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ABSTRACT: Sudoite occurs as a cryptocrystalline clay in some Visean K-bentonites from 
Belgium. Usually associated with illite-smectite mixed-layers, this chlorite has been found locally as a 
monomineralic clay component of a K-bentonite bed. The mineral has a composition close to 
(A13Mg2)(Si3AI)OI0(OH)s. The cell parameters have been calculated from the diffractogram using 
the space group C2/m (a = 5.228, b = 9-056, c = 14.326 A,/3 = 97~ ', d(060) = 1.509 A). The 
polytype corresponds to a llb structure. Some hypotheses are proposed for the origin of this chlorite. 
The coexistence of sudoite and pyrite could explain why the chlorite present in Visean K-bentonites is 
not a Fe-rich species typical of diagenetic conditions, but a Fe-poor one. 

Numerous K-bentonite beds, intercalated in the Visean limestones (Upper Dinantian, 
Lower Carboniferous) of  Belgium, occur across the Namur  and Dinant synclinoria. A 
detailed investigation of  the clay fraction (<2  #m) shows the presence of ordered illite- 
smectite (I-S) mixed-layer minerals, illite (containing --3% of swelling layers, according to 
Eberl & Velde's method,  1989), kaolinite and Al-rich chlorites. Two types of Al-rich 
chlorite have been identified in these K-bentonites: sudoite and a donbassite-like mineral. 
Whereas "donbassite" has been detected only by electron microprobe analysis (this 
occurrence will be described in another paper), abundant sudoite was identified by X-ray 
diffraction (XRD).  

Aluminium-rich chlorites have been identified in many environments, namely hydrother- 
mal alteration zones, sediments, soils, veins, and low-grade metamorphic rocks. Reviews of 
these occurrences by Fransolet & Bourguignon (1978) and Percival & Kodama (1989) show 
that the species names designating these minerals were fraught with ambiguity until the 
report of the A I P E A  Nomenclature Committee (Bailey et al., 1979; Bailey, 1980a). 

Sudoite, ideally A12(Si3A1)Olo(OH)2(Mg2A1)(OH)6, is a chlorite in which the 2 : 1 layer 
is dioctahedral and the interlayer hydroxide sheet is trioctahedral (Bailey et al., 1979; 
Bailey, 1980a). In this di,trioctahedral chlorite, tetrahedral A1 is known to range from 
--0.4-1.1 atoms per formula unit, octahedral A1 from 2.5-3.4, and Mg from 1-2-2-5. Total 
octahedral occupancy ranges from 4.5-5.1 atoms per 6.0 available sites (Bailey & Lister, 
1989) (Table 1). Donbassite, a dioctahedral chlorite, is dioctahedral in both the 2 : 1 layer 
and the interlayer hydroxide sheet. For  a variable amount  (x) of  tetrahedral substitution, 
the formula can be written as A12(SiaxAlx)Olo(OH)2AI2 +x/3(OH)6. Tetrahedral A1 ranges 
from 0.6--1.3 atoms per 4-0 positions and the octahedral cation total is between 4-2 and 4-5 
atoms per 6.0 sites (Bailey & Lister, 1989). Dioctahedral and di,trioctahedral chlorites are 
characterized by an intense 003 reflection at 4-70 A and d(060) between 1-49 and 1-51 A. 

In Belgium, sudoite has been described at Ottr6 in quartz veins cross-cutting low-grade 
metapelites of  the Cambro-Tremadocian Stavelot Massif (Fransolet & Bourguignon, 1978; 
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TABLE 1. Schematic classification of the chlorite group (after Bailey 1980a,b; Bailey, 1988; Ahn & Buseck, 1988). 

Subgroup Species n(*) d(060) in/~ 

Dioctahedral chlorite donbassite: 
Ala+x/3(Si4_xAlx)Olo(OH)8 4-0--4-5 1.4%1.50 

Di,trioctahedral chlorite cookeite: 
(LiAI4)(Si3AI)OIo(OH)8 ~5.0 1.4%1.51 

sudoite: 
(AI3Mg2)(Si3AI)O10(OH)8 

Trioctahedral chlorite clinochlore: 
(MgsA1) (Si3A1)O~o(OH)8 ~6.0 1.53-1-56 

chamosite: 
(FeZs+A1)(Si3A1)OIo(OH)8 

(*) n = octahedral cation total per formula unit. 

