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ORIGIN OF BERTHIERINE IN IRONSTONES

DeBA P. BHATTACHARYYA
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St. Louis, Missouri 63130

Abstract—To test the hypothesis that berthierine in oolitic ironstones formed by diagenetic transformation
of detrital kaolinite, laboratory experiments simulating the early diagenetic conditions were conducted.
Representative sets of the initial sediment were prepared in distilled water and artificial seawater suspen-
sions by mixing 4-13 g/liter kaolinite with Fe{(OH); precipitated from 0.1-0.3 M FeCl, solutions. Na,S,0,
was added to the suspensions as a reducing agent, and inert N, atmospheres were used to maintain the
required Eh between +100 and —400 mV. The pH of the suspensions was controlled between 8 and 5 with
dilute HC1. Within 300 days, the iron content of the bulk kaolinite in the seawater suspensions progressively
increased from 0.18 to 2.44% at pH = 7 and Eh between —250 and —350 mV. Energy dispersive X-ray
analyses of individual clay platelets in the final products showed progressive, temporal increase in Fe, and
concomitant decrease in Al and Si. X-ray powder diffractometry revealed small d(001)-d(002) shifts, marked
intensity reversals of (001) and (002) reflections, and the development of additional characteristic berthier-
ine reflections with time. These data suggest progressive transformation of kaolinite to berthierine. Mi-
croprobe analyses of natural berthierine in oolitic ironstones also showed parallel patterns, which sub-
stantiate such progressive transformation from the margin toward the core of the ooids. The transformation
did not take place in distilled water. The addition of Mg?*+ to the distilled water suspensions, however,

promoted the transformation.
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INTRODUCTION

Berthierine (formerly chamosite) is a trioctahedral
ferriferrous clay mineral with the general composition
Y:Z,0,0(OH)g, (Y = Fe?*, Mg, Fe®*, Al; Z = Si, Al,
Fe?*), similar to chlorite but structurally related to ser-
pentine in having 7-A basal spacing (Brindley, 1982). It
is ubiquitous in Phanerozoic oolitic ironstones (James,
1966; Kimberley, 1979) including ferruginous fecal pel-
lets and proto-ooids in Recent coastal sediments (Por-
renga, 1967; Rohrlich et al., 1969; Giresse and Odin,
1973; Allen et al., 1979).

The dominant ferrous chemistry of berthierine (Table
1) and its restricted occurrence in Phanerozic oolitic
ironstones have been the focus of several investigations
on the origin of these ironstones (Taylor, 1951; James,
1966; Schellmann, 1969; Karpov et al., 1967; Bubeni-
cek, 1971; Kimberley, 1980). Genetic discussions are
generally divided between the possibility of primary
chemical precipitation and of diagenetic replacement
modes of formation. It has been demonstrated that pri-
mary precipitation of a ferrous mineral like berthierine
from shallow, well-oxygenated surface waters is un-
likely (Curtis and Spears, 1968; Crerar et al., 1979),
particularly in the light of fluctuating Eh, pH, and so-
lution composition necessary for the precipitation of
ferric oxide and ferrous silicate in alternate sheaths such
as are commonly found in ferriferrous ooids. More-
over, concentrations of dissolved aluminum in fresh and
seawaters at 0.001 ppm (Sacket and Arrhenius, 1962)
and 0.3 ppm (Beck et al., 1974), respectively, appar-
ently are too low for the extensive berthierine precip-
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itation needed to produce the oolitic iron formations
(Kimberley, 1979). Most of the field and laboratory ob-
servations, on the other hand, suggest diagenetic origins,
such as (1) dissolution of argillaceous sediments and re-
precipitation (i.e., neoformation) as berthierine (Lit-
vinenko, 1958 in Sokolova, 1964); (2) crystallization from
noncrystalline SiO,-Al(OH);-Fe(OH); precipitates un-
der reducing conditions (Cailléere and Hénin, 1960;
Bubenicek, 1971; Harder, 1978); (3) replacement of cal-
careous oolites (Kimberley, 1979, 1980), and (4) trans-
formation of detrital kaolinite (Karpov et al., 1967
Schellmann, 1969; Velde, 1977, Bhattacharyya, 1980;
Tijima and Matsumoto, 1982).

Neoformation may contribute, in part, to the ber-
thierine content of ironstones as pore-filling cement by
processes (1) or (2), or a combination thereof. Berthier-
ine in ooids could not have been formed by such a pro-
cess, however, because neoformation would require the
in situ formation of ooids. Geological evidence, such as
cross bedding and sorting within the oolitic ironstones
and ooid-filled burrows in the underlying sediments, in-
dicate that the ooids had already formed prior to their
deposition as oolitic ironstone (Bhattacharyya, 1980).
Moreover, internal mineral fabric of the ferruginous
ooids does not show the radial, spherulitic arrangement
of the constituent minerals that is typical of crystalli-
zation fabric found in bauxite pisoids (Bhattacharyya
and Kakimoto, 1982). Instead, the ironstone ooids show
concentric tangential orientation of berthierine flakes
and iron oxide minerals, similar to Bahaman calcareous
ooids (Rohrlich, 1974). The latter have been interpreted
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to possess a mechanical accretion fabric, in contrast to
the radial crystallization fabric of the Salt Lake-type
ooids (Sandberg, 1975). A dominant siliciclastic sedi-
mentary association and facies sequences of the oolitic
ironstones vitiate the calcareous oolite replacement
hypothesis as the principal mode of formation of fer-
riferrous ooids (Bhattacharyya, 1980; Bradshaw et al.,
1980; Van Houten and Bhattacharyya, 1982). More-
over, radial fabric, common in carbonate oolites (Sand-
berg, 1975; Davies and Martin, 1976), has not been re-
ported in the oolitic ironstones; neither have unequivocal
carbonate ooids partially replaced by berthierine, even
in thick and extensive ironstone deposits as young in
age as Pliocene in the Kerch peninsula of the Soviet
Union (Sokolova, 1964).

