, Japan (Imai et al., 1969)
(5) (SiyygFe’13)(Fet0Mg700)7.0:Ca% 4 13 Madriat, Sistriere (Caillere, 1934a)
(6) (SijygoAly sFe*t o) (Felo.sFe? o 1 Mg, 16)725Caty |, Ampandrandava, Madagascar (Caillere, 1936)
(7) (Siy;65Al024F€"005)(Fe?* g 53F€>* 0 13ME750)7.90 Vasko (Caillere, 1951)
(8) (Siyy6Alp (AL Fe* ) :sME, 50)6 52 Eskigehir, Turkey (Cetisli and Gedikbey, 1990)
(9) (Siyy10Alg26Fe g 0a)(Fed o 0eMgs 60 T2, 00)7.65N2 026K 016 Amboseli, Kenya (Hay and Stoessell, 1984)
(10) (Siy Al 36) (Al Fe 3, Fe?* 1 Mg, 05)72sNH, g 45 Tintinara, South Australia (Rogers er al., 1956)
(11) (Siyy Al 16)(Alg7oFe* ) M6 .04)6.05Ca% 5 0sNa 24K 7 36 Vallecas, Spain (Galdn and Castillo, 1984)
(12) (Siy; 06150 )(Aly40Fe3* ;1 0Mg, 04)7.54Ca%* ;1 Na*y 10K+, Yunclillos, Toledo, Spain (Galdn and Castillo, 1984)
(13) (Siypo)(AlgesFe’ 0sMg 32)7.4,Ca%* g 46Na™ g 05 Ballarat, Inyo County, California (Post and Janke,
1984)
(14) (Si, 1_80A10JlFe3*0,09)(12‘63*0_37Mg7_51)7_83Ca2*0g5 Itukz:iichi, Tokyo, Japan (Nagata and Sakae, 1975)
(15) (Si}) 6 Alg3)(AlgodFe* 06 Tig oM E7 72)784Ca% g 1sNa T s K 0 13 Toledo, Spain (Lépez Gonzdlez et al., 1981)
(16) (Siy;75Aly2)(Aly 4 Fe3 ) 0sMgs 04)743Ca% g 3Na 1 Ky 5 Nye County, Nevada (Giiven and Carney, 1979)
(17) (Sijs5Aly (Al Fedy Mg, 53),,,Ca%*, oNa*y 3K, | Vallecas, Spain (Fukushima and Okamoto, 1987)
(18) (Sijpe)(AlpsrFe?*q/Mge 5o Tig g2)7.45C2> o 1Na"0 1K 4 16 Vallecas, Spain (Galdn, 1987)
(19) (Siy; gsAlo12)(Alg2oFe™ o Mg, 36)77Ca* g Natges Vallecas, Spain (Vicente Rodriguez et al., 1994)
(20) (Siy; 1581021 11.06(MEs1)K g o6Na 505 Ninetyeast Ridge, Indian Ocean (Argast, 1989)
(21) (Siy;25Al072)(Alg gsFe™*66M87.44)775C 8> 5 Na "5 U.S.S.R. (Teodorovitch, 1961)
(22) (Sil1.96Alo.o4)(Alg.20F33+o.10Tio.01M§7.44)7,75C32+0.05Na+0.02K+0.07 Anka}llra, Turkey (Inukai et al., 1994)
(23) (Sip05)(AlgesFe? 001 Mg; 75)7.84Ca% 03 Southwest Konya, Anatolia, Turkey (Yeniyol, 1986)
(24) (Sij1.00Aly01)(AlgesFe " 12 Tig 0 Mg 45)726C8  0.00Na" 2K 025 Vallecas, Spain (Komarneni et al., 1986)
(25) (Sij1 Al ) (AlgasFe? o 15 Tip0MEg 50)7.17Ca% 6 20Na o 5 K" 05 Ash Meadows, Nevada (Komarneni et al., 1986)
(26) (Sijz16)(AlyFe**o0oFe? 0,0 Mgr28)7.3::K 001 Valdemoro, Spain (He ef al., 1996)
(27) (Siy oAl es)(Alg 1oFe? g 06M87 76)7.02Ca% 03K 0 06 Vicalvaro, Madrid, Spain (Robertson and Stot, 1974)
(28) (Si;,35Al55Fe* 5 10)(Fe* o 0eFe? .0, Tio 03ME7 50)7.00C 8% ,05Nat o 15K ¥ 506 Amboseli, Kenya (Stoessell and Hay, 1978)
(29) (Siy, 53Al505F€* " 0.08)11.00(Mg790)Ca%% ;3Na*y ;s Yavapai Country, Arizona, USA (Kauffman, 1943)
(30) (Si;,95Aly05)(Fe?*;0sMg5 co)777Ca% g0, Karasawa Mine, Japan (Takahashi, 1966)
(B1) (Siy 4Aly33Fe’ g 15)(Fe? 17T esMg761)s01NA 001 K g 01 Mullion, Cornwall, England (Midgley, 1964)
(32) (Si;p) (Al Fe’t 16 Tig 0Cro 07 N1 04ME6.90)7.64C2% g 03Na 0, 0. K V0.0 Yagca formation, Turkey (Yalgin and Bozkaya,
1995)
(33) (Siy90Alo01) (Al 0sFE? (0Nl 03ME7.85)7.05Na" 0,01 K 0,01 Eskigehir, Turkey (Yalgin nad Bozkaya, 1995)