Fransolet & Schreyer, 1984). Although the presence of sudoite associated with I-S mixed- 
layers has been noted in the Ordovician K-bentonite beds of the eastern United States 
(Weaver, 1959, 1989), the identification of sudoite in the Visean K-bentonites constitutes a 
new mode of occurrence in Belgium. 

The purpose of this paper is to describe the mineralogical properties and to discuss 
conditions of formation of sudoite in the K-bentonites of Belgium. 

G E O L O G I C A L  S E T T I N G  A N D  C L A Y  M I N E R A L O G I C A L  
C H A R A C T E R I S T I C S  OF T H E  K - B E N T O N I T E S  

The Visean limestones of the Namur and Dinant synclinoria (South of Belgium) have been 
deposited on an epicontinental platform and are mainly composed of sequential limestones 
ranging from subtidal to supratidal facies. Numerous K-bentonite beds are interbedded in 
the Middle and Upper Visean limestones (Thorez & Pirlet, 1978); they have a thickness 
varying from a few to fifty cm and are considered to be volcanic in origin. 

The K-bentonites seldom have a rnonomineralic clay composition. The clay assemblages 
are predominantly ordered I-S mixed-layers with R1 and R3 types of ordering (Sr~dofi, 
1984; Srodofi & Eberl, 1984; Moore & Reynolds, 1989) associated with Al-rich chlorite(s) 
and/or kaolinite. The proportion of expandable layers in the I-S associated with the Al-rich 
chlorite(s) usually varies from 12% (R3 ordering) to 30% (R1 ordering). Locally, sudoite 
has been found associated with an open illite. 

A detailed XRD investigation of more than three hundred samples in several areas of 
southern Belgium shows significant variations of composition: locally, the bentonitic clay 
may be a pure sudoite but, laterally and/or vertically in the same bed, it is mixed with I-S 
either as a minor or a major component. 

A K-bentonite bed of Upper Visean age (V3bo~, Cf6oL foraminifera subzone, Conil et al., 
1977), located in the quarry at Anhre (Fig. 1), is locally composed of pure sudoite. 
Laterally, an I-S may occur in small amounts. The percentage of expandable layers in the 
I-S within the underlying K-bentonite beds is N13%S (R3 ordering). In this K-bentonite, 
the sudoite is accompanied by quartz and iron oxides (goethite). Iron oxides are produced 
at the present time by weathering of the original pyrite and stain the bentonite to a tan 
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colour. Sudoite from Anh6e (sample Kb 227) has been selected for structural and chemical 
analyses. 

C R Y S T A L L O G R A P H I C  P R O P E R T I E S  

Powder method-- unit-cell parameters 

The sample Kb 227, bearing sudoite, was gently crushed and finely ground. The 
diffractogram of the bulk fraction was recorded with a Philips diffractometer using 
monochromatic Fe-Kc~ radiation, a scanning rate of 0.5 ~ 20/min, and 1~ mm-1 ~ slits. 
Quartz present in the sample was used as an internal standard. The corrected X-ray powder 
diffraction data are presented in Table 2. The relative intensities were obtained by direct 
measurements on the diffractogram using the 4-74 A reflection as 100% intensity. 
Indexation of the powder pattern in the space group C2/m is based on the data of Eggleton 
& Bailey (1967) and Fransolet & Bourguignon (1978). Both the observed intensities and the 
d(060) at 1.509 A indicate the di,trioctahedral nature of the chlorite (Table 1). The unit-cell 
dimensions, calculated with the refinement program of Appleman & Evans (1973) are: 
a = 5.228 (1), b = 9-056 (2), c = 14-326 (5) A and fl = 97000 ' (2'). 