A facies model and petrographic evidence derived
from the studies of a number of Phanerozoic oolitic
ironstones (Bhattacharyya, 1980; Van Houten and
Bhattacharyya, 1982) suggest that early diagenetic
transformation of detrital kaolinite, both in the matrix
and the ooids of the ironstone precursor (i.e., oolitic,
ferruginous sediment prior to diagenesis), is a probable
mode of berthierine formation.

The model gains further support from the occurrence
of kaolinite ooids in ironstones {Taylor, 1951; Adeleye,
1973), and also from the occurrence of 10-30% kaolinite
mixed with berthierine in concentric sheaths in ooids
(Bhattacharyya, 1980). But Taylor (1951) interpreted
these occurrences as the product of leaching of ber-
thierine by ground water, as opposed to kaolinite left
over due to incompleteness of diagenetic transforma-
tion. Assuming that the diagenetic or leaching reactions
progressed from margin to core of the ooids, a pro-
gressive iron enrichment and concomitant Si-Al deple-
tion would be expected in the berthierine compositions
from margin to core of the ooids in the event of pro-
gressive diagenesis. A reverse relationship would be
observed in the leached products.

The purpose of the present study, therefore, was to
investigate the possibility of transformation of kaolinite
to berthierine in the laboratory simulating early diage-
netic conditions (i.e., T ~20°C, P ~1 atm., pH 8-5, Eh
= +100 to —400 mV) and the Fe-Al-Si compositional
gradients of berthierine within natural ooids using an
electron microprobe to formulate an unambiguous ge-
netic model for berthierine in ironstones.

MATERIALS AND METHOD

Iron-rich, kaolinitic sediments were simulated in the
laboratory by mixing chemical grade kaolinite (N.F.
1591, supplied by the Georgia Kaolin Company) with
an excess of Fe(OH); precipitates. Kaolinite suspen-
sions containing 4-13 g/liter were prepared in distilled
walter, artificial seawater (prepared from the recipe of
Lyman and Flemming, 1940, in Horne, 1964, p. 140),
and distilled water spiked with 0.5% MgCl,. Washed
and vacuum-filtered Fe(OH);, freshly precipitated from
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100 ml of 0. 1-0.3 M FeCl; solutions, was added to each
100-ml aliquot of the kaolinite suspensions. The pH of
the final suspensions was controlled between 8.5 and 5
by the addition of dilute HCI. Sodium dithionite (0.1-
0.3 g) was added to the suspensions as a reducing agent.
Several bottles in a set were sealed under specific pH,
Eh, and inert nitrogen environments. The experiments
with MgCl,-spiked distilled water suspensions were
conducted to see if Mg also catalyzed the reaction, as
observed by Harder (1978) during the clay mineral syn-
thesis experiments with Fe-Mg-Al-Si hydroxygel pre-
cipitates. At periodic intervals between 30 and 300 days
one bottle from each set was opened, the pH and Eh
were determined, and the contents were filtered through
0.22-um Millipore (R) filter paper. Dissolved Fe, Al,
and Si in the filtrate were determined by atomic ab-
sorption spectroscopy, and the residue was analyzed
by X-ray powder diffractometry and chemical analysis.
Before chemical analysis, ‘‘free iron’’ was chelated out
of the residue with NaHCO,-buffered sodium citrate
solution following the method of Mehra and Jackson
(1960). Small quantities of noncrystalline iron sulfide,
produced by the reaction between Fe(OH); and
Na,S,0,, were removed by treatment with cold 0.1 M
HCl for 8 hr under continuous agitation.

The iron content of the bulk clays thus prepared was
determined by a Perkin-Elmer 603 Atomic Absorption
Spectrometer. The standard HF + H,SO, dissolution
technique was used to make the spectrometric solu-
tions. In addition, individual clay platelets of the start-
ing kaolinite and the final products from two sets of ex-
perimental runs in artificial seawater under pH 8 and 7
were analyzed for Fe, Al, and Si by a scanning electron
microscope (SEM) with an energy dispersive X-ray
(EDX) microanalyzer (PGT System III EDA). Spot
analyses of berthierine in different concentric sheaths
within the ooids were made by an ARL-EMX electron
microprobe using a beam diameter of 1 um. Twenty-
one ooids showing well-developed alternate sheaths of
clay and iron oxide minerals (Figure 1) were selected
from 8 thin sections of the Aswan ironstones (Bhatta-
charyya, 1980) for the microprobe analyses.

RESULTS AND DISCUSSION

From the transformation data listed in Table 2 and the
iron content-time relationship plotted in Figure 2, the
kaolinite in the seawater and the MgCl,-spiked fresh-
water suspensions incorporated a significant amount of
iron into its structure, probably converting it to proto-
berthierine. The amount of incorporated iron increased
with time. That the iron was not adsorbed on the surface
but substituted within the clay structure is indicated by
marked changes in the intensities of (001) and (002) bas-
al reflections (see Brown, 1955), small but noticeable
decreases in d(001) and d(002) (i.e., towards berthier-
ine), and the appearance of characteristic berthierine
reflections at 2.68, 2.51, 2.14, 1.77, and 1.55 A (Table
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Figure 1.

