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INTRODUCTION

At present, lithological–mineralogical and struc-
tural–crystallochemical (including the Mössbauer)
investigations of globular phyllosilicates of the glauco-
nite series and their host rocks are essential for the iso-
tope–geochronological implications.

The present communication reports results of the
first stage of investigation. We analyzed the mineralog-
ical and structural–crystallochemical features of the
globular phyllosilicates, including their diverse second-
ary alterations (illitization, chloritization, ferrugina-
tion, and disintegration). We also examined the enclos-
ing rocks. Results of the Mössbauer and isotope–geo-
chronological investigations will be discussed in the
next communication.

In the previous investigation of glauconite chloriti-
zation, we described the partial replacement of the
globular and pelletal Al-glauconite by Fe

 

2+

 

–Mg-chlo-
rite in sandstones subjected to deep catagenesis (Pärä-
jarvi Formation, Upper Riphean, Srednii Peninsula)
(Ivanovskaya et al., 2003). This process is very weakly
developed in the glauconite-bearing sandy–silty rocks
of the Arymas Formation. Here, we see a different situ-
ation: at separate horizons of the studied sections, some
glauconite globules and flakes are observed as differ-
ently illitized (up to the point of complete pseudomor-
phoses in some places) brownish segregations that are
later subjected to partial chloritization at both micro-
scopic and macroscopic levels. Complete chloritization
is developed in mudstones and, partially, clayey strata
in the sandy–silty rocks.

Chloritization of glauconite globules and pelletal
minerals related to the local heating of glauconite-bear-
ing rocks at the contact with intrusive rocks (Kotuikan

Formation, Lower Riphean, Anabar Massif) is scruti-
nized in (Drits et al., 2001). The Arymas subformation
section also shows the local chloritization of globular
and pellets of the glauconite–illite composition.

As is known, chlorites and illites are common in
association with other minerals. Therefore, it is rather
difficult to determine their chemical composition.
However, the presence of virtually monomineral illite
segregations in the study region made it possible to
solve the problems formulated above.

Thus, the present work is devoted to the detailed
mineralogical and structural–crystallochemical investi-
gation of dioctahedral phyllosilicates (glauconite–illite
series) and trioctahedral chlorites, as well as the discus-
sion of their genetic features.

OBJECTS

The Middle Riphean age of the Arymas Formation
was traditionally based on the succession of stroma-
tolitic associations in Riphean rocks of the Olenek High
(Komar, 1966; Shpunt et al., 1982; Semikhatov and
Serebryakov, 1983) and the K–Ar datings obtained in
the 1960s for the mineralogically unexplored glauco-
nites in terrigenous rocks of the Arymas Formation
(

 

Geokhronologiya…,

 

 1968).
The Arymas Formation is widespread on the south-

ern slope of the Olenek High as a NE-striking zone 3–
7 km wide and ~65 km long. Rocks of this formation
make up a NW-inclined gentle monocline complicated
by faults. They are universally separated from the
underlying Kyutingda Formation (Lower Riphean) by a
sill of Upper Proterozoic diabases and conformably
overlain by glauconite-bearing sandy–silty rocks of the
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Debengda Formation. Despite the unclear contact,
many researchers believe that these formations are con-
formable (Komar, 1966; Kats and Florova, 1986; Shen-
fil, 1991).

In the majority of sections, the Arymas Formation is
divided into two sequences (subformations) interre-

lated by gradual transitions. The lower subformation is
composed of terrigenous rocks, whereas the upper sub-
formation is dominated by carbonates. The terrigenous
subformation consists of fine-grained glauconite
sandy–silty rocks with rare mudstone units. The car-
bonate subformation is composed of bioherm (stroma-
tolitic) limestones and dolomites separated by mud-
stone and siltstone interlayers. The total thickness of
the formation is 250–290 m. However, estimates of the
thickness of separate subformations are different.
According to some researchers, the lower subformation
is 70 m thick, whereas the upper subformation is 200 m
thick (Komar, 1966). According to (Kats and Florova,
1986; Shenfil et al., 1988), the thickness of the terrige-
nous and carbonate subformations is 130–150 and
140 m, respectively. Without going into discussion con-
cerning the reason of such discrepancies, let us note the
following fact. In 1987–1989, Ivanovskaya, Florova,
and Kats investigated one of the reference sections of
the Arymas Formation exposed 5.5 km upward the
mouth of the Debengda River. At that time, the thick-
ness of the lower subformation was estimated at ~70 m.
Ivanovskaya investigated an additional section of the
lower subformation in the southwestern area exposed
40 km away from the above site on the right bank of the
Ulakhan-Sololi River located 6.5 km upward the river
mouth. This section only showed upper units of the
lower subformation and their thickness did not exceed
10 m.

Based on the glauconite content, sandy–silty rocks
of the lower subformation in the Debengda section can
be divided into three units, among which the middle
unit (~30 m) shows the highest glauconite content. The
glauconite content is insignificant in the lower and
upper units.

In the studied sandy–silty section, the most typical
varieties are confined to the upper (samples 578/2,
578/3e, 578/4, 578/5), middle (samples 566/1, 566/2,
566c, 566/3, 566b), and lower (samples 578/8b, 578/8e,
578/9b) units. Sample 581b was taken from the roof of
the upper unit at the contact of a diabase stock with the
glauconite-bearing siltstones.

Glauconite is absent in rare mudstone interlayers
confined to the upper unit. The mudstone interlayers are
almost completely composed of chlorite (samples
578/3a, 578/4b). Therefore, we carried out their
detailed examination.

In the Ulakhan-Sololi section, upper units of the
lower subformation are represented by samples 556 and
556a taken from the middle part of the 10-m-thick sec-
tion. They consist of sandy–silty rocks that are enriched
in glauconite, relative to the Debengda counterpart.