(2) from Hathaway and Sachs (1965); (3) and (6) from Caillére and Heénin (1972); (4) and (10) from Jones and Galdn
(1988); (5) from Martin Vivaldi and Cano Ruiz (1953); (14) from Imai and Otsuka (1984); (21) from Isphording, (1984);

(29) and (30) from Newman and Brown (1987).

1985). All sepiolites and treated palygorskites were
studied by XRD and no other crystalline phase were
detected. We performed 20 analyses on three samples
each of sepiolite and palygorskite, for a total of 60
analyses on each mineral. The fibers were analyzed at
a magnification of 10-20,000X, with a window or spot
system, and a count time of 50 s. The element abun-
dances were calculated from peak areas with a ZAF
computer program and expressed as oxide weight per-
centage. Detection limits were <1% (Mackinnon,
1993).

To achieve comparability of the data, all the calcu-
lated formulae were based on the model of Drits and
Sokolova (1971) for palygorskite: (Mg,_, R >"[1)
(8i5_ R, *")O(OH),(OHL), R 4y 12,p(H,O), and the
model of Brauner and Preisinger (1956) for sepiolite:
Mg, R )(Sii R, )O0s(OH)(OH) R
(H,0);. Formulae were calculated on the basis of 32
oxygens for sepiolite and 21 for palygorskite. Squares
in the formulae mean vacant octahedral sites.
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Octahedral compositions were also calculated on the
basis of three octahedral positions for one-half the unit
cell (Al** + Fe’* + Fe** + Mg?" per six positive
charges per half unit cell) for plotting on the diagram
from Paquet ez al. (1987). Moles of MgO per 100 g
and moles of XO (moles of ALO; + Fe,0; + FeO +
MnO expressed as MgO) per 100 g were calculated
for representation on the diagram from Martin Vivaldi
and Cano (1956). For EDX analyses, total structural
iron was considered as Fe’* because the elemental
analysis technique does not distinguish between Fe?*
and Fe’*. In general, little or no Fe?* is present in
standard chemical analyses of the bulk fraction. Sum-
maries of the calculations are contained in Tables 6 to
10 and plotted on Figures 1 to 4.