Typical ooid from the Aswan ironstone, Egypt, with
alternate berthierine (light) and hematite (dark) sheaths. Used
in core-to-margin spot analyses of berthierine in alternate
sheaths under an electron microprobe. Dark spots (one cir-
cled) mark the location of berthierine analyzed. White bar =
0.1 mm.

2 and Figure 3). Structural substitution of the iron is
further corroborated by the microchemical (SEM-EDX)
analysis of the individual clay platelets of the original
kaolinite and the experimental product clays inruns 18—
27 (Table 2), the results of which are depicted in Figure
4. The analyses have not been corrected for oxygen
stoichiometry; nevertheless, a progressive temporal Fe-
enrichment and concomitant Al and Si depletion of the
experimental clays are clearly demonstrated (Figure 4),
and the bulk chemical analyses (Figure 2) compare well
with SEM-EDX analyses of the individual clay platelets
(Figure 4). In the experimental clays, however, only a
few clay platelets show appreciable iron enrichment
suggesting varying degrees of structural degradation in
the experimental kaolinite, with the most degraded being
the most susceptible to the intake of iron.

Electron microprobe analyses of berthierine in dif-
ferent concentric sheaths within ironstone ooids indi-
cate that berthierine in ooids is progressively enriched
in Fe and concomitantly depleted in Al and Si from the
core towards the margin of the ooids. The pattern is
similar to the variation depicted in Figure 4. This com-
positional variation of berthierine in natural ooids is in-
terpreted as the result of progressive transformation of
kaolinite to berthierine from the margin towards the
center of the ooids. Post-diagenetic leaching (Taylor,
1951) could not have produced such a pattern. The 10~
30% kaolinite in ironstone ooids and sporadic kaolinite
ooids associated with ironstones (reported by Taylor,
1951; Adeleye, 1973) probably represent unreacted
kaolinite in the parent rock.

Published analyses of berthierine show a wide vari-
ation in composition, and variable Al/Si and Al/(Al +
Si) atomic ratios (Table 1) compared to the values 1.00
and 0.5, respectively, for kaolinite. A uniform Fe/(Fe +
Al + Si) ratio of about 0.4 (Table 1), suggests mainly
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Figure 2. Plot of % Fe vs. time for product clays (AA-spec-
troscopic analyses, Table 2) showing progressive, temporal in-
crease in the Fe content of the bulk clays. Solid squares =
initial iron in the kaolinite (NF 1591); open circles = clays from
freshwater suspensions; half solid circles = clays from MgCl,-
spiked freshwater; solid circles = clays from seawater.

substitution of Fe for Al and Si. The idealized kaolinite-
berthierine transformation may be represented sche-
matically by the following reactions:

AlSi,0,,(OH); + 3Fe?t
(Kaolinite)

= Fey?* Al,Si,0,,(OH), + 2ABF (¢)]
(‘‘Protoberthierine’’)
Fe;t2Al,S140,4(OH)g + Fe?*t + 2Fedt
(‘‘Protoberthierine’’)
= Fe,2*Fe,3* Al Si,0,0(OH), + 2Sit* ()

(Berthierine)

E — 149 & xaoLwIE

— 155 % serrmiEnne

— 2.00 & BERTHIERINE
— 2.14 A SERTHIERNE

| L | L 1 " s
6 26 36 3 E3 (3

Cuko 26

Figure 3. X-ray powder diffractograms of kaolinite (A, Geor-
gia kaolinite NF-1591) and the product clay (B) in run 27 (Table
2). Note the reversal of the 001 and 002 peak intensities, and
the appearance of new berthierine and quartz peaks in the
product clays (B).
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Table 1. Chemical compositions and structural distributions of cations! in berthierine.