Eggleton & Bailey (1967) determined that sudoite in the Tracy mine deposits has a IIb- 
layer polytype. Lin & Bailey (1985) confirmed the lib arrangement for the Ottr6 sudoite by 
using a single-crystal method. The grain size of sudoite from the Anh6e K-bentonite does 
not permit proper identification of the layer stacking. However, comparison of the values 
and intensities for 20/reflections with the data of Eggleton & Bailey (1967) and Bailey & 
Lister (1989) suggests that the sudoite in sample Kb 227 is also a lib-layer polytype. 
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TABLE 2. X-ray powder diffraction data for Visean sudoite. 

hkl I/Io do~(A) dcalc(A) 

001 25 14.333 
002 45 7-115 
003 100 4-739 
110 75 4.502 
004 55 3-555 
005 20 2.840 

131], 10 2.599 
2001 
131~ 
202/132 30 2-537 

201~ 75 2-498 

132~ 
205j 30 2-403 

006 15 2-362 *(1) 
202_]~ 
133J 20 2-346 

007 10 2.030 
135 25 1.988 *(2) 
206] 
135J 10 1-865 

207 15 1.705 
208"~ 
137~ 20 1.558 

331~ 40 1-509 

33_1~ 10 1-476 
333~ 
063~ 
332J 5 1.439 

0t?,10 5 1.419" 

14.219 
7.110 
4.740 
4.503 
3.555 
2-844 

t 
2-595 
2.595 
2-539 
2.539 
2-500 
2.499 
2-402 
2-403 

2.347 
2.347 
2-031 

1.867 
1.866 
.704 

1.558 
1-557 
-509 

1.509 
1.476 
1-476 
1-477 
1.438 
1.438 

Diffractogram with monochromatic Fe-K~x radiation and cor- 
rected using quartz as internal standard. 

* d values not used for indexation. 
1 Shoulder. 
2 Undetermined because of presence of quartz. 

Oriented aggregates 

The sudoite-rich sample was crushed and dispersed in distilled water.  The < 2  /~m 
fraction, separa ted  by combined sedimenta t ion and centrifugation,  was p repared  as an 
or iented aggregate by sedimenta t ion on to a slide. The diffractogram (2-30 ~ 20) was 
recorded on a Philips dif f ractometer  using monochromat ic  Cu-Kocradiat ion,  a scanning rate 
of  2 ~ 20/min, and 1~ mm-1 ~ slits. The 001 reflections, observed in the ai r -dr ied state,  do 
not shift after e thylene glycol solvation and after heating at 500~ Thus, the mineral  is not  a 
mixed-layer  chlorite mineral  or  a swelling chlorite.  In the air-dried state,  the most  intense 
reflection is the 003 whereas the 001 reflection is the weakest .  Af te r  e thylene glycol 
solvation, the relative intensities of  the 00l reflections are not  modified. Af te r  heating 
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at 500~ for 4 h, the intensities of the 00l reflections of sudoite change: the 001 reflection 
increases in intensity by a factor of five whereas the intensities of the high orders 00l 
decrease markedly. 

C R Y S T A L  C H E M I S T R Y  

Chemical composition 

Chemical analysis was performed on 0-4 g of the bulk Kb 227 sample after drying for 2 h at 

105~ A1, Ti, Fe, Ca, Mg, Mn, Li, K and Na were measured by atomic absorption using a 
Perkin Elmer  603 spectrophotometer.  Total Si, quartz content  (Dixon & Jackson, 1960), 
and loss-on-ignition were determined by gravimetry. Ferrous and ferric iron were 
determined by potentiometry using the method of Ungethtim (1965). The chemical analysis 
is presented in Table 3. 

The Kb 227 sample contains 24.11% quartz. The percentage of iron oxide corresponds to 
the difference between total Fe analysed before and after removal by Mehra & Jackson's 
method (1960) which dissolved 1.80% Fe203 which was attributed to goethite. The TiO2 
content  was assigned to anatase because although it was not detected by XRD because of its 
small amount  (0-43%), it is known to occur in other Visean K-bentonites.  

As sudoite does not theoretically contain any Ca, Na and K, these cations might indicate 

the presence of impurities in the sample, also not detectable by XRD.  Corrections to the 
analysis were made for calcite, biotite (with Mg/Fe = 1) and paragonite contaminants  
assuming a theoretical composition. 

TABLE 3. Chemical data for Anh6e sudoite (bulk rock analysis) and sudoite from Ottr6. 

