
Clays and Clay Minerals, Vol. 30, No. 3,207-214, 1982. 

TRANSFORMATION OF IRON-BEARING KAOLINITE TO 
IRON-FREE KAOLINITE, GOETHITE, AND HEMATITE 
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Abstract--Ferruginous clay partings in limestones of the marine, largely evaporitic, Upper Triassic Mohila 
Formation (Makhtesh Ramon, Israel) contain hexagonal plates and cube-like bodies up to one millimeter 
across. Analyses by electron microscopy, infrared and Mrssbauer spectroscopy, and X-ray powder dif- 
fraction indicate that the matrix contains Fe-rich anhedral kaolinite, up to 100/zm in size; the hexagonal 
plates are composed of euhedral, Fe-free kaolinite covered with well-developed acicular goethite and platy 
hematite (0.5 to 2/zm in size), and the cubes consist of fine-grained goethite with minor amounts of kaolinite. 
The anhedral kaolinite appears to be detrital, the hexagonal plates to be authigenic, and the cubes to be 
pseudomorphs after pyrite. Oxidation appears to have altered Fe-rich kaolinite and pyrite to Fe-free ka- 
olinite, goethite, and hematite and was accompanied by recrystallization and pseudomorphic replacement. 
The alteration process was slow and was probably induced by a small increase in pH and in the Al/Fe ratio, 
resulting from oxidation of reduced components (pyrite, ferrous carbonate, organic matter) in a semiclosed, 
sediment-mud system. Overlying kaolinitic flint clay deposits may be the final product of a similar process. 
Key Words--Goethite, Hematite, Iron, Kaolinite, Mrssbauer spectroscopy, Oxidation, Pseudomorphism. 

INTRODUCTION 

Kaolinite is a common product of the weathering and 
degradation of feldspars and other aluminosilicates, 
occasionally proceeding to aluminum oxides and hy- 
droxides (see, e.g., Grim, 1968). The process involves 
removal of different cations and concomitant enrich- 
ment of the product in A1. Fe may be leached from the 
kaolinite and precipitated as an oxide or oxyhydroxide. 
The laminated limestones of the Late Triassic Mohila 
Formation (Makhtesh Ramon, Israel) are interbedded 
with dolomite, gypsum, and some illite, kaolinite 
(mostly Fe-rich), and mixed-layer clay. They contain 
rare aggregates, up to a few centimeters across, of 
cubes of iron oxide, pseudomorphous after pyrite. This 
formation shows a lateral and vertical diversity of li- 
thologies marking a transition between inner marine la- 
goons to salt marshes that were occasionally under al- 
ternating reducing and oxidizing conditions (Zak, 
1981). It is overlain, and in places merges and interfin- 
gers laterally with lateritic and bauxitic clays and flint 
clays of the uppermost Mohila, Mish'hor, and Ardon 
Formations, which contain kaolinite and boehmite and 
some goethite, hematite, diaspore, anatase, and rutile 
(Slatkine and Heller, 1961; Rozenson e t  al . ,  1980). 
Goldberg and Friedman (1974) and Goldbery (1979) 
suggested that the Mish'hor flint clays were formed 
during a period of emergence, through weathering in 
the vadose zone, and that in part they were transported 
and redeposited as continuous beds. 

The present study intends to clarify by M6ssbaner 
spectroscopy and scanning electron microscopy the 
characteristics and the genetic relationship between 
Fe-rich kaolinite, Fe-free kaolinite and iron oxides and 
oxyhydroxides present in the limestones of the Mohila 

Formation, a relation that is important for understand- 
ing the formation of the flint clay deposits in the area. 

EXPERIMENTAL 

Samples of the Mohila laminated limestones contain- 
ing about 98% calcite, were dissolved in 2 M HCI at 
room temperature. After rinsing with double distilled 
water, the residue was dried. This process was repeated 
until no trace of calcite was detected by X-ray powder 
diffraction (XRD) nor by the infrared (IR) absorption 
at 1430 cm -1. The residue (see Results) was found to 
consist of a matrix of Fe-rich anhedral kaolinite, with 
embedded hexagonal plates and cubes, which were 
hand picked under the binocular microscope. 