1 2 3 4 5 6 7 8 9 10 11

SiO, 20.84 19.08 22.86 21.40 23.72 21.26 21.34 26.24 22.47 24.0 23.92

ALO, 28.02 26.88 26.66 25.40 24.33 23.61 22.66 22.17 21.82 21.4 20.55

Fe,04 5.38 4.29 3.85 0.25 3.75 5.08 0.46 6.62 0.22 43 5.50

FeO 32.29 34.52 32.20 37.40 29.64 34.62 35.79 32.54 37.24 36.4 35.00

MgO 2.02 1.55 0.97 2.04 7.13 2.92 1.91 1.58 2.57 3.2 2.54

MnO — — — 0.05 — — 0.04 0.035 — — —

H,O 10.70 11.18 10.48 12.02 11.00 12.51 10.64 10.81 10.07 10.7 11.41

3 99.25 97.50 97.02 98.56 99.57  100.00 92.84 100.00 94.39  100.00 98.92

Si 1.146 1.097 1.274 1.224 1.276 1.207 1.287 1.427 1.325 1.335 1.357

Al (IV) 0.854 0.903 0.726 0.776 0.724 0.793 0.713 0.573 0.675 0.665 0.643

Al (VD) 0.961 0.919 1.025 0.936 0.818 0.787 0.897 0.848 0.841 0.737 0.730

Fe3t 0.223 0.186 0.161 0.011 0.152 0.216 0.021 0.271 0.010 0.180 0.234

Fe?* 1.485 1.661 1.501 1.790 1.334 1.644 1.805 1.480 1.836 1.693 1.660

Mg 0.165 0.133 0.081 0.174 0.572 0.247 0.172 0.128 0.226 0.265 0.215

Mn — — — 0.002 — —_— 0.002 0.002 — — —

O 0.166 0.101 0.232 0.087 0.124 0.106 0.103 0.271 0.087 0.125 0.161

Atomic ratios

Al/Si 1.58 1.66 1.37 1.40 1.21 1.31 1.25 0.99 1.44 1.05 1.01

Al/(Al + Si) 0.61 0.62 0.58 0.58 0.55 0.57 0.56 0.50 0.53 0.51 0.50

Fe/(Fe + Al + Si) 0.37 0.39 0.35 0.38 0.35 0.40 0.39 0.38 0.39 0.41 0.41

12 13 14 15 16 17 18 19 20 21

Sio, 26.90 25.5 26.01 30.07 22.43 26.65 21.50 20.62 24.90 32.00

Al O, 18.40 14.9 12.33 17.26 14.27 16.14 20.12 11.96 15.60 10.05

Fe, 04 — — 5.32 3.66 11.98 6.69 14.89 5.11 7.20 38.10

FeO 36.80 35.6 37.07 37.61 37.63 34,43 21.90 25.98 35.00 —

MgO 8.15 5.6 6.13 1.69 3.42 4.47 1.92 3.07 4.60 4.70

MnO _ 1.0 0.04 0.02 0.02 — 0.98 0.30 0.40 1.68

H,O 9.58 17.4 10.33 9.01 9.70 11.50 15.60 10.92 12.30 —_

p3 99.83 100.0 97.23 99.32 99.45 99.88 96.91 79.96  100.00 86.53

Si 1.457 1.535 1.517 1.637 1.308 1.496 1.284 1.525 1.431 1.683

Al (IV) 0.543 0.465 0.483 0.363 0.692 0.504 0.716 0.475 0.569 0.317

Al (VD) 0.631 0.592 0.365 0.741 0.287 0.561 0.698 0.566 0.846 0.305

Fe3t — — 0.233 0.150 0.524 0.282 0.666 0.284 0.310 1.503

Fe?t+ 1.667 1.792 1.808 1.706 1.829 1.610 1.089 1.602 1.675 —

Mg 0.658 0.503 0.533 0.137 0.299 0.377 0.172 0.342 0.396 0.371

Mn — 0.051 0.002 0.001 0.001 — 0.05 0.018 0.019 0.038

O 0.044 0.062 0.059 0.265 0.06 0.17 0.325 0.188 — 0.783

Atomic ratios Average

Al/Si 0.80 0.69 0.56 0.67 0.75 0.71 1.10 0.68 0.74 037 1.02 =
0.36

Al/(Al + Si) 0.45 0.41 0.36 0.40 0.43 0.42 0.52 0.41 0.42 0.27 0.49 =
0.09

Fe/(Fe + Al + Si) 0.39 0.41 0.46 0.40 0.51 0.42 0.39 0.42 0.44 0.39 040 =
0.04

Sample locations: (Nos. 1-14, from Brindley, 1982, Table 1); 1, 2, 3—Belgorod district, Kursk, USSR; 4—Wabana,
Newfoundland, Canada; 5, 6, 11—Voronezh anticlise, Kursk, USSR; 7——Ayrshire, Scotland; 8—Sussex, England; 9—Corby,
England; 10—Pegnitz, Germany; 12—Gunflint range, USA-Canada; 13—Sainte-Barbe, France;. 14—Kuntenberg, Czechoslo-
vakia; (Nos. 15-19, from James, 1966, Table 3); 15—Chamozentze, Switzerland; 0.44% Na,0, 0.16% K,O, 0.02% TiO, not
included; 16—Windgalle, Switzerland; 0.22% Na,0, 0.04% K,0, 0.19% TiO, not included; 17—Schmidefeld, Germany; 18—
Gledic, Yugoslavia, contains 1.18% CaO; 19—Isle of Raasay, Scotland, 5.02% CaCO;, 6.05% Ca,(PO,), deducted to remove
CO; and P,0;, also 0.09% Na,0, 0.72% TiO, and excess 0.43% CaO not included; 20—Fordingham, England, (Hallimond er
:al., 1939); 21—Loch Etive, Scotland (Rohrlich et al., 1969); 0.72% CaO, 1.13% K,0, 0.23% TiO,, and 0.81% P,O; not

" included.
! Nos. 15-21 calculated following the method of Brindley (1982). [1 = Vacant octahedral sites.
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Figure 4. Plot of % Fe, Al, Si (SEM-EDX analyses) vs. time
for the individual clay platelets in runs 18-27, Table 2, illus-
trating progressive Fe substitution in kaolinite to produce ber-
thierine.

The natural reactions, understandably, are more
complex and variable. However, under the ambient pH
and Eh required for the mobilization of Fe?* and Fe®*,
similar reactions are promoted in an iron-rich environ-
ment. These reactions would especially be favored in
moderately reducing diagenetic environments. Early
diagenetic lowering of pH and Eh in Recent sediments
from a variety of marginal marine environments has been
documented (Friedman and Gavish, 1970), and the fact
that berthierine is restricted essentially to ironstones
points to its close relationship with initially iron-rich
environments.

Eqgs. (1) and (2) suggest that substantial amounts of
Al and Si are released during these reactions. In the
experiments, however, as much as 5 ppm Al, but no Si
at the ppm level, was detected in the filtrate. Never-
theless, a number of XRD patterns of the product clays
showed the 3.34-A reflection of quartz that was not
present in the initial material (Figure 3). Rarely, scan-
ning electron micrographs of the product clays also
showed small, euhedral crystals of quartz (Figure 5).
The low concentrations of dissolved Al and Si in the
filtrate are probably caused by chemisorption of these
ions by excess of Fe(OH); present in the suspension
(Harder, 1978). Si is further depleted in the solution be-
cause of its rapid polymerization into crystalline quartz
in the presence of Fe(OH); precipitates (Harder, 1978).
Si0, polymerization is also presumed to be enhanced
by Mg?* in the solution (see below). The occurrence of
silica spherules within the ironstone ooids (Rohrlich,
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Scanning electron micrograph of neoformed, eu-
hedral crystal of quartz (bright crystal in the center) in the
product clay. White bar = 1 um.