RESULTS AND DISCUSSION
Sepiolite
Based on Brauner and Preisinger (1956) for sepio-
lite, the number of octahedral cations for bulk analyses
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Table 2. Palygorskite structural formulae deduced from selected bulk analyses.
(1) (Si;gpAlg o)Al 5 Fe¥ 4 3sMgs 5004 11K 000 Attapulgus, Georgia, USA (Bradley, 1940)
(2) (Si;gAlg 15) (Al s Fe? | 0Fe? g 63Mg5 04)354Ca%* 36 Kuzuu District, Toshigi Pref. Japan (Imai et al.,
(1969)
(3) (Siz6Aly39) (AL 26F€3%5,3Mg, 43)3.9:X0.04 Bakkasetter, Shetland Isles, Scotland (Stephen,
1954)
(4) (Sizs50Aly50)(Al e Fe* o34 Fe? g (Mg, 75)354Ca% 034 Tafraout, Morocco (Caillére and Henin, 1957)
(5) (SiygeAly 12)(AlgosTig 10Fe*4Mg2 51)428 Mt. Flinders, Queensland, Australia (Rogers et al.,
1954)
(6) (SiygAly;10)(Al 4Fe?4sMng 0sME; 09)3.0,Ca%* 0 Na " 3K 06 Eastern Saudi Arabia (Shadfan er al., 1985)
(7) (Si;Al (Al 1Fe? Mg, 53)55:Ca% " WNat) K *g03 Timsanpalli, Deccan, India (Siddiqui, 1984)
(8) (SiyeeAly 1) (Al 5,F e 1sMg, 65)s 1:Ca%7,04K g 04 Mao Kou Limestone, Sichuan province, China
(Zheng, 1991)
(9) (Siges)(Al gFe 0 10Mgz20)3.08Ca%" 002 Anhui province, China (Zheng, 1991)
(10) (SiygsAly 1) (AL 1sFe>* 35Tl 0sME 534,14 Jiansu province, China (Zheng, 1991)
(11) (Sizg3Aly ;1 )(Al; 2T 37F2%,03ME) 06)3.65Ca "0 5, Attapulgus, Georgia, USA (Bradley, 1940)
(12) (SiygeAly (Al 5Fe*"g16Mg) 01)304Ca% " g0sNatg g3 Metaline Falls, Washington, (Huggins et al., 1962)
(13) (Si;uAlg3e)(AlL Fe Mg, 45)35:Ca% g 08 Jordan Valley, Israel (Wiersma, 1970)
(14) (Siy70Al051)(Al 5 Fe 3 Tig gsMg, 50)377Ca> 5 K *g05Nat g0 Attapulgus, Georgia (Robertson, 1961)
(15) (Si;.43Aly 57) (Al gFe3t g 6sMgy 66)3 50Ca%2 0 0sNa 't 14K 421 Bercimuel, Segovia, Spain (Suarez et al., 1991)
(16) (Siys5Aly65)(Al; 25Fe** 6417 Mg; 20)5.96Ca% % 20N 45K 0.1 Umm Radhuma, Saudi Arabia (Dahab and Jarjarah,
1989)
(17) (Si;eeAly34) (Al 45 Tig03Fe? 5 4sMgs 01)3.05Ca% g 0sNa g 13K o 15 Bercimuel, Segovia (Suarez et al., 1995)
(18) (Si;55Alpa2)(Alg7Fe* .81 Tip 08MZ2.42)4.18C2> 05N *0.03K " 0.08 Yagca formation, Turkey (Yalgin and Bozkaya,
1995)
(19) (Si;50Alys0)(Al; 65Fe> "5 saMg) 17)3.00K 0,27 Millot et al., 1977)
(20) (Siz79Alg21)(Al 06Fe* 056 Tig0:MEs2 46)4.10C2 *0.06N@" 003K 0,06 Kizilyalak formation, Turkey (Yal¢in and Bozkaya,
1995)
(21) (Si770Aly30)(Al 1 Fe** 463 Tig 06ME5.06)4.02Ca% 5. 06NA* .05K ¥ 0.06 Ugurlu formation, Turkey (Yal¢in and Bozkaya,
1995)
(22) (Siys6Alo1)(AL Fe* 4 Mg 15)345Ca* 043 Taodeni, Algeria (Caillere, 1934b)
(23) (Si;51Alpa6) (AL 27 FE* 053ME) 40)3.90C8% 5.0 Bakkasetter, Shetland (Stephen, 1954)
(24) (Siz61Alo30)(AL 5 ME252)43:C2% 004 Dogniaska, USSR (Fersmann, 1913)
(25) (Siy33Al56)(Al; 55ME, 69)4.06Ca% " 05 Permsk, USSR (Fersmann, 1913)
(26) (Si;90Aly o )AL o Fe* g osFe? g 4sTig 0sME) 90)s.07K "0.08 Northwestern Transvaal, South Africa (Botha and
Huhes, 1992)
(27) (Sigo)(Al osFe?*0sMg5 75)355Ca% g 08 Dornboom, South Africa (Heystek and Schmidt,
1953)
(28) (Si;5,Al 4) (Al ggFe*t ;Mg 37 Tig 0aMnyg 4,)36,Ca%* g sNat, (K*os  Padasjoki, Finland (Linqvist and Laitakari, 1981)