Positions of all samples studied are shown in the
schematic section of the lower subformation of the
Arymas Formation (Fig. 1).
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Fig. 1.

 

 Schematic section of the lower subformation of the
Arymas Formation. (1) Sandstones; (2) siltstones; (3) mud-
stones; (4) limestones; (5) dolomites; (6) glauconitite inter-
layer; (7) diabases; (8) glauconite.
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METHODS

Monomineral fractions of glauconite grains were
extracted by the routine procedure: crushing (excluding
the loose sample 566b), sieving, and separation of grain
size fractions with SEM-1 and SIM-1 electromagnets.
If the material was sufficient (samples 556, 566/1,
566/2), the fractions were separated in terms of density
ranging from 2.6 to >2.9 g/cm

 

3

 

 (spacing 0.05 g/cm

 

3

 

)
and further subjected to ultrasonic purification. At the
final stage of sample preparation, the extracted grains
were additionally purified by a needle under binocular
microscope.

The grains and rocks, in general, were studied with
optical (including scanning electron microscopy), X-
ray, and microprobe methods.

X-ray investigations were carried out with DRON-2
and DRON-4-13 diffractometers using CuK

 

α

 

 radia-
tion. Diffraction curves were recorded in both continu-
ous and discrete regimes.

The quantitative microprobe analysis with Cameca
was performed for separate grains placed in a pellet and
for different materials in polished sections. The qualita-
tive microprobe analysis of different materials was
accomplished with a Camscan MV-2300 scanning elec-
tron microscope equipped with an Oxford-Instruments
device. Calculations were performed using the INCA-
250 software, which adjusts the sum total of oxides to
100% without the consideration of water.

We also recorded X-ray characteristics for minerals
associated with glauconite (including the clayey
phases). The clayey fractions (from 0.6 to 5 

 

µ

 

m in size)
were decanted from the glauconite-bearing and enclos-
ing rocks along the whole subformation section.

The detailedness of sample investigation depended
on the quantity of material and the formulated task. Let
us emphasize that we often analyzed different materials
(globules, flakes of various colors and compositions,
chlorite patches, clayey component, and so on) in a sin-
gle sample with the same number.

RESULTS

 

Characteristics of Rocks

 

In the studied sections, rocks of the lower subforma-
tion of the Arymas Formation are represented by vari-
ous proportions of fine-grained sandstones, siltstones,
and mudstones. The sections are dominated by silt-
stones. As mentioned above, mudstones are mainly
developed as a subordinate component in the upper unit
of the subformation.

The 

 

sandy–silty rocks

 

 are usually fine-layered, lam-
inated, and, less commonly, massive formations that are
characterized by pale and dark gray colors of various
(greenish, pinky, yellowish, and so on) tints.

The rocks are composed of quartz and feldspar–
quartz aggregates with a variable content of clays and
glauconite. They also contain numerous greenish

brown, brown, green, and colorless flakes, as well as Ti-
bearing minerals (leucoxene and anatase), hematite,
iron hydroxides, and occasional unoxidized pyrite.
Accessory minerals are represented by amphiboles, zir-
con, and tourmaline.

Cement in the rocks is composed of clay (interstitial
and basal), chlorite (interstitial, pellicular, and crustifi-
cation), glauconite (interstitial), hydromica (pellicular),
feldspar–quartz (conformal-regeneration), less com-
mon hematite (interstitial and pellicular), and rare cal-
cite (interstitial) materials. In some interlayers and/or
sectors, the rocks are dominated by the interstitial–pel-
licular cement, while the conformal-regeneration tex-
ture prevails in other sectors with a minor content of the
clayey component.

In sandy–silty interlayers of the upper unit of the
subformation exposed in two sections (samples 556a,
578/2, 578/3e, 578/4), the clayey substance makes up
not only the interstitial matrix, but also separate strata,
lenticles, and patches of various shapes (hereafter,
strata). The clayey substance has a brownish color, fine-
dispersed texture, and high values of refractive index
and interference ranging from dark gray to yellowish
orange shades.

In some places, the brownish clayey material is
partly transformed into light green chlorite with a lower
(or anomalous) birefringence and higher refractive
index, relative to the parental clayey material (Fig. 2a).
Chlorite makes up diverse (in shape and size) patches
and differently crystallized segregations in veins. In
some cases, chlorite flakes are hardly discernible,
whereas they are up to 0.02 mm in size in other cases.
The arrangement of flakes can be random or subparal-
lel. However, they often make up sheaflike aggregates
that can be transformed into spherulitic structures,
which are typical of large chlorite aggregates contain-
ing the authigenic quartz and hematite flakes.

In some places, the brownish clayey material con-
tains an admixture of fine-grained (0.1–0.01 mm along
the long axis) dark or pale greenish brown and brown
flakes resembling biotite in terms of optical properties.
However, they are often characterized by obscure
shape, weak pleochroism, and lower interference.

Large brown, colorless, and green flakes (up to 0.6–
0.1 mm along the long axis) occur as separate segrega-
tions at several stratigraphic levels of the subformation.
The colorless and brown varieties are similar to musco-
vite and biotite, respectively, in terms of optical proper-
ties. As is known, muscovite is well preserved. Based
on microprobe data, the composition of one colorless
flake fits the monomineral Fe-muscovite. Its crystal-
lochemical formula is given below.

Brown flakes show different degrees of alteration. In
addition to well-preserved varieties, deformed and par-
tially amorphous segregations with split edges are also
observed. In some places, they occur as fan-shaped
flakes. Some flakes contain quartz rim along the cleav-
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age and often include Ti-bearing minerals (leucoxene
and anatase) and hematite crystallites.

The brown flakes are composed of different miner-
als: chloritized and illitized trioctahedral phyllosili-
cates of the biotite–phlogopite series, monomineral Fe-
illite, and mixture of illite and chlorite in different pro-
portions.