Figure 5.

1974; Bhattacharyya and Kakimoto, 1982) is possibly
due to such polymerization. Parts of the released Al and
Si probably contributed to the neoformation of ber-
thierine cement in the ironstones (Bhattacharyya and
Kakimoto, 1982). In the experimental products, how-
ever, the relatively large size of the berthierine flakes
(=1 pm), even in runs as short as 30 days, and the tem-
poral compositional variation of berthierine (Figure 4)
suggest progressive substitution rather than neofor-
mation.

In the artificial seawater suspensions, the most fa-
vorable chemical environment for the transformation of
kaolinite to berthierine was found to be at or near pH
7 and Eh between —200 and —300 mV (Table 2). But
the reactions seemed to take place at a variable rate
over the pH and Eh range of natural, early diagenetic
environments (5 < pH < 8; —300 < Eh < 100 mV).
Theoretical considerations of the stability relations of
sedimentary iron minerals (Garrels and Christ, 1965;
Figures 7.21, 7.23) support this mechanism if the vari-
ability of dissolved S and CO, and the degree of satu-
ration with noncrystalline SiO, are taken into account.
However, the stability field of iron aluminosilicate (ber-
thierine) would probably be larger and somewhat mod-
ifed relative to the FeSiO, analogue chosen for theoreti-
cal calculations (Garrels and Christ, 1965, p. 226),
because such materials in nature (i.e., ortho- or clino-
ferrosilite) are high-temperature phases and their ther-
modynamic properties are not representative of those


https://doi.org/10.1346/CCMN.1983.0310302

Re]
m X S 1 p1°T ‘89T 8 €6 ¥o'L qq ‘0 €LS LET 001 — 0r1— s 00°9 0oe It
S X SS'T “p1°C ‘1877 ‘89°C 01 (393 oL SH ‘0D 13214 4! ce+ §6— LS 009 (VYA
My X ST ‘v1'T ‘89T 001 §S°¢ or'L 0D (US4 201 (1] B 08— or's 009 0ST 67
3 YT ‘89°C 60°1 9¢°¢ oL 543 06v (11 06— 001 — 09°¢ 00°9 0s 8¢
O X SS'T v1°T ‘89T €80 £5°¢ v0'L Uq ‘on 6L T 0s¢— 0LT— L9 00°L 00e (T
3 X $S°1 ‘89T 001 §SE 0L 0n (V)04 €'l Sel— 09— L9°9 00°L 0sc 9T
m SS'1 “89°C 901 9¢°¢ 80°L oD 0T L0°1 $8C— 09¢— 969 00°L 0SI €T
o 01 §e'¢ 0r'L °D 0Ic ¥6°0 0ce— 09¢— 9.9 00°L 0s ¥
Q YOSPRN %€°0 pue ‘aymrjoey 1/8 6'¢1 ‘04 N 1°0 Yum suoisuadsns Iajemess ul suny
X SS°T ‘PIT 18T ‘89°C 98°0 §6°¢ 0L Yq ‘°H ‘0D 199 6¥°1 08— orr- L T8 00€ ¢€C
X SC1“p1°T ‘89°C $8°0 sS°e 80°L SH ‘0D 0s A\ 06— 001 = L L 9C°8 0se W
X SS'T ‘p1°T ‘89°C 001 §e'e 80°L SH ‘0D 09 680 00C— 0e— 8L 6¢°8 0L1 1T
$6°1 °89°C 00°1 gee 80°L 0H 0s ¥9°0 061 — 001— 89°L ¥T'8 06 0C
00°'1 9¢°¢ el'L 0 pu 8¥0 0cc— 001 — LL 8C'8 <9 61
'L 9¢'¢ ¢rL 43 pu 90 08+ 001 — 60°'8 §T'8 0g 81
FO®STeN %10 pue ‘amunoey Jo)|/8 671 ‘04 W 1°0 Yum suoisuadsns Iojemeas ul suny
X SS 1 vIT 98°0 §§°E 80°L SH ‘0D 08 6¢°l 00e— §9¢— £0'L wL 00e LI
X Sl 001 IS or'L SH ‘0D 0L £L°0 06C— 9¢— y0°L 00°L 00C 91
§S°1 00'1 9¢°¢ ol SH ‘0D pu +¥9°0 9% 2 §9¢— 00°L 10°L 06 S1
g SS'T “pI'T 60 ge'e 80°L 97 ‘9H ‘0D pu 8L°0 0s+ SE€E— 9I's 10°L 09 14!
m, X $S'1 ‘89°C 98°0 3% 80°L Aq ‘o] ‘OH ‘0D 01 80 06C— 0SS — €L 65°8 00 ¢l
S5 X SST*v1'T ‘89T $8°0 §6°¢ 80°L Ad ‘o7 ‘OH ‘09 0 LYS'0 S61— 09¢— 8S°L 89°8 001 T
m 00°1 9¢°¢ 0I°L SH ‘0D pu (3] 0T¢+ 0ss— 689 19°8 194 1T
m PIOBI %6§°0 PUB FQFSTRN 95€°0 ‘oNuI[oey /B 91°S 94 A [°0 YI4 uolsuadsns I3jem PI[ISIp ul suny
I'1 9¢¢ © €I'L Ad ‘oD 001 12°0 SPeE— 09— 019 00°L orc Ol
'l 95t el’L Ad ‘0D 09 610 ovy— 09— 0r9 00°L 01z 6
[4 ! 9¢°¢ el°L Ad ‘0p P 681°0 00— 0Ly— 0Z°9 60°L 081 8
4! 9¢°¢ el°L Ad ‘0D pu 81°0 ovy— 08y — LE9 00°L 06 L
el'l 9¢°¢ £€1°L Ad ‘0D pu 810 Sev— SOp— 6v'9 00°L 09 9
|9 96°¢ €L A4 ‘0D 09 Leo 0ce— 0ty — L ¥S'8 00E ¢
'l 9¢°'¢ el’L Ad ‘on 13 620 0ce—~ Oby— L 8¢°8 0sc ¥
4! 9¢°¢ el’L Ad ‘0D 0 610 0LE— 0Sy— 89°8 868 007 ¢
60°1 9¢'¢ €L Ad ‘0p pu 61°0 0LE~ 09%— 618 £6°'8 001 ¢
1'1 9¢°'¢ €L Ad ‘0D ‘pu 81°0 0sy— Oby— [4%] 09°8 09 I
TOPSTeN %¢€°0 PuB ‘21uIoBY JSNIE £8°€ O W €0 Y4 UOISUIdsns I3yem PI[[ISIP Ul suny
'l 96t €L 810
1651 "N 2Nuloey er31030
uonosyal W) (200):4 (y) ) yuasard (wdd) (%) Teury Teny reurq Tenrug skeq  uny
z)renb Suond3Pax —  (Z60) 100} SpeJouIl uoIy senmy Ked ug
Y beE SuLBMLIag (100):4 oy uy (Aw) 4g, Hd
SUONIO3AI [eseyq o