An IR examination between 4000 and 600 cm -1 was 
performed with a Perkin Elmer 237 spectrophotometer 
using KBr disks dried at 110~ for 24 hr. To estimate 
the relative amount of goethite and kaolinite, a calibra- 
tion curve was constructed from spectra of mixtures of 
goethite (Hebrew University; HU-736) and kaolinite 
(from Georgia; Ward's Natural Science Establishment, 
Rochester, New York), in ratios ranging from 1:1 to 
50:1. IR bands used for quantitative determinations 
were 1000 cm -~ for kaolinite and 810 cm -1 for goethite. 
XRD analysis was performed on the clay fraction (pre- 
ferred orientation). The separated fractions (hexagonal 
plates and cubes) were analyzed by scanning electron 
microscopy (SEM) using a Cambridge $4 instrument 
coupled with a Link nondispersive X-ray analyzer. 

MSssbauer spectra were measured at room temper- 
ature in the velocity range - 1 0  to + 10 mm/sec, and 
detailed analysis was carried out also in the velocity 
range - 4  to +4 mm/sec. Spectra of the hexagonal plates 
were also recorded at liquid air temperature (90~ The 
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Figure 1. Scanning electron micrograph of hexagonal plates 
of kaolinite covered with goethite and hematite, and cubes of 
goethite clusters, pseudomorphous after pyrite. Scale bar = 
200/zm. 

analytical procedure was described by Rozenson et al. 
(1979). The spectra of samples containing magnetic 
fractions at room temperature (hexagonal plates and 
cubes) were assigned by fitting to a central doublet and 
a split 6-line spectrum. The fitting was satisfactory for 
the cubes (giving X 2 = 250 for 200 channels). The spec- 
tra of the hexagonal plates corresponded well with a 
central doublet and two split 6-line sub spectra (X 2 = 

Figure 2. Scanning electron micrograph of kaolinite pseu- 
dohexagons covered with goethite and hematite (higher mag- 
nifications in Figures 3 to 5). Scale bar = 50/zm. 

Figure 3. Scanning electron micrograph of acicular and 
blade-like goethite (g) and platelets of hematite (h) covering 
euhedral kaolinite (k). Scale bar = 2/xm. 

236). The anhedral clay fraction was fitted to a single 
doublet (X 2 = 225), and although the line width was 
comparatively large, the addition of a doublet did not 
improve the fitting or the X 2 value. 

Solubility curves were calculated and drawn accord- 
ing to the procedure of La Iglesia and Van Oosterwyck- 
Gastuche (1978) for the species AI(OH)3 ~ AI(OH)4 , 
AI(OH)2 +, AI(OH) 2+, and AP + for Al-kaolinite and the 
species Fe(OH)4-, Fe(OH)3 ~ Fe(OH)2 + , Fe(OH) 2+ , and 
Fe 3+ for Fe3+-kaolinite. The free energy of the hypo- 
thetical species Si4Fe43+O10(OH)4 was calculated ac- 
cording to the method of Tardy and Garrels (1974), 
because no experimental free energy data for Fe 3+- 
kaolinite were available. 

RESULTS 

The constituents of the clay partings, determined by 
the various methods and described in the following, in- 
clude: anhedrai, Fe-rich kaolinite, which constitutes 
the matrix fraction; hexagonal plates, consisting of Fe- 
free kaolinite with acicular goethite and platelets of he- 
matite; and cubes composed of closely packed mass of 
very fine goethite. 