(1) 
Chemical 
analysis of (2) (5) 

Kb 227 Chemical treatments (3) (4) Ottr6 

quartz goethite 
SiO2 50-07 24-11 35- 70 3.24 33.06 
A1203 24-37 33-77 3.61 35.74 
CaO 0-46 -- - - 
TiO2 0-43 -- - - 
Fe203 3-81 1.80 2.81 0.19 2.74 
FeO 0-41 0.35 0.03 0.24 
MnO 0.03 0.04 0.003 0.28 
MgO 9-57 13.26 1.79 14.09 
Na20 0-03 -- -- -- 
K20 0-07 -- -- -- 
Li20 0-04 0.06 0.02 -- 
Ign. loss. 10-62 0.20 14.00 13.85 

Total 99.91 100.00 100.00 

(1)-(2): Analyst J.-M. Speetjens. 
(3) : (2), 0-82% calcite, 0.70% biotite, 0-37% paragonite, and 0-43% anatase have been substracted from (1) 

and analysis recalculated to 100%. 
(4) : Number of cations on the basis of 28 cationic valences. 
(5) : Fransolet & Bourguignon (1978): analysis recalculated to 100%, without minor Zn, Ni and Li contents. 



288 A. Anceau 

The corrected chemical composition of the sudoite in Table 3 (3) is similar to the sudoite 
occurring in quartz veins in the Stavelot Massif (Table 3 (5), as described by Fransolet & 
Bourguignon (1978)). 

Structural formula 

The general formula for Al-rich chlorite is: (A1,Fe3+)4 y(Mg,FeZ+)x/2+3y/2(Si4_xAlx) - 

O10(OH)s, with 0 < (x + y) < 2 (Sudo & Sato, 1966). 
The structural formula for the sample from Anh6e calculated on the basis of 28 positive 

charges (Table 3) is: 3+ 2+ �9 �9 (Alz.84Mgl.y9Fe0.19Feo.03L10.o2)(S13.zaA10.76)O 10(OH)80"46H20. 
For sample Kb 227, (x + y) is 1.73; the proportion of tetrahedral Al(x) is 0-76, and the 

total trivalent cations (y) is 0.97. The total of octahedral cations per formula unit O10(OH)8 
is 4.87; this value, close to 5, confirms the identification of sudoite (Table 1). 

For the Stavelot Massif sudoite, Fransolet & Bourguignon (1978) also noted an excess of 
molecular H 2 0  , which is not due to vermiculitic layers, but strongly bound within the 
chlorite structure. Srodofi & Eberl (1984) quote similar observations for illite, in which the 
extra water is not removed by conventional drying, because it may be physically or 
chemically sorbed on crystal edges and faces, or may exist as H30  + or H20  in interlayer 
positions. 

O R I G I N  

The parent materials of the Visean K-bentonite beds were volcanic ashes deposited in a 
marine environment (Thorez & Pirlet, 1978). The volcanic material was affected by 
halmyrolysis and altered into a clayey material dominated by smectite (Weaver, 1953). 
During diagenesis, the smectite reacted to form a continuous series of I-S mixed-layers with 
an increasing proportion of I layers in response to an increasing burial depth. The basic 
reaction for the formation of diagenetic illite is (Hower et al., 1976): 

smectite + AI 3+ + K + ~ illite + S i  4 +  + (Fe z+, Mg 2+) 

(mechanism 1). Potassium and AI are provided through decomposition of biotite and K- 
feldspar, whereas the excess silica forms quartz. Chlorite can occur as a by-product of the 
reaction, incorporating Mg and Fe released from the parent smectite. 

Microscopic investigations of thin sections of the K-bentonite from Anh6e show a 
cryptocrystalline clay matrix composed of sudoite with various types of coarse particles and 
phenocrysts: mainly quartz, rare chloritized biotite (sudoite according to microprobe 
analysis) and weathered pyrite. Two different types of quartz occurs: isolated grains and 
silicified material. Typically the quartz grains show subhedral to anhedral or elongated 
acicular (splinters) crystals of volcanic origin. Silicification occurs as disseminated grains 
within the clay matrix or as elongated aggregates up to 250/~m in length. Quartz proportions 
show significant vertical and lateral variations. 