 

Chlorite

 

 as pellicular and interstitial cement is wide-
spread in the subformation. The mineral is character-
ized by light green color with various shades, high
refractive index, and low and/or anomalous birefrin-
gence. The interstitial chlorite is developed as struc-
tureless phase or flakes among the structureless matrix.
In some places, chlorite flakes make up a crustification
rim around clastic grains (sample 578/9b).

Chlorite corrodes and replaces to a variable extent
quartz, feldspars, clayey material, and pelletal minerals
of different colors.

 

Glauconite globules

 

 are distributed in rocks ran-
domly and/or along layers. Their content varies from 1–

2 to 15–20% and reaches 50% or more in rare cases
(sample 566b). In some strata, they are deformed to a
variable extent like the flakes. In rare cases, they make
up peculiar festoons and matrix.

In polished sections, one can see green globules, as
well as brownish green and brownish (uniformly col-
ored or variegated) varieties (samples 556a, 578/2,
578/4, 566c). Like glauconite, they show microaggre-
gate extinction. The interference is strong or weak.

Some brownish grains exhibit different (in shape
and size) sectors filled with large sheafs and spherulitic
aggregates of light green chlorite. In the polished sec-
tion (sample 578/4), one can see the development of the
pale chlorite among the darker (brownish) variety and
interstitial matrix (Figs. 2b, 2c). At the same time, green
glauconite grains in many samples from the Arymas
subformation (including the samples mentioned above)
contain only sporadic dissemination and fine stringers
of the pale yellowish green chlorite characterized by a
higher refractive index relative to the glauconite.
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Fig. 2.

 

 Photomicrographs of glauconite siltstones. (a–c) Sample 578/4; (d) sample 578/3e. (a) Sector of clayey stratum partly trans-
formed into chlorite (pale patches among the darker clayey matrix), thin section, magn. ~80. (b, c) Camscan SEM image taken in
thin section (semiquantitative analysis): (b) brownish grain partly replaced by chlorite (pale) containing authigenic quartz (dark);
(36–40) analysis numbers: (39) Fe-illite, (36–38, 40) Fe-illite and chlorite blend; (c) brownish grains (analyses 46–51) chlo-
ritized in some places, chloritic pore cement (analyses 52, 53), and zircon inclusions (analyses 54, 55). (d) At the contact with
quartz (analysis 12), some part of the clayey stratum (analysis 11) is almost completely replaced by chlorite (analysis 10) and
calcite (analysis 9).
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The bottom of middle part of the subformation
(Fig. 1) includes a glauconitite interlayer with the glau-
conite content of 50% or more (sample 566b). The
interlayer is soft in the wet state. In the dry state, the
interlayer represents a loose granular mass with suffi-
ciently dense patches of rocks. Like the loose material,
the dense patches are composed of glauconite and
quartz of the sandy–silty dimension. The cement is
composed of regeneration quartz, fine-dispersed glauc-
onite, and occasional hematite.

 

Calcite

 

 is developed as both interstitial masses and
coarse-crystalline segregations, which corrode glauco-
nite grains and chlorite patches in the clayey strata
(often, at the center), testifying to their formation at the
late stage (Fig. 2d).

 

Hematite

 

 is developed in some interlayers of the
lower part of the subformation as pellicular and intersti-
tial cement, as well as crystalline segregations (samples
578/5, 566b, 578/8b). The hematite corrodes the ambi-
ent minerals, and they are almost completely replaced
in some places. Different degrees of the replacement of
glauconite by hematite in samples 566b and 578/8b are
well observed in Stereoscan-600 SEM images (Fig. 3).

In globules from sample 566b, hematite makes up
numerous clusters or separate crystallites of hexagonal
and other shapes (Figs. 3a, 3b). Glauconite crystallites
in hematite domains are very small and poorly crystal-
lized. In sample 578/8b, the outer surface of quartz silt-

stone is covered with brownish red (hematitized) glob-
ules (Figs. 3c, 3d).

 

Mudstones

 

 were studied in two samples (578/3a and
578/4b) taken from the upper part of the subformation
(Fig. 1). Sample 578/4b was taken from the glauconite-
bearing sandy–silty rocks.

The pinky and/or greenish gray mudstone samples
are mainly composed of chlorite. In some places (sam-
ple 578/3a), they are silicified, with a minor content of
fine quartz grains and yellowish brown micaceous
matrix. The latter displays red-orange interference col-
ors. The light green chlorite is characterized by high
refractive index and weak interference.

Chlorite occurs as various segregations in the stud-
ied thin sections: intricate network of flakes (sample
578/3a) and morphologically diverse segregations
(sample 578/4b), including granular aggregates of
rounded varieties (0.008–0.016 mm in size).

 

General Features of Glauconite Grains

 

Shape.

 

 The glauconite grains have globular
(rounded, oval, strawberry-shaped, and so on), irregu-
lar, flattened (sample 556b), and occasional pelletal
shapes.

 

Color.

 

 The grains show a wide range of green color.
The lightest variety is observed in sample 578/8e; the
darkest variety, in samples 556 and 566b. The bluish
variety is typical of samples 556, 566/1, 566/2, and
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Fig. 3.

 

 Hematite microtexture. Stereoscan-600 SEM image. (a, b) Hematite crystallites in glauconite globules (sample 566b);
(c) siltstone chip (sample 578/8b) with brownish red (hematitized) globules; (d) closeup of globule fragment located at the center
of the right-hand sector.
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578/8e. In samples 556, 566/1, and 566/2 separated
with respect to density, the green color intensity
increases from the light fraction to heavy fractions.

 

Size.

 

 The size of grains ranges from 0.6 to 0.1 mm.
We studied the following fractions (mm): 0.315–0.16
(samples 556, 578/4, 566/1, 566/2); 0.4–0.2 (sample
566b); 0.2–0.1 (sample 578/9b); and 0.16–0.1 (samples
578/2, 578/3e, 566c, 578/8e).