Texture and morphology 

The matrix fraction consists of anhedral clay grains, 
a few tens to about 100/xm across, showing abraded 
surfaces. The hexagonal plates and cubes are from a 
few hundred micrometers to somewhat more than one 
thousand micrometers across (Figures 1 and 2). They 
occur in about equal amount and constitute 10-25% of 
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Figure 4. Scanning electron micrograph of acicular goethite 
crystals. Scale bar = 1/zm. 

the partings, by weight. Under high magnification the 
hexagonal plates appear  to consist of smaller plates, in 
a closely packed arrangement. The plates are lined with 
clusters of needle- or blade-like crystals, 1-2/zm long 
and 0.1 ~m broad (Figures 3-5). These acicular crystals 
locally occur together with small platelets, 0.5-2.0/~m 
in size (Figures 3 and 5), similar to those that make up 
the large hexagonal plates but considerably smaller. 
The acicular crystals resemble artificially precipitated 
goethite, whereas the small platelets resemble hematite 
(Atkinson et al., 1977). Neither was observed on the 
anhedral clay grains. The cubes have e tched surfaces 
and consist of very fine crystals (goethite) packed in 
massive bands (Figure 6), probably following the rect- 
angular etch pattern of the pyrite that they replaced. 

X-ray powder diffraction, infrared spectra and 
nondispersive X-ray analyses 

The matrix fraction insoluble in dilute HC1 gave rise 
to IR spectra of well-ordered kaolinite (as defined by 
Parker,  1969). The IR spectra of separated, hand- 
picked grains of  hexagonal plates and cubes showed 
absorption of well-ordered kaolinite and bands at 890 
cm -1 and 790 cm 1, characteristic of Al-free goethite 
(Mendelovici et al., 1979). The goethite to kaolinite ra- 
tio in the hexagonal plates and cubes (estimated from 
IR spectra of artificial mixtures) is 10:1 and 50:1, re- 
spectively. Kaolinite seems thus to be the second major 
constituent of the hexagonal plates; in the cubes it is 
present  as an impurity. XRD patterns of the plates and 
cubes showed well-crystallized kaolinite (though with 
less intense peaks for the cubes), but the patterns of 
iron oxides were poor probably due to low crystallinity 

Figure 5. Scanning electron micrograph of platelets of he- 
matite (h) and acicular goethite (g). Scale bar = 1/xm. 

(Mendelovici et al., 1979). Quantitative estimation of 
the phases is therefore based on IR spectra alone. By 
means of nondispersive X-ray analysis, the anhedral 
kaolinite was found to consist of Fe,  Si, and A1 in ap- 
proximately constant ratio. The same constituents, but 
with variable Fe,  were recorded for the hexagonal 
plates. Only Fe was found in the acicular (goethite) 
crystals and the small (hematite) platelets. 

Figure 6. Scanning electron micrograph of acicular goethite 
(g) densely packed in rectangular, etched bands, in a cube 
pseudomorphous after pyrite. Scale bar = 1/xm. 
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Figure 7. M/issbauer spectra taken at room temperature in 
the velocity range -4.0 to +4.0 mngsec. (a) anhedral kaolinite; 
(b) hexagonal plates; (c) cubes. A and B -- central doublets 
of Fe a+ in kaolinite and in fine-grained superparamagnetic 
phase, respectively; C and D = central lines of 6-line spectra 
of Fe 3+ in hematite and in goethite, respectively. 

MOssbauer spectra 

Mtssbauer  spectra of the anhedral clay fraction and 
separated hexagonal plates and cubes revealed phases 
containing Fe 3+ and no high-spin Fe z+ (Table 1 and Fig- 
ure 7). In these fractions Fe  z+ may occur in: (1) octa- 
hedral sites of kaolinite, (2) crystalline oxides and 
oxyhydroxides,  and (3) very fine-grained iron oxides or 
oxyhydroxides which show superparamagnetic behav- 
ior. These phases have characteristic Mtssbauer  pa- 
rameters which permit  their identification and the es- 
timation of their relative abundance, assuming similar 
free recoil fractions for all phases. To establish the pa- 
rameters of the central doublet, spectra were measured 
between - 1 0  and + 10 mm/sec, and also between - 4  
and +4 mm/sec. 