(1-5) from Newman and Brown (1987); (11) from Imai and Otsuka (1984); (12) and (13) from Weaver and Pollard (1973);
(14) and (27) from Isphording (1984); (19) from Suarez et al. (1994); (22-25) from Caillere and Henin (1972).

lies between 6.95-8.11 (average 7.72) for eight holes,
or between 2.6-3.02 on the basis of three octahedral
positions (one-half unit cell) (Table 6). Cations are
mainly Mg with some Al, Fe’*, Fe?*, Ti, and occa-
sional Cr’* and Ni?*. VIMg varies between 4.96-8.1,
and Y(R? + R?®) from 0 to 2.28.

The above limits for total octahedral cations are
very similar to those derived from EDX data (6.93—
8.5) published by Paquet et al. (1987) but slightly
more restricted for VMg (5.6-8.5) and VI(R? + R?) (0-
1.8). Other EDX analyses from the literature account
for less octahedral variation: V'R from 7.61 to 7.87,
ViMg from 6.05 to 7.73, and Y'(R? + R?) from O to 1.8.
Our EDX analyses on sepiolite show no structural Al

and Fe, and an octahedral occupancy close to 8 (Tables
5 and 6; Figures 1 through 4) for more than 90% of
the analyses. The presence of some Al, Fe, K, or Ca
in a small number of the determinations was due to
minor impurities. These elements were excluded from
the calculations for sepiolite.

Graphical representation of the EDX analyses (Fig-
ure 2) from the literature on the diagram from Paquet
et al. (1987) shows that sepiolite analyses (except one)
are in the trioctahedral domain proposed by those au-
thors (with >2.1 Mg per half unit cell). This limit is
lower for the bulk analyses (1.86) probably because
most of the other analyses were performed on impure
samples containing free silica (quartz), illite, and other

Table 3. Sepiolite structural formulae deduced from selected EDX analyses.

(1) (Siyy 50Aly20)(Alg 1sFE* "1 66Mge 05)7.67C g 00NA (67

(2) (S?12.05)(AIO.OSMg7.56)7.61Na+0.24K+0.02
(3) (Siyy49Al411)11.60M8773)Ca 1 :Na" 0K 015

Tarragona, Spain (Bastida et al., 1994)
Two Crows, Las Vegas, USA (Post, 1978)
Valdemoro, Spain (He et al., 1996)
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Table 4. Palygorskite structural formulae deduced from selected EDX analyses.

(1) (SigeAlg ) AL, Fe ) 3 sMg, 15)53K 17 Iberian Range, Spain (Lopez Aguayo and Gonzilez
Lopez, 1995)

Iberian Range, Spain (Lépez Aguayo and Gonzalez
Lépez, 1995)

Iberian Range, Spain (Lépez Aguayo and Gonzalez
Loépez, 1995)

Iberian Range, Spain (Lépez Aguayo and Gonzélez
Lopez, 1995)

Morocco (Paquet, 1983)

Mesopotamia (Aqrawi, 1993)

Bercimuel, Segovia, Spain (Suarez et al., 1994)

Jbel Rhassoul, Morocco (Chahi et al., 1993)

(2) (Siy73Aly2)(AL 5530 4sME) 03)s 97K 020

(3) (Si771Al20)( Al 70Fe* "4 6;ME) 32)373K 046

@) (SiyssAly )AL 6Fe34,60M81 45)3.8: K 021

(5) (SiygsAly 5)(AlgFe*2Mg, 5))357K 1002 007

(6) (Sig61Aly30)(Alg g Fe**( 54 Thg 10MEs60)4.06C2* 021 NA 005K 0,19

@) (5%7,51A10.49)(A11.04Fe3+0.70Mg2,43)4.17C32+0.14K"0‘13
(8) (SiypaAly o)Al 3,Fe*,Mg;45)a10

Table 5. EDX analyses of sepiolites and palygorskites selected for this paper.

v N C CR CB B
SiO, 69.31 = 0.21 69.15 + 0.59 69.33 + 0.75 67.87 + 0.89 70.34 = 0.92 71.64 + 0.60
ALO, n.d. (a) (c) 12.89 + 0.81 15.00 = 0.86 11.00 = 1.19
Fe,O, n.d. n.d. (d) 6.83 = 0.85 438 £ 1.23 4.92 = 0.69
MgO 30.69 *+ 0.21 30.85 £ 0.52 30.67 = 0.85 12.41 + 0.87 10.28 = 1.14 12.44 = 1.31
K,0 n.d. n.d. {e) ) n.d. n.d.
CaO n.d. (b) (€3] n.d. n.d. n.d.