 

Density.

 

 The density of grains commonly ranges
from 2.6–2.85 g/cm

 

3

 

 (samples 556, 566/1, 566/2) to
2.65–2.75 g/cm

 

3

 

 (samples 556, 566/2) and 2.7–
2.8 g/cm

 

3

 

 (sample 566/1).

 

X-Ray Characteristics of Phyllosilicates

 

Fine-grained component of sandy–silty rocks.

 

X-ray study of the clayey fractions (from <0.6 to
<5 

 

µ

 

m) extracted from rocks at different levels of the
subformation (samples 556, 556a, 581b, 578/2, 578/3e,

578/4, 578/5, 566/1, 566/2, 566c, 566/3, 566b, 578/8e,
578/9b) revealed the following regularity.

Diffractograms of oriented preparations of natural
clayey fractions show a series of basal reflections with

 

d

 

(001) equal to ~10 and ~14 Å, indicating the presence
of mica and chlorite minerals, respectively.

The micaceous minerals are commonly represented
by hydromicas with an ordering trend in the alternation
of mica and smectite layers (short-range factor, 

 

S

 

 > 1).
This type of alternation suggests splitting of the first
low-angle reflection into two reflections with 

 

d

 

 = 10.8–
11.9 and 9.83–9.7 Å, respectively, in diffractograms of
the ethylene glycol-saturated oriented preparations
(Figs. 4a, 4b).

Relationship between intensities of mica and chlo-
rite reflections in the majority of clayey fractions testi-
fies to the secondary role of chlorite. Only in some sam-
ples (556a, 578/2, and 578/5), is the chlorite content
commensurable with the mica component (Fig. 4b).

Nonclayey admixtures in the fractions are repre-
sented by quartz, feldspars, and occasional dolomite
(samples 578/5, 578/8b, 578/8e), and calcite (samples
578/3e, 566b).

In powder diffractograms of clayey fractions, the

 

d

 

(060) value varies from 1.500 to 1.513 Å; parameter 

 

b

 

,
from 9.00 to 9.08 Å, respectively. Hence, the mica-
ceous minerals correspond to dioctahedral Al–Fe-sili-
cates. Based on the 

 

b

 

 value of 9.29 and 9.30 Å at

 

d

 

(060) = 1.549 and 1.550 Å, respectively, chlorite is
represented by the trioctahedral Fe

 

2+

 

–Mg-chlorite. Fig-
ure 4 shows the (060) region diffractogram of an unori-
ented preparation of sample 578/2 (fraction <1 

 

µ

 

m).

 

Globular glauconite.

 

 Analysis of diffractograms of
oriented preparations (Table 1; Figs. 5a, 5b) showed
that globules are composed of hydromicas with an
ordered alternation of mica and smectite layers (

 

S

 

 > 1).
Some samples (556a, 578/4, and 578/8e) contain traces
of chlorite (Fig. 5b). The chlorite content is more appre-
ciable in sample 578/9b. Calcite and hematite are the
additional admixtures in globules from sample 566b.

It is worth mentioning that diffractograms of the
natural oriented preparation of brownish red globules
(sample 578/8b), which represent the complete hema-
tite pseudomorphs of glauconite, show distinct reflec-
tions of the micaceous mineral and weak reflections of
hematite. Although the hematite content is low, this
mineral promotes an intense coloration of globules.
However, diffraction characteristics of glauconite are
not affected.

In the powder diffractograms of globules, 

 

d

 

(060)
varies from 1.506 to 1.510 Å. Parameter 

 

b

 

 of micaceous
minerals varies from 9.036 and 0.06 Å (Table 1). Such

 

b

 

 values are typical of dioctahedral micaceous minerals
of the glauconite series.

Powder diffractograms of glauconite are typical of
the monolayer monoclinal modifications of micas with
packing defects related to the azimuthal orientation of
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Fig. 4.

 

 Diffractograms of oriented samples of clayey frac-
tions (<1 

 

µ

 

m) in the (1) air-dry and (2) ethylene glycol-sat-
urated states. (a) Sample 578/8e); (b) sample 578/2;
(c) powder diffractogram. (Q) Quartz.
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Table 1.

 

  X-ray data on minerals of the glauconite series

Sample
no.

Grain size,
mm

Grain density,
g/cm

 

3

 

d

 

(001), Å Å

natural ethylene
glycol-saturated

 

d

 

(060) parameter 

 

b

 

556 0.315–0.16 2.65–2.75 10.60 ~11; 9.83 1.5095 9.057

556a 0.2–0.16 – 10.57 10.8; 9.76 1.506 9.036

578/4 0.315–0.16 – 10.40 ~11; 9.76 1.509 9.054

566/1 0.315–0.16 2.7–275 10.52 11; 9.68 1.508 9.048

566/1 0.315–0.16 2.75–2.8 10.47 11; 9.65

566/2 0.315–0.16 2.65–2.75 10.52 11.33; 9.85 1.508 9.048

566b 0.4–0.2 – 10.40 10.8; 9.76 1.510 9.06

578/8e 0.16–0.1 – 10.94 11.05; 9.68 1.506 9.036

578/9b 0.2–0.1 – 10.70 ~11.4; 9.68 1.506 9.036

 

Note: (–) No data.

 

layers as a result of their rotation by 

 

n

 

60

 

°

 

 in 2 : 1 struc-
tures (Drits et al., 1993).

 

Chlorite.