Hexagonal plates. The spectrum obtained from the 
hexagonal plates (Figure 7b shows its central lines) may 
be resolved into three subspectra: (1) a six-line spec- 
trum of Al-free goethite (D in Figure 7b) characterized 

by Hen of  370 kOe and 500 kOe at room temperature 
and 90~ respectively (Hogg et al., 1975; Kodama et 
al., 1977); (2) a six-line spectrum of hematite (central 
lines, C in Figure 7b) having an lien of 520 kOe and of 
555 kOe at room temperature and 90~ respectively; 
and (3) a central doublet (B in Figure 7b) which shows 
a QS of 0.51 mm/sec at room temperature. This central 
doublet may be identified with three possible phases: 
Fez + in kaolinite; Fez + in paramagnetic crystalline ox- 
ides and oxyhydroxides (such as lepidocrocite and fer- 
rihydrite); and with fine-grained superparamagnetic 
phases of Fez § oxides and hydroxides. An indication 
for a very fine-grained superparamagnetic phase is the 
disappearance of the central doublet in a room temper- 
ature spectrum after treating the sample with a 2 M HC1 
solution (cf. Spiro and Rozenson, 1980). This central 
doublet almost completely disappears at 90~ (indicat- 
ing the absence of paramagnetic crystalline oxides and 
oxyhydroxides;  Kodama et al., 1977), whereas the in- 
tensity of the 6-line spectrum of goethite increases, an 
indication of a crystal size of about 100/~ (Kiindig et 
al., 1966). These data also show that no Fe z+ is con- 
tained in the kaolinite. It is therefore concluded that the 
hexagonal platy kaolinite does not contain structural 
iron and that the superparamagnetic behavior of finely 
crystalline goethite gave rise to a doublet at room tem- 
perature. 

Cubes. The dominant component of the Mtssbaner  
spectrum of the cubes is a 6-line spectrum of goethite 
(the four central lines are shown in D, Figure 7c) with 
an Heer of 370 kOe at room temperature. A small central 
doublet (B in Figure 7c) indicates the presence of as- 
sociated fine-grained oxides (kaolinite is only a minor 
constitutent, as indicated by the IR sepctra, and thus 
Fez + in kaolinite may at most make a minor contribution 
to the Miissbauer spectrum of this fraction). 

Anhedral, Fe-rieh kaolinite. A central doublet with pa- 
rameters characteristic of structural Fe  3+ in kaolinite 
(Rozenson et al., 1979) is the main feature of the spec- 
trum of anhedral, Fe-rich kaolinite (Table 1 and A in 
Figure 7a). The total area of the spectrum (Spiro and 
Rozenson, 1980) indicates a content of about 10% 
Fe203. To estimate the amount of surficial fine-grained 
iron oxide which may contribute to this doublet,  the 
kaolinite was treated with 2 M HC1 at room temperature 
for 24 hr, a treatment which should have removed any 
adsorbed, finely crystalline, noncrystalline iron oxides 
and oxyhydroxides (Spiro and Rozenson, 1980). No 
decrease in the total area was recorded following this 
treatment, indicating that no finely crystalline iron ox- 
ides (such as that in the hexagonal plates and cubes) is 
associated with the anhedral kaolinite, and that the Fe  ~+ 
is structural. This conclusion agrees with the finding 
that no significant variations of the Fe:Si:A1 ratios were 
recorded by the nondispersive X-ray analyzer from 
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Table 1. Mbssbauer parameters of the anhedral kaolinite, hexagonal plates, and cubes. 

2 1 1  

Fe  a+ in goethi te  Fe  a+ in hemat i te  Fez + central  double t  

Temp.  Fe  a+ Fe  a+ Fe  z+ 
Sample  ~ IS QS H~ff (%) IS QS  He .  (%) IS QS  F (%) 

Hexagonal plates 298 0.65 -0.40 320 60 0.65 0.51 520 20 0.48 0.50 0.55 20 
Hexagonal plates 90 0.75 -0.30 500 80 0.50 -0.60 555 20 . . . .  
Cubes 298 0.63 -0.45 365 70 . . . .  0.47 0.49 0.60 30 
Anhedral kaolin- 

ite 298 . . . . . . . .  0.33 0.62 0.43 100 
Anhedral kaolin- 

ite (2 M HC1) 298 . . . . . . . .  0.33 0.62 0.43 100 

IS = isomer shift relative to Fe metal at room temperature; QS = quadrupole splitting; F = line width; all in mm/sec. 
H,tf = effective magnetic field (kOe); Fe 3+ (%) = weight percent of total Fe z+. Errors for IS, QS, and F are _+0.03 mm/sec; 
error for Hen is _+2 kOe, and for Fe a+ (%) is _+4%. 

grain surfaces and cleavage planes of several anhedral 
kaolinite particles in treated and untreated samples. 
The line widths given by the magnetic phases are some- 
what large (0.50-0.55 mm/sec) which may be due to 
structural imperfections (Murad, 1979). 