Anowodeigp rapaod Ler-x

‘arjelodws) WooI je sUdWLIAdXS UOTIEWIOJSUES) SULIAIYLISG 03 SNUIORY JO S)nsay 7 9[qeL

178

https://doi.org/10.1346/CCMN.1983.0310302 Published online by Cambridge University Press


https://doi.org/10.1346/CCMN.1983.0310302

Vol. 31, No. 3, 1983 Origin of berthierine in ironstones 179

<yn8
2
383 X X
- BT
e
N n
2z 10w
g8 _——
ggs o0 00 00
55 oo\
M= NN

h*(001)
h*(002)
1.10
1.00
0.96
0.93

(

X-ray powder diffractometry
Basal reflections

2)

A)

3.56
5
5

3.53

001
(A)

" O OO O
. = jenflasfengent
] ha PP
17 238 | o8 o.g
g §§ o o R
g §8|sdsg
o = [CRGRGRG]
O
~
=2 9
LI vy
2 R
[ EEE|TN D0
'l
9
T o leaaaa
I | R =M A
e | O ——= —
=

Pyrite; He = Hematite; Le = Lepidocrocite; Fh = Ferrihydrite; n.d. = not determined.

»

g

80

=]

=

|33

&

&

k=]

[

=

b

=1

=]

SN own 2

ERLRA -5)

El++7 o

s <

& |

5 cooo Q

_'g 0 n <t 2,

| ++ + + I~

e

=

=1

O <t N g

HEERE) =

o 1=

- [ AR 8

= & 8

i|18888 | ; g

E|vnunnn =2 =8

5 S

8 Il

§-%%§§ O alg

—

818

o g

glcientn 8 ==
Jlenenonen

https://doi.org/10.1346/CCMN.1983.0310302 Published online by Cambridge University Press

of alow-temperature, (OH)-bearing phase like berthier-
ine. In the ironstones, the paragenetic sequence of the
three common iron-bearing minerals is goethite, ber-
thierine, and siderite, in that order, and siderite com-
monly replaces berthierine (Schellmann, 1969; Bubeni-
cek, 1971; Bradshaw et al., 1980; Bhattacharyya, 1980).
These relationships also suggest that berthierine is stable
under conditions intermediate between those required
for the formation of Fe(OH), and FeCO;.

In the freshwater suspensions, the transformation of
kaolinite to berthierine was negligible. The presence of
Mg?* in the solution apparently promoted the conver-
sion (Table 2, Figure 2), as noted by Harder (1978). A
similar, apparently catalytic effect of Mg?* on the dia-
genetic transformation of noncrystalline SiO, into opal-
CT has also been noted (Kastner et al., 1977).

Commonly, berthierine and glauconite are mutually
exclusive in any specific ironstone bed, but are related
to each other by lateral and vertical lithofacies variation
within the iron formations. Berthierine occurs in pre-
sumably near-shore and glauconite in off-shore facies,
as in the Silurian Clinton Group of the eastern United
States (Hunter, 1970), the Devonian iron formations in
the southwestern part of the Soviet Union (Karpov et
al., 1967), the Jurassic carbonate and argillaceous de-
posits in Europe (Gygi, 1981), and the Cenozoic are-
naceous deposits in the southern United States (Jones,
1969). In Recent sediments, berthierine and glauconite
occur in zones along coasts at water depths of 50 and
150 m, respectively (Porrenga, 1967; Giresse and Odin,
1973; Odin and Matter, 1981). In ancient sediments such
a differential distribution has been attributed to differ-
ential salinities of the seawater (Hunter, 1970). In Re-
cent sediments, differences in sedimentary environ-
ment (Giresse and Odin, 1973; Odin and Matter, 1981)
or differences in temperature due to variation in water
depth (Porrenga, 1967; Odin and Matter, 1981) have been
suggested as possible causes. However, the distribu-
tion of glauconite and berthierine in Recent sediments
(Rohrlich, 1969; Odin and Matter, 1981) does not sub-
stantiate the control of seawater salinity and tempera-
ture on the formation of these minerals.