100.00 100.00 100.00 100.00 100.00 100.00

(V) (Sijp0)Mg 55

(N) (Sije0)Mgres

(C) (Sij209Mg;04

(CR) (Siy7Alg0)(Al 45Fe? 5 5Mgs 10)4 09
(CB) (Siyg6Aly WAL geFe’ " 4ME 71 }365
(B) (Siggs)(Al 4sFe’ 511 Mgs00)5.96

n.d.: not detected.

(a) detected in 3 analyses, range: 0.96-3.58.
(c) detected in 6 analyses, range: 0.66-2.90.
(e) detected in 7 analyses, range: 0.11-0.35.
(g) detected in 7 analyses, range: 0.44-0.96.

Total analyses on each sample: 60.

Sepiolite from Vallecas, Spain, described by Galdn and Castillo (1984)
Sepiolite from Nevada, USA, described by Post (1978)

Sepiolite from Calatayud, Spain, described by Mayayo et al. (1996)
Palygorskite from Ciudad Real, Spain, described by Sdnchez and Galan (1995)
Palygorskite from Castelo Branco, Portugal, described by Dias et al. 1997)
Palygorskite from Bercimuel, Segovia, Spain, described by Suarez et al. (1995)

(b) detected in 4 analyses, range: 0.44-2.04.
(d) detected in 7 analyses, range: 0.55-2.39.
(f) detected in 3 analyses, range: 0.23-0.30.

Table 6. Octabedral and tetrahedral occupancy ranges for bulk and EDX analyses of sepiolites and palygorskites (in brack-
et mean value).

Other EDX
Bulk EDX analyses by analyses from EDX analyses
analyses Paquet ef al. (1987) literature for this paper
VIR 6.95-8.11 (7.72) 6.93-8.5 7.61-7.87 (7.74) 7.93-7.98 (7.95)
Sepiolite ViMg 4.96-8.1 (7.36) 5.6-8.5 6.05-7.73 (7.11) 7.93-7.98 (7.95)
P VI(R? + R?) 0-2.28 (0.32) 0-1.8 0-1.8 (0.62) 0
(Al + Fe*) 0-0.72 (0.19) — 0-0.2 (0.10) 0
VIR 3.45-4.33 (3.96) 2.63-4.63 3.36-4.17 (3.88) 3.95-4.09 (4.00)
Palveorskite ViMg 1.12-2.82 (2.00) 0.83-3.08 1.32-2.60 (1.97) 1.71-2.10 (1.96)
ve YI(R2 + R?) 1.12-2.50 (1.96) 1.5-2.66 1.46-2.41 (1.91) 1.87-2.24 (2.04)
W(Al + Fe’*) 0-0.67 (0.29) - 0.07-0.49 (0.30) 0-0.29 (0.14)
VIR = All octahedral cations.
VI(R? + R?) = Octahedral cations other than Mg. They are mainly Al and Fe?*.
_>

Figure 1. Sepiolite and palygorskite bulk analyses selected from the literature (except data from Martin Vivaldi and Cano,
1956), and EDX analyses of this paper, plotted on Paquet er al. (1987) diagram. O palygorskite: bulk analyses from the
literature; A sepiolite: bulk analyses from the literature; * EDX results for palygorskite (this paper); + EDX results for
sepiolite (this paper); — — — conventional; proposed by Paquet et al. (1987).
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Table 7. YAl + Fe) and V'Mg per half unit cell (on the
basis of three octahedral positions) of bulk and EDX ana-
lyses of sepiolites plotted on Paquet et al. (1987) diagram.

Composition of sepiolite and palygorskite

Table 8.
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VI(Al + Fe) and Y'Mg per half unit cell (on the
basis of 3 octahedral positions) of bulk and EDX analyses
of palygorskites plotted on Paquet ef al. (1987) diagram.