Sudoite occurring in the Visean K-bentonites as a cryptocrystalline clay matrix appeared 
either before or during burial diagenesis. Two reasonable hypotheses of formation can be 
considered: (1) transformation of a smectitic precursor (as the formation of illite in 
mechanism 1), and (2) in situ neoformation. 

(1) Structurally, the transformation of smeetite into sudoite via smectite-sudoite mixed- 
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layers requires addition of A1 and Mg and release of Si. This transformation could be 
approximated by the reaction: 

smectite + AI 3+ + Mg 2+ ~ sudoite + Si 4+ 

(mechanism 2). Comparison of the cation distribution within beidellite, montmorillonite 
and sudoite is presented in Table 4. These minerals are characterized by a dioctahedral 2 : 1 
layer. If the parent smectite is a montmorillonite, AI must be added both to the tetrahedral 
and octahedral sheets of the layer for the formation of sudoite. The negatively charged 2 : 1 
layer is further balanced by the positively charged interlayer constituted by a trioctahedral 
sheet enriched in Mg and AI. The Mg of the 2 : 1 layer of montmorillonite released during 
transformation may be located in the interlayer, but some Mg must come from another 
source. A beidellitic precursor requires less substitutions in the 2:1 layer than a 
montmorillonitic one: AI must only be added in tetrahedral position. But all the Mg in the 
interlayer of sudoite must be supplied from an external source. The silica patches observed 
in thin sections of the Anh6e K-bentonite might correspond to the excess of silica produced 
during the transformation of smectite into sudoite (mechanism 2). 

(2) Neoformation of sudoite requires solutions rich in Si, A1 and Mg but poor in Fe. These 
cations can be directly supplied by the alteration of volcanic material, by dissolution of 
smectite or another clay precursor (e.g. kaolinite), by later interstitial solutions, or by their 
combination. In this second case, authigenic sudoite grows from interstitial solutions 
migrating in the bentonite and the enclosing carbonate rocks. 

The evolution of the clay matrix into sudoite might be explained by one or the two 
combined hypotheses. For the Anh6e K-bentonite, the formation of sudoite after rare 
biotite cannot explain the origin of this abundant chlorite. 

Chemical analyses of K-bentonites containing sudoite show Mg enrichment with respect 
to I-S bentonites. Two different sources of Mg may be evoked: the bentonite and an 
external source. The Mg can: (a) result from alteration of the volcanic material and ferro- 
magnesian minerals; (b) be released during the illitization of the smectitic component; 
(c) originate from solutions present in the enclosing carbonate rocks. The fact that sudoite 
occurs only locally in some K-bentonite beds suggests either that the original ash material 
was slightly variable in composition, or that there were variations in the Mg content within 
the enclosed sediments. Differences in the permeability between the volcanic material and 
the enclosing rocks could also have influenced the circulation of Mg-rich solutions and, 
consequently, the final mineralogy of the K-bentonite beds. These differences are reflected 
by lateral and vertical variations in mineral composition. This would imply that there was 

TABLE 4. Cation distribution in sudoite and smectites. 

Sudoite Beidellite (*) Montmorillonite (*) 

Tetrahedral sheet 3Si 4+ AI 3+ (4 - x)Si 4+ xA13+ 4Si 4+ 
Octahedral sheet 4AI 3+ 4AI 3+ 2(2 - y)A13+ 2yMg 2+ 
Tetrahedral sheet 3Si 4+ A13+ (4 - x)Si 4+ xA13+ 4Si 4+ 
Interlayer 2A13+ 4Mg a+ 2xE + 2yE + 

x = tetrahedral substitution. 
y = octahedral substitution. 
E + = interlayer cation. 
(*) Brindley (1980). 
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migration of Mg as well as of K. Consequently, sudoite crystallized from either smectite or 
solutions during burial conditions with both Mg concentration and Mg/K ratio locally high. 

The presence of chlorite as a diagenetic reaction product is primarily a function of K 
content (Whitney & Northrop, 1988). For a low K content, both chlorite and quartz are 
produced in abundance from the bentonitic smectite when the latter reacts to I via an I-S 
intermediate phase (Whitney, personal communication). Secondary dolomitization is 
locally observed in the Dinantian limestones. However, the presence of sudoite is neither 
necessarily nor directly linked to the dolomitization as sudoite can be present in a bentonitic 
bed surrounded by limestone free of dolomite, or a K-bentonite without sudoite is 
interbedded in dolomitic rocks. Availability of Mg was not the unique factor that controlled 
the formation of sudoite. Circulation of Mg-rich fluids has occurred as proved by the 
presence of dolomite, but conditions for fixation of Mg in the clay minerals and limestones 
may have been different. 