An important aspect indicated by the studies of pres-
ent-day coastal sedimentation is the coincidence of ber-
thierine- and glauconite-forming zones with the coast-
parallel zones of kaolinite and smectite sedimentation,
respectively (Pinsak and Murray, 1960; Porrenga, 1967;
Doyle and Sparks, 1980). Differential flocculation and
settling properties of the detrital clays (Whitehouse et
al., 1960) are probably responsible for this zonal dis-
tribution of kaolinite and smectites. But all kaolinite and
smectite sedimentation zones are not berthierine or
glauconite producing, probably because in areas of high
sedimentation rate the sediments are not enriched in
iron. Only in sediment-starved environments would
these two clay sedimentation zones be relatively en-
riched in iron supplied by rivers and other sources.


https://doi.org/10.1346/CCMN.1983.0310302

180

Commonly, the near-shore kaolinite zone is associated
with dominant detrital lithofacies, whereas the off-shore
smectite zone is associated with carbonates. The oc-
currence of berthierine and glauconite in sediment-
starved condensed sequences (Bhattacharyya, 1980;
Gygi, 1981; Odin and Matter, 1981), their common as-
sociation with detrital and carbonate rocks, and their
coincidence with coast-parallel zones of kaolinite and
smectite sedimentation, respectively, all point to a
common genetic process acting on different detrital
precursors to produce berthierine and glauconite
(Bhattacharyya, 1980; Van Houten and Bhattacharyya,
1982).

Normally, glauconite occurs as peloids, and berthier-
ine forms both ooids and peloids; but most ooids have
a peloidal nucleus (Bhattacharyya, 1980). The distinc-
tion probably reflects a basic difference in bond strength
between precursor clay particles. Unlike smectite, ka-
olinite with a higher bond strength between platelets
(Whitehouse et al., 1960; van Olphen, 1977) is suscep-
tible to mechanical accretion into ooids around peloidal
or other granular mineral nuclei in near-shore, relative-
ly high-energy and sediment-starved environments
(Bhattacharyya and Kakimoto, 1982). Most of the pel-
oids are probably fecal, in which the particles are held
together by fecal mucus.

CONCLUSION

Berthierine is essentially diagenetic in origin and is
genetically related to a detrital precursor, kaolinite. Af-
ter deposition, early diagenetic remobilization of iron
initiates substitutive transformation of kaolinite to ber-
thierine, forming the bulk of the mineral in ironstones.
Al and Si, released during such reactions, contribute to
the neoformation of berthierine cement as well as opal-
ine SiO, in ironstones. Geologic, chemical, and petro-
mineralogic constraints on the genetic model for ber-
thierine in ironstones are:

1. Restricted occurrence in marginal marine, shoaling
upward, detrital sediments marked by sediment-
starved conditions;

2. Dominant ferrous chemistry of berthierine in an oth-
erwise well-oxygenated sediment-water interface,
indicated by a profusion of feeding benthos (burrow-
€ers);