V(AL + Fe)/ V(AL + Fe)/ VI(AL + Fe)/ V(AL + Fe)/
half unit  VMg/half half unit  VMg/half half unit  Y'Mg/half half unit  VMg/half
Sample cell unit cetl Sample cell unit cell Sample cell unit cell Sample cell unit celt
'From Table 1 'From Table 2
1 0.00 2.86 18 0.20 2.59 1 1.14 1.33 15 1.34 1.00
2 0.01 2.99 19 0.14 2.76 2 1.08 1.23 16 1.06 1.32
3 0.00 2.77 20 0.00 3.02 3 1.50 0.86 17 1.17 1.21
4 0.02 2.97 27 0.12 2.79 4 1.24 1.07 18 1.00 1.45
5 0.01 2.97 22 0.12 2.79 5 0.82 1.69 19 1.34 1.06
6 0.45 2.70 23 0.02 2.92 6 1.13 1.20 20 0.97 1.48
7 0.25 2.72 24 0.30 2.42 7 1.20 1.10 21 1.14 1.24
8 0.86 1.87 25 0.24 2.44 8 1.00 1.59 22 1.40 0.67
9 0.02 2.85 26 0.02 2.73 9 1.07 1.32 23 1.50 0.84
10 0.87 1.86 27 0.06 2.91 10 0.92 1.52 24 1.09 1.51
11 0.34 2.27 28 0.03 2.96 117 1.02 1.18 25 1.42 1.02
12 0.19 2.64 29 0.00 2.95 i2 1.22 1.15 26 1.27 1.14
13 0.04 2.75 30 0.04 2.89 13 1.42 0.87 27 0.68 1.65
14 0.14 2.82 31 0.14 2.86 14 1.10 1.14 28 1.35 0.82
15 0.04 2.90 32 0.20 2.62 N
6 019 26l 33 002 29 From Table 4
17 0.09 283 1 0.97 1.05 5 1.27 1.09
2 1.22 1.16 6 0.82 1.56
From Table 3 3 1.45 0.79 7 1.05 1.46
i 0.69 2.27 3 0.00 2.90 4 1.42 0.87 8 0.98 1.49
2 0.02 284 3From Table 5
*From Table 5 1 1.19 1.26 3 1.12 1.25
1 0.00 2.98 3 0.00 2.98 2 1.34 1.02
2 0.00 2.99
! Table 2, bulk analyses.
! Table 1, bulk analyses. 2 Table 4, EDX analyses from literature.
2 Table 3, EDX analyses from literature. 3 Table 5, EDX analyses for this paper.
* Table S, EDX analyses for this paper.
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Table 9. Moles of MgO and XO per 100 g of bulk and Table 10. Moles of MgO and XO per 100 g of bulk and
EDX analyses of sepiolites, plotted on Martin Vivaldi and EDX analyses of palygorskites, plotted on Martin Vivaldi
Cano (1956) diagram. and Cano (1956) diagram.
Moles of Moles of Moles of Moles of
MgO Moles of XO MgO Moles of XO MgO Moles of XO MgO Moles of XO
Sample  per 100 g per 100 g Sample  per 100 g per 100 g Sample per 100 g per 100 g Sample per 100 g per 100 g
'From Table 1 'From Table 2
i 0.60 0.02 18 0.5% 0.05 1 0.26 0.34 15 0.19 0.46
2 0.63 0.01 19 0.57 0.05 2 0.23 0.30 16 0.26 0.43
3 0.56 0.07 20 0.77 0.03 3 0.16 0.44 17 0.22 0.35
4 0.59 0.03 21 0.58 0.12 4 0.21 0.43 18 0.30 0.41
5 0.60 0.02 22 0.61 0.05 5 0.35 0.27 19 0.26 0.54
6 0.53 0.10 23 0.60 0.005 6 0.26 0.37 20 0.31 0.36
7 0.54 0.13 24 0.52 0.09 7 0.21 0.39 21 0.26 0.42
8 0.68 0.003 25 0.51 0.10 8 0.29 0.30 22 0.13 0.39
9 0.58 0.04 26 0.63 0.04 9 0.26 0.28 23 0.16 0.44
10 0.37 0.29 27 0.57 0.02 10 0.27 0.26 24 0.30 0.33
17 0.51 0.11 28 0.61 0.07 11 0.22 0.31 25 0.20 0.45
12 0.58 0.06 29 0.61 0.02 12 0.23 0.34 26 0.28 0.43
13 0.56 0.01 30 0.56 0.01 13 0.18 0.48 27 0.35 0.19
14 0.56 0.08 31 0.55 0.12 14 0.24 0.37 28 0.16 0.43
15 0.72 0.07 32 0.58 0.07
16 066 008 33 060 001 “From Table 4
17 0.56 0.06 1 0.27 0.44 5 0.27 0.44
2 0.28 0.47 6 0.30 0.30
*From Table 3 3 0.19 0.55 7 0.35 0.47
1 0.51 0.40 3 0.72 0.01 4 0.21 0.57
2 0.64 0.006 3From Table 5
*From Table 5 ! 0.31 0.49 3 0.31 0.39
0.76 0.00 3 0.76 0.00 2 0.26 0.48