DISCUSSION 

Relat ions between mineral  phases  

The euhedral form of the kaolinite in the hexagonal 
plates, their large crystal size, their well-developed 
crystallinity (as inferred from SEM and IR spectra), and 
their Fe-free composition (as inferred from Mtssbauer  
spectra) point to an authigenic origin. It seems unlikely 
that detrital kaolinite could preserve such large size and 
perfect morphology. These features are also character- 
istic of the kaolinite in the flint clay overlying the lime- 
stone of the Mohila Formation (Slatkine and Heller, 
1961; Bentor, 1966; L. Heller-Kallai,  Department of 
Geology, The Hebrew University,  Jerusalem, Israel, 
unpublished data). The well-developed needles and 
blades of goethite associated with the Fe-free kaolinite 
in the hexagonal plates differ from goethite and other 
oxides and oxyhydroxides that commonly occur as 
poorly developed coatings on mineral grains (e.g., 
those in the overlying Ardon Formation; Rozenson et 
al., 1980). They resemble, however,  goethite crystals 
grown by ageing of noncrystalline iron oxides (Atkin- 
son et al., 1977). I t  is significant that the crystalline goe- 
thite and hematite occur exclusively on the authigenic, 
Fe-free kaolinite and not on the anhedral, Fe-rich ka- 
olinite. 

The morphology of the kaolinite and goethite and the 
chemical composition of the kaolinite suggest a process 
of recrystallization resulting on the one hand in euhe- 
dral, hexagonal, Fe-depleted kaolinite and the deposi- 
tion of the Fe  derived from the kaolinite as crystalline 
goethite and hematite on the other. The crystalline iron 
oxide associated with the euhedral kaolinite consists of 
three phases--superparamagnet ic ,  fine-grained goe- 
thite, and well-developed goethite and hemat i te - -as  

defined by Mbssbauer spectroscopy and by SEM. Al- 
though its relative stability is somewhat obscure, it 
seems that the surface of the Fe-free kaolinite acts as 
a substrate for the following stepwise or simultaneous 
reactions: fine grained iron oxides and hydroxides 
goethite ~ hematite, as also suggested by the textural 
growth relationship shown in platelets of hematite 
hanging on needle- or blade-like goethite, which is root- 
ed on kaolinite plates (Figures 3 and 5). It seems that 
much of the Fe associated with the hexagonal plates 
originated from the Fe-rich kaolinite. The occurrence 
of goethite pseudomorphous after pyrite is ubiquitous 
(see, e.g., Berry and Mason, 1959). In the present  sam- 
ples the cubic morphology preserved in the mass of tiny 
goethite crystals of the formation investigated may be 
related to pyrite cubes of similar dimensions found 
somewhat lower in the section, and to aggregates of 
cube pseudomorphs,  a few centimeters across, found 
scattered in the section (Zak, 1981). 