3. Concentric-tangential accretion fabric of ironstone
ooids;

4. Alternate ferric and ferrous mineralogy in the con-
centric sheaths within ooids;

5. Association with kaolinite and kaolinitic claystones
in space and time.

Most of these constraints vitiate primary precipitation,
diagenetic carbonate oolite replacement, and diagenet-
ic neoformation for the bulk of the berthierine in iron-
stones. Among other necessary conditions, the most
important is an initial enrichment of the sediments in
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iron to promote mass action. The presence of ions such
as Mg?* may catalyze the transformation.
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Pestome—IIpoBoguincs nabopaTopHble 5KCIIEPHMEHTBI, CHUMYJIMPYIOIIAE YCJIOBHMS paHHEH IMareHe3bl
MJisi MPOBEPKH THOOTE3bI, YTO OEpTbEPHH B OOJMTOBBLIX XKENE3HbIX pyfAax (OPMHPOBAICA IyTEM
AHareHeTHIECKOH TPaHC(HOPMALMK JETPHTOBOrO KAOJIMHUTA. XapaKTepHele o6pa3ipl NEePBOHAYAILHOIO
ocajka ObLIH NMPUIOTOBJIEHBI KaK CYCNEH3WH B AMCTHUIMPOBAHHOH BOJlE M MCKYCCTBEHHOH MOPCKOH
BOfle MyTeM cMewnBaHus 4-13 r/mutp kaonmunta ¢ Fe(OH);, ocaxxmennsiM u3 0,1-0,3 M pactBopa
FeCl;. BemectBo Na,S,0, Ob110 n06GaBlieHO [0 CYyCIEH3MH B KadeCTBE PEAyLHPYIOUIETO areHTa U
uHepTHas N, aTMocdepa HCHONB30BaNach It MOJIEP’KaHUsl YPOBHS BeauuuHbl Eh Mexgy +100 u
—400 mV. Bemuunnnl pH cycnensun GbUIM KOHTPOJTMPOBAHBI MEXKAY 8 U 5, HCHONB3YsT PACTROPEHHYIO
HCl. B Teuenue 300 mueii cofepkaHde Kejie3a B KAOIMHHTE M CYCIEH3HAX MOPCKOM BOABI MOCTENEHHO
yBenmmunBasioch oT 0,18 mo 2,44% npu pH = 7 u Eh mexay ~250 u —350 MV. DHepro-aucnepcHOHHbIIN
PEHTTEHOBCKHH aHAIN3 HHIHBUAYAJIbHBIX IUTACTUHOK [JIMHBI B KOHEYHOM IPOAYKTE NOKa3al OCTENEHHOS
BpEeMEHHOE YBEJIMUEHHE coaepkaHus Fe # conmyTcTByollee ymeHblueHHe copepaHus Al u Si.
Pentrenosckas nopoikosast fudrdpakToOMeTpHs moKa3alo Hebosume casury d(001)~d(002), 3HaumTe b-
HbIA pUBEpPC MHTEHCHBHOCTeH oTpakenmii (001) u (002) u paseuTHe OGABOYHBIX XapaKTEPHCTHIECKUX
OTpakeHHH GepThepHHA IO BpeMEHH. DTH JaHHbIE YKa3biBAIOT Ha MPOTPECCHBHYIO TpaHChOpMalmio
KaoNMHMTa B OGEpThepHH. AHANM3 HATYpalbHOrO GepThEPHHA M3 OONMTOBEIX JKEE3HbIX pyJ HpH
NOMOIIM PEHTTEHOBCKOTO0 MHKPOCKOIA TOXKE MOKa3aJl Mapajule/ibHble CTPYKTYpEI, YTO MOATBEPKIAET
3Ty IMPOTPECCHBHYIO TPAHCHOPMALMIO OT Kpas 0 LeHTpa 0OMAOB. JTa TpaHchOnManys He MPOUCXONUIa
B MCTHUIMPOBaHHOH Bofle. OpHaKo, fo0aBlieHHE HOHOB Mgt K CyCNMEH3MH C JMCTHILIMPOBAHHON
BOJIOH crnocoGcTBoOBaNO 3T0M Tpancdopmanun. [E.G.]
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Resiimee—Um die Annahme zu priifen, daB Berthierin in oolithischen Eisensteinen durch diagenetische
Unwandlung von detritischem Kaolinit entsteht, wurden Laborexperimente durchgefiihrt, die friihdiage-
netische Bedingungen simulierten. Reprisentative Reihen des urspriinglichen Sedimentes wurden in Sus-
pensionen mit destilliertem Wasser und Kiinstlichem Meerwasser hergestellt, indem 4 bis 13 g/l Kaolinit
mit Fe(OH), gemischt wurde, das aus, 0,1-0,3 m FeCl;-Ldsungen ausgefallt wurde. Na,S,0, wurde zu den
Suspensionen als Reduktionsmittel hinzugefiigt. AuBerdem wurden die Experimente in inerter N,-Atmos-
phére durchgefiihrt, um den erforderlichen Eh-Wert Zwischen +100 und —400 mV konstant zu halten. Der
pH-Wert der Suspensionen wurde zwischen 8 und 5 mittels verdtinnter HCI kontrolliert. Innerhalb von 300
Tagen nahm der Eisengehalt des gesamten Kaolinits in den Meerwassersuspensionen standig von 0,18 auf
2,44% zu, bein einem pH = 7 und Eh zwischen —250 und —350 mV. Energiedispersive Rontgenanalysen von
einzelnen Tonbléttchen in den Endprodukten zeigten eine fortschreitende, zeitabhingige Zunahme an Ei-
sen und eine entsprechende Abnahme an Aluminium und Silizium. Rontgenpulverdiffraktometeraufnahmen
ergaben geringe Verschiebungen von d(001)-d(002), beachtliche Intensititsumkehrungen der (001) und (002)
Reflexe und die Ausbildung von zusitzlichen charakteristischen Berthierin-Reflexen mit zunemender Zeit.
Diese Ergebnisse deuten auf eine zunehmende Umwandlung von Kaolinit in Berthierin hin. Mikroson-
denanalysen von natiirtichem Berthierin in oolitischen Eisenteinen zeigten ebenfalls Doppelreflexe, die
diese zunemende Umwandlung vom Rand gegen den Kern des Ooides verdeutlichen. Diese Umwandlung
fand in destilliertem Wasser nicht statt. Die Zugabe von Mg?* zu den Suspensionen mit destilliertem Wasser
forderte jedoch die Umwandlung. (U.W.]

Résumé—Pour vérifier ’hypothése que la berthiérine dans des roches oolitiques de fer a été formée
par la transformation diagénétique de kaolinite détritique, on a fait des expériences au laboratoire simulant
les conditions du début de la diagénese. Des groupes représentatifs du sédiment initial ont été preparés
dans I'eau distillée et des suspensions d’eau de mer artificielles en mélangeant 4-13 g/litre de kaolinite avec
Fe(OH); precipité a partir de solutions de 0,1-0,3 M FeCl;. Na,S,0, a été ajouté aux suspensions comme
agent reductif, et des atmospheres inertes de N, ont été utilisées pour maintenir I'Eh requis entre + 100 et
—400 mV. Le pH des suspensions a été controlé entre 8 et 5 avec de I'HCl dilué. En 300 jours, le contenu
en fer de la kaolinite en masse dans les suspensions d’eau de mer a progressivement augmenté de 0,18 a
2,44% au pH = 7, et Eh entre —250 et —350 mV. Des analyses aux rayons-X dispersant I’énergie des
paillettes d’argile individuelles des produits finaux ont montre une augmentation progressive, temporelle
de Fe, et une diminution concordante d’Al et de Si. La diffraction poudrée de rayons-X a révélé des petits
déplacements de d(001)-d(002), des renversements marqués de I'intensité des réflections (001) et (002) et
le développement de réflections de berthiérine typiques avec le temps. Ces données suggérent une trans-
formation progressive de kaolinite en berthiérine. Des analyses microprobes de berthiérine naturelle dans
des roches oolitiques de fer ont aussi montré des diagrammes paralleles, ce qui justifie qu’une telle
transformation progressive se produit de I’extérieurs vers le centre des ooides. La transformation ne s’est
pas produite dans I’ean distiflée. L’addition de Mg?* aux suspensions d’eau distillée a cependant provoqué
la transformation. [D.J.]
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