 

 In clayey strata confined to siltstones
(sample 578/3e), the coarse-crystalline chlorite makes
up rounded and other types of dark gray segregations.
In the diffractogram of oriented preparation of the dark
gray sample (0.4–0.2 mm), chlorite is characterized by
regular series of basal reflections with 

 

d

 

(001) =
14.03 Å, where the intensity of even orders is much
higher than that of odd ones (Fig. 5c), indicating a
higher Fe content in the mineral (Bailey, 1988). Chlo-
rite is represented by the trioctahedral Fe

 

2+

 

–Mg variety
with parameter 

 

b

 

 = 9.30 Å and 

 

d

 

(060) = 1.550 Å.
In mudstone interlayers, chlorite associated with

micaceous minerals (samples 578/4b, 578/3a) is similar
to the above variety with respect to diffraction parame-
ters (Figs. 5d, 5e). Powder diffractograms of samples
578/3a and 578/4b include reflections with 

 

d

 

 equal to
~2.68, 2.51, and 1.76 Å, suggesting the polytype mod-
ification of chlorite 1b (

 

β

 

 = 90

 

°

 

) (Bailey, 1988; Drits
and Kossovskaya, 1991). The Fe index of the trioctahe-
dral Fe

 

2+

 

–Mg-chlorite in mudstone samples is slightly
different: parameter 

 

b

 

 = 9.30 and 9.33 Å at 

 

d

 

(060) =
1.550 and 1.556 Å, respectively. This is exemplified by
the powder diffractogram of sample 578/3a (Fig. 5f).
As is evident, in addition to the micaceous component
(

 

b 

 

~ 9.08 Å, 

 

d

 

(060) = 1.514 Å), quartz is present as
admixture in the mudstones.

 

Micaceous minerals and chlorite. 

 

Judging from
the diffractograms of oriented preparations, brown pel-
lets (sample 566/1, 0.2–0.1 mm; sample 566/3, 0.2–
0.1 mm; >2.9 g/cm

 

3

 

) consist of micaceous minerals and
chlorite. The micaceous minerals show reflections with

 

d

 

(001) ~ 10.28, 4.94, and 3.35 Å (Fig.6a). The low
intensity of reflection with 

 

d

 

(002) ~ 4.94 Å indicates
the presence of a high Fe content in the minerals (

 

Rent-
genografiya…

 

, 1983; 

 

Micas, 1988). Chlorite is indi-
cated by the nearly integer series of basal reflections

with d(001) ~ 14.16 Å. Its structure is also dominated
by Fe cations, as suggested by the relationship of inten-
sities of even and odd reflections (Fig. 6a).

Diffractograms of the disordered preparation of pel-
lets in sample 566/3 show reflections with d ~ 2.622,
2.436, 2.178, 2.014, 1.675, and 1.539 Å (Fig. 6b), sug-
gesting that the mineral matches trioctahedral mica of
the biotite–phlogopite series (Micas, 1988; Mineraly,
1992).

The powder diffractogram of sample 566/3 recorded
in the discrete regime with a step of 0.02° 2θ in the
060 region demonstrates several reflections (Fig.6c).
The most intense reflection (1.539 Å) corresponds to
the trioctahedral micaceous mineral of the biotite–phl-
ogopite series (b = 9.23 Å). The weaker reflection (d =
1.506 Å, b ~ 9.04 Å) suggests the presence of dioctahe-
dral micaceous minerals of the Al–Fe composition (Al-
glauconite and Fe-illite). The small bend with d ~
1.55 Å fits the trioctahedral chlorite (b ~ 9.30 Å), which
is not recorded during the continuous scanning
(Fig. 6b).

Thus, the brown pellets are presumably dominated
by a micaceous phase of the biotite–phlogopite (hereaf-
ter, biotite) series, while the dioctahedral micaceous
minerals and trioctahedral Fe2+–Mg-chlorite are
present as admixtures.

Chemical Composition of Minerals

The chemical composition of mineral was studied
with a Camebax microprobe. Glauconite globules
placed in the pellet were analyzed in the following sam-
ples (grain size fraction and density are indicated in
parentheses): 556 (0.315–0.16 mm, 2.7–2.75 g/cm3);
578/4 (0.315–0.16 mm); 566/1 (0.315–0.16 mm, 2.7–
2.8 g/cm3); 566/2 (0.315–0.16 mm, 2.65–2.75 g/cm3);
566b (0.4–0.2 mm); 578/9b (0.2–0.1 mm); and 578/8e
(0.16–0.1 mm). Mudstones were examined in polished
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Fig. 5. Diffractograms of oriented samples. (a, b) Glauconite globules in the (1) air-dry and (2) ethylene glycol-saturated states:
(a) Sample 556), (b) sample 578/8e; (c–e) chlorite in the natural state: (c) sample 578/3e, (d) sample 578/4b, (e) sample 578/3a;
(f) diffractogram of unoriented sample 578/3a. Dots mark reflections of the micaceous mineral. (Q) Quartz.

sections (samples 578/3a, 578/4b). Sandy–silty rocks
were used to analyze the following materials: (1) green,
brownish green, and brownish (samples 556a, 566c,
578/4) and greenish brown (sample 581b) globules;
(2) chlorite patches in brownish grains (sample 578/4);
(3) brownish clayey strata (sample 578/4); (4) chlorite

segregations in the clayey strata (sample 578/4); and
(5) pellets represented by colorless (sample 556a),
green (samples 578/2, 578/4), and brown (samples
578/3e, 578/2, 581b, 566c, 578/4) varieties.

The application of a Camscan scanning electron
microscope equipped with microprobe analyzer made it
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possible to carry out the qualitative and quantitative
analysis of minerals or their assemblages in mudstones
(samples 578/a, 578/4b) and silty sandstones (samples
578/4, 578/3e, 566/3).

In samples 556 and 566/2, the microprobe analysis
was supplemented with the complete silicate analysis.