Mechan i sm  

The morphology described above suggests a replace- 
ment mechanism, whereby Fe-rich kaolinite and pyrite 
are replaced by goethite and hematite, in a manner that 
resembles pseudomorphism. The kaolinite replace- 
ment is associated with recrystallization as revealed by 
its Fe-free chemical composition and its well-devel- 
oped crystallinity and morphology. These processes 
are apparently sequential. The question arises as to 
why only one type of kaolinite recrystallized while the 
other in the immediate vicinity and exposed to the same 
conditions did not. The Fe  content of the kaolinite may 
be a decisive factor. This suggestion is supported by 
probably analogous mineralogical features in the Ardon 
Formation, where similar mineral assemblages, also in- 
cluding Fe-rich kaolinite (approximately 0.4 Fe  per for- 
mula unit, i.e., 11% Fe203) occur in a succession of 
progressive stages of decomposition (Rozenson et al., 
1980). Fe-rich kaolinite may react according to the fol- 
lowing scheme: FeZ+-kaolinite--+ Fe~+-oxides + Al-ka- 
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Figure 8. Stability diagram of FeZ+-kaolinite and Al-kaolin- 
ite. SSD = degree of solubility, the activity product of soluble 
silicon species and aluminum or iron species (species are listed 
in the text). SSD = -log[H4SiO4l [sp AI; sp Fe]. 

olinite + silica and alumina residue. A strictly ther- 
modynamic explanation is not straightforward, therefore 
the stability diagram of Fe3§ and Al-kaolinite 
(Figure 8) was calculated to determine the conditions 
under which these phases are stable (see above). I t  
seems that a change in conditions may have caused the 
reaction, which affected only the Fe-rich kaolinite. The 
process may be described as an extraction of Fe from 
this mineral. Figure 8 shows that because Al-kaolinite 
is more soluble than Fe 3+-kaolinite, conversion of Fe  3+- 
kaolinite to Al-kaolinite implies a higher than critical 
AI/Fe ratio in the pore solution, at a limiting pH. The 
critical AI/Fe ratio is difficult to calculate because ther- 
modynamic data are sparse. The data on Ai/Fe ratios 
in seawater or formation water are not useful because 
A1 and Fe may be present in metastable (colloidal) 
forms. Iron oxides are insoluble in this pH range and 
would precipitate. Thus, the reaction is not an equilib- 
rium reaction, but, beyond a threshold, the removal of 
Fe from the solution caused the reaction to proceed. 
The well-developed euhedral crystals of kaolinite, goe- 
thite, and hematite point to a slow reaction. The change 
in pH is probably of subordinate importance, but  may 
be related to the input of land-derived, Fe-rich kaolinite 
of soil or lateritic origin into marine carbonate environ- 
ments, or to later stages of diagenesis. The Fe-poor  
kaolinite did not undergo this reaction. 

The Fe/A1 ratio in the hexagonal plates is not the 
same as that in the original kaolinite (see above). The 
recrystallization process probably took place in an 

open system, and the excess solublized AI could have 
been incorporated in goethite. However,  the associated 
goethite contains no appreciable amounts of AI, which 
apparently was removed and may have precipitated 
elsewhere. This scheme may apply to sequences of Fe- 
rich kaolinite and Al-kaolinite associated with iron ox- 
ides and bauxites representing the result of extreme 
leaching. Such sequences are found in the laterally oc- 
curring and overlying iron clays and flint clays of the 
Mohila, Mish'hor,  and Ardon Formations.  

The occurrence of goethite (with no hematite) as 
pseudomorphs after pyrite in the upper part  of the Mo- 
hila limestones does not seem to be directly related to 
the process affecting the Fe-rich kaolinite, but is re- 
garded as indicating a change to oxidizing conditions. 
The occurrence of laterally developed pockets of flint 
clay within and overlying an irregularly dissolved sur- 
face in the upper Mohila limestones and dolomites 
points to a karst-like process.  Similarly, the recurrence 
of clay partings within the limestone beds mark epi- 
sodes of dissolution or hindered precipitation of car- 
bonates. Slow reactions and recurring changes of pH 
and redox potential,  however,  seem to favor a disso- 
lution process with little transfer of water. Such a pro- 
cess would require acids more concentrated than bi- 
carbonate, which may be produced by oxidation of  
pyrite to goethite in these rocks,  as well as by oxidation 
of organic matter and ferrous carbonate found in the 
vicinity, probably in an environment of stagnant, ma- 
rine salt marshes. 