1
2 0.76 0.00

! Table 2, bulk analyses.

! Table 1, bulk analyses. 2 Table 4, EDX analyses from literature.
2 Table 3, EDX analyses from literature. 3 Table 5, EDX analyses for this paper.
3 Table 5, EDX analyses for this paper.
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Figure 3.

Sepiolite and palygorskite EDX analyses from the literature (except data from Paquet et al., 1987) and this paper,

plotted on Martin Vivaldi and Cano (1956) diagram. XO = moles of AL,O; + Fe,0; + FeO + MnO expressed as MgO. [
Palygorskite: EDX analyses from the literature; O Sepiolite: EDX analyses from the literature; * EDX results for palygorskite

(this paper); + EDX results for sepiolite (this paper).

admixtures (see Table 7; Figure 1). Octahedral substi-
tution can reach to 0.69 in the EDX analyses from the
literature (0.67 after Paquet er al., 1987) but in our
analyses it is negligible and cannot be detected by the
EDX technique (Figure 2). Since tetrahedral substitu-
tion is also negligible, chemical composition of sepi-
olite corresponds to a very pure magnesium silicate,
and we propose for this mineral the following formula
instead of that given by Brauner and Preisinger (1956):
Mg;Si;;04(OH),(OH,),(H0)s.

In contrast, EDX data for sepiolite plotted on the
diagram of Martin Vivaldi and Cano (1956) are mainly
shifted to higher MgO values, and those obtained by
us are exactly 0.76 (Figure 3; Table 9), whereas the
bulk analyses occupy a similar position to those given
by Martin Vivaldi and Cano (1956), as shown in Fig-
ure 4.

Palygorskite

In the model of Drits and Sokolova (1971) for pal-
ygorskite the sum of octahedral cations for bulk ana-
lyses ranges from 3.45 to 4.33 with V!(Al + Fe) be-
tween 1.12-2.5 for five octahedral sites (Table 6). The
bulk analyses of palygorskite plotted on Figure 1 il-
lustrate that the octahedral occupants have variable
quantities of Mg, Al, and Fe. No palygorskite lies
within the conventional octahedral divalent cation lim-
it proposed by Foster (1960) for the trioctahedral min-
erals (total divalent cations must exceed 1.83 per half
unit cell in trioctahedral phases), but many of them are
within the dioctahedral domain proposed by Weaver
and Pollard (1973) (total cations must exceed 1.3 per
half unit cell in dioctahedral phases).

More than 30% of the published EDX analyses of
palygorskite are between dioctahedral and trioctahed-

«—

Figure 2.

Sepiolite and palygorskite EDX analyses from the literature and this paper, plotted on Paquet ez al. (1987) diagram

M Sepiolite (Paquet et al., 1987); A Palygorskite (Paquet et al., 1987); O Palygorskite: EDX analyses from the literature; A
Sepiolite: EDX analyses from the literature; * EDX results for palygorskite (this paper); + EDX results for sepiolite (this

paper); — — — conventional;
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Figure 4.