In the Stavelot Massif, the pressure-temperature conditions in the shales enclosing the 
sudoite-bearing quartz veins have been estimated as 1-2 kbars and 360-400~ (Kramm, 
1980). In the Visean sediments, sudoite appears stable at lower pressure and temperature. 
Indeed, the presence of I-S with R1 and R3 ordering attests that the rocks have probably not 
been exposed to temperatures much greater than 200~ and pressures above 1 kbar. 
Furthermore, this paragenesis demonstrates that diagenetic sudoite formed at lower 
temperatures than pure illite (with 100% 10 /~ layers) (Weaver, 1989). Fransolet & 
Schreyer (1984) have experimentally calculated the stability field of sudoite in the system 
MgO-A1203-SiO2-H20 (MASH system); they suggested that sudoite may become unstable 
towards low temperatures (near 150-250~ (Fig. 7 in Fransolet & Schreyer, 1984). With 
pressure and temperature probably below 1 kbar and 200~ the sudoite in the Visean K- 
bentonite beds is located near the lower limit of the stability field of sudoite. In their 
experiments, Fransolet & Schreyer (1984) have worked with a total pressure equal to water 
pressure. During the diagenesis of Visean limestones and K-bentonites, a partial CO2 
pressure existed and influenced the evolution of the material. The influence of Pco2 on the 
appearance of sudoite in diagenetic conditions is not known, but a stabilization effect 
towards lower temperature is not impossible and could then explain the appearance and 
stability of the mineral at lower P and T conditions (Fransolet, personal communication). 
More data on the stability of sudoite in diagenetic and low-grade metamorphic conditions 
under partial carbon dioxide pressure are necessary to verify this hypothesis. 

C O E X I S T E N C E  OF  S U D O I T E  A N D  P Y R I T E  

Diagenetic pyrite in the Visean K-bentonite beds provides evidence for the presence of Fe 
in the original material. Berner (1984, 1985) summarized the conditions of pyrite formation 
in sediments. During early diagenesis, bacterial sulphate reduction in limestone produced 
H2S which reacted with Fe in the bentonites. This reaction took place below the sediment- 
water interface, and produced iron sulphides. Berner (1984) noted that total Fe in sediment 
is rarely converted to pyrite. Depending upon H2S concentrations, Fe-mineral reactivity, 
and time of reaction, the degree of pyritization of Fe never reaches 100%. In the Visean 
rocks, the formation of pyrite during early diagenesis has consumed much of the Fe in the 
bentonite and the residual Fe became available for crystallization of chlorite. As there was 
not enough Fe for the diagenetic formation of the usual Fe-rich trioctahedral chlorite, the 
clay mineral coexisting with pyrite in the K-bentonites is an Fe-poor chlorite, a sudoite. 
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C O N C L U S I O N S  

Visean K-bentonites resulted from the alteration of volcanic ash deposited in a marine 
carbonate environment .  The halmyrolytic alteration has transformed the volcanic deposit 
into a clayey material originally dominated by a smectitic component .  With increasing 

burial,  smectite was transformed into I-S mixed-layers. The chlorite present in some beds as 
a minor or a major component  of the clay matrix is a sudoite, poor in Fe, and occurring 
rarely during diagenetic conditions. The chemical composition and crystallographic 

properties of this mineral  have been determined from a K-bentonite  sample composed of 
pure sudoite. The genetic pathway of this mineral  in the Visean K-bentonites is not 
completely resolved but some hypotheses have been proposed. The formation of sudoite, 
and not of a Fe-rich chlorite as usually found through diagenesis, could be related to an 
early pyrite which crystallized before sudoite. On the other hand,  the association of sudoite 

and of an ordered I-S in the same bed suggests that sudoite is stable at P, T conditions lower 
than those characteristic for the development of a pure illite (with 100% 10 .~ layers) i.e. 

before low-grade metamorphic conditions were reached. 
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