CONCLUSIONS 

Euhedral, pseudohexagonal,  Fe-depleted kaolinite in 
clayey partings within the limestones of the upper part 
of the Mohila Formation were formed by the recrys- 
tallization of anhedral, Fe-rich kaolinite, a process that 
also led to the deposition of the extracted Fe as well- 
developed acicular goethite and platy hematite and to 
the removal of alumina and silica residue. This reaction 
involves solutions having an A1/Fe ratio higher than a 
threshold ratio along with a slight increase in pH, as 
derived from stability diagrams of these phases. As- 
sociated cubes,  consisting of fine-grained goethite 
pseudomorphous after pyrite, indicate a change from 
reducing to oxidizing conditions. The ratio of goethite 
and hematite to kaolinite in this assemblage is too high 
to be compatible with a closed system; the alumina re- 
moved was probably deposited in the laterally occur- 
ring and overlying flint clay pockets and beds. The re- 
currence of these clayey partings (and also beds,  in the 
overlying section) indicates a transient physicochemi- 
cal environment. A process of slow alteration is envis- 
aged, induced by the oxidation of reduced components 
(pyrite, ferrous carbonate,  organic matter) through 
lowering of the oxidation/reduction interface, in a semi- 
closed sediment-mud system, in accordance with a salt 
marsh environment. 
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Pe3loMe--B MOpCKtlX xeMoreHnblX n3BeCTHflKaX CBHTbl MoxnJ~a (nepxHn~ TpHac p-Ha MaxTem eaMon, 
I/I3panYib) BCTpeqaIOTCfl TOHKI4e 060ra~ennb~e z<eJ~e30M r~nHnCTbie npocJIofit<i4, co~Iep:4~aII[ne rercaro- 
Ha~bHbIe rIJIacTnHKI4 n Ky6uKn pa3MepOM ~O 1 MM. ~JIeI<TponHaa MHKpOCKOHn~, nHqbpaKpacHa~l tl 
Mocca6ay3poBcKas ctIeKTpOCKOnH~ rl peHTFeHOBCKa~I ~MqbpaKTOMeTpn~l HO3BO.rIH3IM yCTaHOBiITb, qTO 
BMetualott[afl nopo~Ia COCTOHT U3 KCeHOMOp~HbIX qacTmI 3KeJle3ncToro Kao~rmnTa pa3MepoM ~0 100 p~M. 
FeKCarOHaJIbHbIe nJIaCTI4HKtl c~o>Kenbi I/UlnoMopqbHblM ~e3)KeJIe3HCTbIM KaoJn4HHTOM. I]JIaCTHHKtI 
noKphITbI xopomo oKpncTa~n3oBauUb1MU nro/IbqaTbtMn arperaTaMn reTnTa n nJmcTnuqaToro reMaTnTa 
pa3MepoM 0,5 - 2,0/zM. Ky6nKn co~Iep~<aT TOHKO3epm4CTbI~ reTnT co cne~aMa KaoJmnnTa. KceuoMo- 
pqbHblfi KaOhUHnT no-Bn~lnMoay aB~fleTCn 06.rIOMOtIHIaIM, reKcaroHa~bHbie u/lacTnHKn---ayTnrenubie. 
Ky6rmn npe~cTaaJInmT c060fi ncen~IoMopqbo3bl rio nnpnTy. B pe3ynbTaTe oKncnenna 3KeJ~e3HCTbIfi 
Kaonnnnx n nnpnT ~bIJlH npeo6pa30Banbl B 6e3~e~e3UCTblfi KaonnunT, rexnT n reMaTnT. ~)TOT npouecc 
conpoBo~r,~aJIC~l uepeKpncTaJlJIII3aI[ne~l H HCeB)IOMopqbM3MOM. I'[pollecc 3aMetuenI4~I 6bIJI Me~JIeHHbIM H 
Bepo~ITHO ~bIJl BbI3BaH He60.rlbLLIHM yBeJinqeHi4eM pH n OTnOmeHn~l A1/Fe KaK pe3yJIbTaT OKHCJIeHII$1 
unpnTa, )KeJie3ncTbiX Kap~OHaTOB H opraHttqecKoro Bel/IeCTBa B no~y3aMKHyTO~I CHCTeMe pbIXJIOFO I4JIa. 
3anera~otqne Bblme riO pa3pe3y cJmn KaoJn4HOBbIX orneynopnb~x rJinn aoauomno aB~IamTCa Koneqnb~M 
npo~yKTOM aHanornqrmro npouecca. [A. Cohen] 
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Resiimee---Eisenhaltige Tonanteile in Kalken der marinen, haupts~ichlich evaporitischen, obertriassischen 
Mohila Formation (Makhtesh Ramon, Israel) enthalten hexagonale Pfftttchen und w/irfelfi~rmige Teilchen 
bis zu einern Millimeter Durchmesser. Untersuchungen mittels Elektronenmikroskop, Infrarot- und Mrss- 
bauerspektroskopie sowie R/Sntgenpulverdiffraktometrie deuten darauf hin, dab die Matrix Fe-reichen, 
xenomorphen, bis zu 100/xm groBen Kaolinit enthSJt; die hexagonalen Pl~ittchen sind idiomorphe Fe-freie 
Kaolinite, die mit gut kristallisiertem nadelf/~rmigem Goethit, und plSttchenf/~rmigem Haematit (0,5 bis 2 
/xm grofS) umgeben sind. Die Wfiffel bestehen aus feinkrrnigem Goethit mit geringen Anteilen von Kaolinit. 
Die xenomorphen Kaolinite scheinen detritisch zu sein, die hexagonalen Kaolinite authigen und die W/irfel 
d/irften Pseudomorphosen nach Pyrit darstellen. Durch Oxidation scheint der Fe-reiche Kaolinit und der 
Pyrit in Fe-freien Kaolinit, Goethit, und Haematit umgewandelt worden zu sein, wobei es gleichzeitig zur 
Rekristallisation und zur Bildung von Pseudomorphosen kam. Der Umwandlungsprozel3 ging langsam vor 
sich und wurde wahrscheinlich durch eine kleine ErhShung des pH-Wertes und des Al/Fe-Verhiiltnisses 
verursacht, was aus der Oxidation der reduzierten Komponenten (Pyrit, Fe-haltige Karbonate, organisches 
Material) in einem halbgeschlossenen Sediment-Schlamm-System resultierte. Die/iberlagernden kaolini- 
tischen Flintclay-Lagerst~itten krnnten das Endprodukt eines ~ihnlichen Prozesses sein. [U.W.] 