Sepiolite and palygorskite bulk analyses from literature and EDX analyses of this paper, ploted on Martin Vivaldi

and Cano (1956) diagram. XO = moles of ALO; + Fe,0; + FeO + MnO expressed as MgO. B palygorskite (Martin Vivaldi
and Cano, 1956); @ sepiolite (Martin Vivaldi and Cano, 1956); [] palygorskite: bulk analyses from the literature; O sepiolite:
bulk analyses from the literature; * EDX results for palygorskite (this paper); + EDX results for sepiolite (this paper).

ral (Figure 2) even when the limit (1.12) of Paquet et
al. (1987) is accepted, instead of the more restrictive
one (1.3) of Weaver and Pollard (1973). Considering
our three palygorskite samples, two of the average
chemical compositions are dioctahedral and one is in
the gap between regions of dioctahedral and triocta-
hedral (Figures 1 and 2).

Palygorskite analyses (six positive charges per half
unit cell) from Paquet ef al. (1987) show a large range
of variability (V'Mg: 0.5-1.85, VI(Al + Fe’*): 0.9-1.6)
but our data and from others (Table 8) are more limited
(V™Mg: 0.87-1.56, average 1.18; VI(Al + Fe’*): 0.82-
1.45, average 1.16).

In summary, octahedral cations fill four of the five
octahedral sites, and the average ratio Mg/(Al + Fe’*)
is close to 1 (Table 6), indicating palygorskite is an
intermediate di-trioctahedral mineral (Figures 1 and 2).

Tetrahedral substitution is very low, in general <0.5
atoms of Al + Fe** for eight tetrahedral sites. For our
samples, tetrahedral substitution is <0.3 atoms of Al
without any Fe’*. Also, in our analyses of very pure
palygorskite samples, only Si, Al, Fe, and Mg were
detected. Other cations, such as Ca, K, and Na as
found in other analyses of palygorskite, probably oc-
cur as impurities (calcite, illite) and they are not ex-
change cations, if our results are generalized. Taking

https://doi.org/10.1346/CCMN.1999.0470402 Published online by Cambridge University Press

into account our results and the above data, we pro-
pose for palygorskite the following formula instead of
that given by Drits and Sokolova (1971): Mg,R,**[]))
(Siz_ AL)O,(OH),(OH,),-R**, ,(H,0),, where x = 0-—
0.5.

In a diagram of Martin Vivaldi and Cano (1956),
palygorskite analyses are distributed around the line
intersecting the abcissa and ordinate at 0.6 (Figure 4).
In our results, they are also aligned along a straight
line with the same slope but intersecting the abcissa
and ordinate at 0.76 (Figure 3). For bulk analyses plot-
ted on this diagram, there is no apparent composition
gap between palygorskite and sepiolite (Figure 4). If
only our EDX analyses are considered, a gap can be
recognized as Martin Vivaldi and Cano originally pro-
posed. However, limits are 0.76 and 0.3 moles of MgO
per 100 g (Figure 3) instead 0.4 and 0.26 (Martin Vi-
valdi and Cano, 1956), probably because they used
bulk chemical analyses.

CONCLUSIONS

Most bulk palygorskite and sepiolite chemical ana-
lyses available in the literature are sufficiently in error
that there is an apparent variability of compositional
data that does not actually exist. Such variability is
caused by impurities that are difficult to separate and
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these admixtures are difficult to evaluate. Similar
problems occur with some chemical analyses per-
formed on individual particles by EDX. When it is
possible to concentrate palygorskite and sepiolite and
to carry out analyses of many particles, the results are
more reproducible, and the average result can be used
to represent the ““real” chemical composition.

Our results indicate that sepiolite is a true triocta-
hedral mineral that is near end-member in composi-
tion, with only negligible substitution. Sepiolite has
eight octahedral sites filled with Mg. Palygorskite is
intermediate between di- and trioctahedral phyllosili-
cates. The octahedral sheet mainly contains Mg, Al,
and Fe with a R%/R? ratio close to 1, and four of the
five octahedral sites occupied.

According to Martin Vivaldi and Cano (1956), a
compositional gap exist in Mg content between sepi-
olite and palygorskite (0.76-0.3 moles of MgO per
100 g). The possibility of octahedral sheet ‘‘continui-
ty”’ in relation to the number of vacancies, as proposed
by Martin Vivaldi and Cano (1956), should be revised
on the basis of these new crystallochemical data.
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