Chemical composition of globular glauconite. As
is evident from Table 2, green globules taken from dif-
ferent levels of the subformation show a wide range of
contents of Al2O3 (14.74–22.74%) and Fe2O3 (7.84–
15.42%). As will be shown below, such variations can
occur even in a single sample (monofraction and pol-
ished section). The variation is smaller in the case of
K2O (7.05–8.56%) and MgO (1.94–2.61%), except for
sample 578/9b (MgO 4.81%), probably, owing to the
chlorite admixture recorded in the X-ray spectra.

In order to compare the accuracy of data obtained by
different methods, Table 2 presents not only the micro-
probe analyses, but also the complete silicate analyses
(including the determination of water) of samples 556
and 566/2. It is evident that the microprobe analysis
yields slightly higher contents of SiO2 and K2O
(Table 2, analyses 1, 2, 9, 10).

When calculating crystallochemical formulas of
minerals (Table 3) based on complete and incomplete
silicate analyses, we assumed that the anionic frame-
work of (é10(éç)2)–22 is constant. Table 3 shows that
octahedral sites of 2 : 1 layers of minerals are domi-

nated by Al cations (0.86–1.35 f.u.). The content of
total Fe (hereafter, Fe3+) cations varies from 0.40 to
0.85 f.u.; Mg cations, from 0.20 to 0.50 f.u.; and the
interlayer K cations, from 0.64 to 0.76 f.u.

Thus, crystallochemical features described above
indicate that the studied minerals correspond to Al-
glauconites. In terms of the Fe index (n = Fe3+/Fe3+ +
Al), they make up a continuous isomorphous series
(n = 0.23–0.49). Among them, the Al-rich varieties
(AlVI = 1.21–1.35 f.u., Fe3+ = 0.40–0.50 f.u.) make up
samples 578/2, 578/3e, and 578/8e (n = 0.23–0.31). The
Fe-rich varieties (AlVI = 0.93 and 0.86 f.u.; Fe3+ = 0.85
and 0.81 f.u.) compose samples 566b and 556 (n = 0.48
and 0.49, respectively).

Chemical composition of brownish grains. As
was mentioned above, green globules in the studied
polished sections are supplemented with brownish
green and brownish varieties (samples 556a, 578/2,
578/4, 566c). Their compositions are slightly different
from that of Al-glauconite in green globules from the
same polished section. Table 4 shows compositional
variations of micaceous minerals in the green, brownish
green, and brownish grains (sample 578/4). It is evident
that the Al2O3 content increases from 16.99% in the
green variety to 26.17% in the brownish variety, while
the Fe2O3 content decreases from 12.89 to 6.60%. A
similar variation is also recorded in globules of differ-
ent colors (samples 556a, 566c). This trend is also sup-
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Fig. 6. Diffractograms of (a) oriented and (b) unoriented samples of brown pellets (sample 566/3). (c) 060 region in the discrete
regime.
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ported by the semiquantitative analysis of the brownish
(Fig. 2c, analyses 46–51) and green globules.

The averaged crystallochemical formula of minerals
in brownish globules (sample 578/4) is as follows:

K0.65Na0.004Ca0.04(Al1.49 Mg0.20)2.02[Si3.43Al0.57]O10(OH)2.

This formula shows that, relative to Al-glauconite,
minerals in the brownish grains from green globules

(Table 3, sample 578/4) are characterized by higher con-
tents of octahedral and tetrahedral Al cations and lower

Fe0.33
3+

Table 2.  Chemical composition of glauconite globules (wt %)

Analysis 
no.

Sample 
no.

Grain size, 
mm

Grain densi-
ty, g/cm3

Oxides

SiO2 Al2O3 Fe2O3 FeO MgO CaO Na2O K2O total

Ochchugui-Sololi River

1 556 0.315–0.16 2.7–2.75 50.05 15.40 12.58 2.47 2.35 0.93 0.13 7.25 91.16

2 556 0.315–0.16 2.7–2.75 52.41 15.22 14.50 2.58 0.28 absent 8.14 93.15

3 556a 0.2–0.16 – 52.86 18.03 12.12 2.60 0.43 0.01 8.18 94.33

Debengda River

4 578/2 0.16–0.1 – 52.91 21.84 8.89 2.19 0.49 0.01 7.88 94.21

5 578/3e 0.16–0.1 – 52.02 22.74 7.84 2.12 0.44 0.11 8.13 93.60

6 578/4 0.315–0.16 – 52.11 16.99 12.89 2.52 0.37 0.04 8.11 93.07

7 566/1 0.315–0.16 2.7–2.8 52.35 18.57 9.36 2.81 2.33 0.37 0.06 7.96 94.21

8 566c 0.16–0.1 – 53.10 17.99 11.48 2.54 0.43 0.03 7.98 93.56

9 566/2 0.315–0.16 2.65–2.75 50.54 17.04 11.43 2.23 2.32 0.12 0.16 7.05 90.89

10 566/2 0.315–0.16 2.65–2.75 52.19 17.28 13.04 2.20 0.03 absent 8.14 92.91

11 566b 0.4–0.2 – 52.35 14.75 15.42 2.61 0.39 0.01 8.24 93.80

12 578/8e 0.16–0.1 – 52.05 19.23 10.45 1.94 0.23 0.01 7.41 91.36

13 578/9b 0.2–0.1 – 53.04 14.74 11.39 4.81 0.19 0.05 8.56 92.85

Note: In samples 556 (analysis 1) and 566/2 (analysis 9), the H2O+ content is 5.34 and 3.00%, respectively; the H2O– content is 7.52 and
1.37%, respectively. Hereafter, each microprobe analysis is an average based on three analyses.

Table 3.  Crystallochemical formulas of minerals of the glauconite series (f.u.)

Formula 
no.

Sample 
no.