R&aumg---Des lamines d'argiles ferrugineuses dans les calcaires de la formation Mohila, marine et en 
grande pattie 6vaporitique du Triassique Superieur (Makhtesh Ramon, Israel) contiennent des plaques hex- 
agonales et des cubes mesurant jusqu'~t un millim6tre de large. Des analyses par microscopie 61ec- 
tronique, par spectroscopie infrarouge et de Mossbauer, et par diffraction des rayons-X indiquent 
que la matrice contient de la kaolinite anh6drale fiche en Fe mesurant jusqu'h 100 /zm; les plaques 
hexagonales sons composres de kaolinite euhrdrale sans Fe couverte de goethite aciculaire bien drvelopre 
et d 'hrmatite en plaquettes (mesurant de 0,5 ~t 2 txm), et les cubes consistent de goethite ~t fins grains avec 
des quantitrs moindres de kaolinite. La kaolinite anhrdrale semble ~tre detritique, les plaques hexagonales 
authigrniques, et les cubes semblent ~tre des pseudomorphes aprrs la pyrite. L'oxidation semble avoir 
altrr6 la kaolinite riche en F e e t  la pyrite en kaolinite sans Fe, goethite et hrmatite, et avoir 6t6 accom- 
pagnre d'une recristallisation et d 'un remplacement pseudomorphique. Le procrd6 d'altrration 6tait lent et 
a 6t6 probablement induit par une faible augmentation du pH et de la proportion AI/Fe rrsultant de 
l'oxidation de composants rrduits (pyrite, carbonate ferreux, mati~re organique) dans un syst~me srdi- 
ment-boue miconfin6. Des drpr ts  susjacents de "f in t -c lay"  kaolinitiques pourraient ~tre les produits 
finaux d'un procrd6 semblable. [D.J.] 
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