Grain size, 
mm

Grain
density,
g/cm3

Cations

ntetrahedral octahedral interlayer

Si Al Al Fe3+ Fe2+ Mg Ca Na K

1 556 0.315–0.16 2.7–2.75 3.62 0.38 0.93 0.57 0.28 0.25 0.07 0.02 0.67 0.48
2 556a 0.2–0.16 – 3.61 0.39 1.07 0.62 0.27 0.03 0.001 0.71 0.37
3 578/2 0.16–0.1 – 3.56 0.44 1.30 0.45 0.22 0.04 0.001 0.68 0.26
4 578/3e 0.16–0.1 – 3.53 0.47 1.35 0.40 0.26 0.03 0.01 0.70 0.23
5 578/4 0.315–0.16 – 3.62 0.38 1.02 0.67 0.26 0.03 0.005 0.72 0.40
6 566/1 0.315–0.16 2.7–2.8 3.60 0.40 1.10 0.52 0.15 0.24 0.03 0.008 0.70 0.38
7 566c 0.16–0.1 – 3.63 0.37 1.09 0.60 0.26 0.03 0.004 0.71 0.36
8 566/2 0.315–0.16 2.65–2.75 3.61 0.39 1.04 0.61 0.13 0.25 0.01 0.02 0.64 0.42
9 566b 0.4–0.2 – 3.65 0.35 0.86 0.81 0.27 0.03 0.001 0.73 0.49

10 578/8e 0.16–0.1 – 3.63 0.37 1.21 0.55 0.20 0.02 0.001 0.66 0.31
11 578/9b 0.2–0.1 – 3.70 0.30 0.91 0.60 0.50 0.01 0.007 0.76 0.40

Note: (–) No data.
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contents of octahedral Fe cations. With respect to compo-
sition, such brownish grains can be referred to as Fe-illite.

The chlorite-bearing brown globules can be com-
posed of Fe-illite (Table 4, analysis 12) or chlorite and
illite. The latter (mixed) composition will be described
below. The presence of both compositional types within
a single grain is also confirmed by the semiquantitative
microprobe analysis (Fig. 2b).

Chemical composition of chlorite. Microprobe
analyses of brownish globules and clayey strata in glau-
conite-bearing rocks (sample 578/4) revealed that chlo-
rites in both materials are virtually similar. This is indi-
cated by similar average contents of the following
major oxides (%): SiO2 25.88, 26.12; Al2O3 23.25,
23.46; FeO 33.64, 33.94; and MgO 6.85, 6.70 (Table 5,
analyses 3–6). The crystallochemical formula calcu-
lated for the globular chlorite fits the Fe2+–Mg compo-
sition (Table 6, formula 1).

Chlorite developed as spherulitic aggregates in
clayey strata of siltstones (sample 578/3e) is generally
similar to its counterpart developed as interlayers in
mudstones (samples 578/3a, 578/4b) (Table 5, analyses
7–15).Their crystallochemical formulas also fit the
Fe2+–Mg composition. Among them, sample 578/4b is
marked by the highest Fe content (Table 6, formulas 2–4).

The semiquantitative chemical analysis of chlorites
(30 analyses) in globules and interstitial cement (sam-
ple 578/4) and clayey strata (sample 578/3e) also
yielded similar compositions. Figure 7 presents three
representative analyses.

The greenish gray globules (sample 581b) are com-
posed of chlorite with a minor admixture of mica, as
suggested by the presence of a small amount of K cat-
ions (K2O 1.39%) (Table 5, analyses 1, 2). Calculation
of the crystallochemical formula without the consider-
ation of the micaceous phase suggested that the globu-
lar chlorite in sample 581b (Table 6) also fits the Fe2+–
Mg composition. However, this chlorite variety is

marked by the highest Mg content relative to the variet-
ies described above.

Chemical composition of mica–chlorite blends in
globules and clayey rocks. The brownish globules and

Table 4.  Chemical composition of globular micaceous minerals of different colors in sample 578/4 (wt %)

Oxides 1 2 3 4 5 6 Average 
content 7 8 Average 

content 9 10 11 Average 
content 12

SiO2 52.90 52.56 51.14 52.61 51.15 52.28 52.10 52.11 52.52 52.32 52.51 50.12 51.50 51.38 52.65

TiO2 0.02 0.01 0.05 0.01 0.03 0.03 0.03 0.07 0.04 0.05 0.02 0.04 0.07 0.06 0.07

Al2O3 15.78 15.16 18.47 20.74 13.34 18.45 16.99 22.72 22.49 22.61 25.51 26.14 26.85 26.17 21.09

Fe2O3 14.29 13.61 12.29 9.69 15.87 11.59 12.89 9.54 8.75 9.15 5.38 7.93 6.50 6.60 11.30

MgO 2.36 2.48 2.58 2.22 3.03 2.44 2.52 2.20 2.12 2.16 1.86 2.64 1.65 2.05 2.29

CaO 0.34 0.33 0.42 0.32 0.59 0.24 0.37 0.49 0.46 0.47 0.54 0.51 0.51 0.52 0.50

Na2O 0.02 absent 0.18 0.04 0.02 absent 0.06 absent absent absent 0.01 0.03 0.06 0.03 absent

K2O 7.96 7.99 8.05 8.04 8.21 8.39 8.11 8.14 8.23 8.17 7.52 7.37 8.00 7.63 7.94

Total 93.67 92.14 93.18 93.70 92.24 93.42 93.07 95.27 94.64 94.95 93.35 94.78 94.96 94.66 95.84

Note: (1–12) Sample numbers. Globule color: (1–6) green, (7, 8) brownish green, (9–12) brownish.
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Fig. 7. X-ray spectra of chlorites in the brownish globule
(analysis 60a) and pore cement (analysis 63) of sample
578/4, as well as in the clayey stratum of sample 578/3e
(analysis 7). Camscan SEM images (semiquantitative anal-
ysis).
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clayey strata, which are replaced by large chlorite
flakes (sample 578/4), mainly represent Fe-illite–chlo-
rite blends, i.e., intermediate compositions (Table 7,
analyses 1, 2, 5). In particular, they are characterized by
low contents of SiO2 and K2O. At the same time, con-
tents of FeO and MgO are higher. Globules are domi-

nated by the micaceous phase, while the clayey rock is
mainly composed of chlorite.

Judging from the semiquantitative analysis data, in
one of the clayey strata in sample 578/3e (Fig. 2d)
almost completely replaced by chlorite (analysis 10)
and calcite (analysis 9), the retained clayey component

Table 5.  Chemical composition of chlorite in globules and rocks (wt %)

Oxides
1 2 Total 3 4 Total 5 6 Total 7

Globules Rock

SiO2 28.22 29.15 28.68 26.07 25.69 25.88 26.10 26.14 26.12 27.67

TiO2 0.01 0.01 0.01 0.02 0.04 0.03 0.04 0.01 0.07 0.12

Al2O3 21.23 20.05 20.64 23.53 22.95 23.25 23.83 23.08 23.46 24.02

FeO 31.12 29.49 30.31 33.64 33.64 33.64 34.03 33.84 33.94 30.24

MgO 9.06 7.96 8.51 6.35 6.85 6.85 6.81 6.58 6.70 7.01

CaO 0.21 0.16 0.19 0.07 0.10 0.08 0.07 0.09 0.08 0.08

K2O 1.48 1.30 1.39 0.09 0.15 0.12 0.09 0.17 0.13 0.14

Total 91.33 88.12 89.73 90.27 89.42 89.85 90.97 89.91 90.43 89.28

Oxides
Rock

8 9 10 11 12 Total 13 14 Total 15

SiO2 27.45 27.47 27.14 27.31 27.39 27.41 27.43 26.48 26.96 24.82

TiO2 0.03 0.08 0.09 absent absent 0.08 0.06 0.08 0.07 0.36

Al2O3 24.01 24.24 23.62 23.96 23.84 23.94 20.80 21.26 21.03 18.84

FeO 31.27 29.44 31.88 31.24 30.96 30.83 31.08 30.40 30.74 37.99

MgO 7.19 6.91 7.27 7.17 7.09 7.11 5.91 5.91 5.91 5.29

CaO 0.07 0.11 0.06 0.06 0.09 0.09 0.14 0.19 0.16 0.11

K2O 0.14 0.41 0.24 0.10 0.22 0.20 0.17 0.14 0.16 0.22

Total 90.16 88.66 90.3 89.84 89.59 89.66 85.59 84.46 85.09 87.63

Note: (1–15) Analysis numbers. Chlorite globules from sample 581b (analyses 1, 2); chlorite sectors in brownish globules from sample
578/4 (analyses 3, 4); the same in clayey strata from sample 578/4 (analyses 5, 6) and sample 578/3e (analyses 7–12); chlorite in
mudstones from sample 578/3a (analyses 13, 14) and sample 578/3b (analysis 15).

Table 6.  Crystallochemical formulas of chlorites (f.u.)

Formula
no.

Sample
no.

Cations

tetrahedral octahedral

Si Al Al Fe2+ Mg total

1 578/4 2.75 1.25 1.68 3.00 1.09 5.77

2 578/3e 2.88 1.12 1.84 2.71 1.11 5.66

3 578/3a 3.00 1.00 1.76 2.87 0.98 5.61

4 578/4b 2.84 1.16 1.33 3.67 0.90 5.90

5 566c 3.13 0.87 1.54 2.93 1.19 5.66

6 581b 3.03 0.97 1.19 3.14 1.58 5.91

7 581b 3.25 0.75 1.75 2.39 1.37 5.51

Note: Formulas were calculated for chlorites from the brownish and greenish gray globules (analyses 1, 6), the clayey strata (2), mudstones
(3, 4), and gray pellets (5, 7).
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Table 7.  Chemical composition of mica–chlorite blends in globules and brownish clayey rocks (wt %)

Oxides
1 2 3 4 5

Globules Rock

SiO2 43.61 42.23 45.35 41.47 37.37

TiO2 0.16 0.18 0.30 0.26 0.09

Al2O3 24.19 22.85 22.81 21.86 24.04

FeO 16.05 14.84 14.66 18.44 21.83

MgO 3.31 3.67 3.51 3.83 5.81

CaO 0.38 0.34 0.50 0.03 0.25

Na2O 0.01 0.01 0.03 0.28 0.01

K2O 5.35 5.07 4.00 3.70 2.43

Total 93.02 89.23 91.16 89.87 92.17

Note: (1–5) Sample numbers. (1, 2) Brownish globules and (5) brownish clayey interlayer from sample 578/4; (3, 4) mudstones from sam-
ple 578/3a.

Table 8.  Chemical composition of pellets of different colors (wt %)

Oxides
1 2 3 4 5 6 7 8 9 10 11 12 13

Al2O3 > FeO FeO > Al2O3

SiO2 45.57 53.41 52.01 52.85 50.87 48.94 42.65 34.11 38.60 32.85 32.79 36.56 35.84

TiO2 0.03 0.09 0.02 absent 0.31 0.14 0.18 0.04 0.04 1.90 0.57 2.13 1.64

Al2O3 32.97 17.35 21.65 23.44 25.97 26.40 24.98 20.01 19.08 18.21 20.03 19.42 19.89

Fe2O3 5.59 13.36 9.65 4.92 4.01 6.69 11.23 25.57 22.60 25.29 23.81 24.89 25.72

MgO 1.03 2.65 2.01 1.84 2.82 3.16 3.82 8.05 7.11 7.95 6.39 4.91 6.40

CaO 0.01 0.46 0.34 0.66 0.52 0.51 0.38 0.61 0.60 0.40 0.31 0.27 0.20

Na2O 0.17 0.03 absent absent 0.08 0.26 0.07 0.50 0.36 0.47 0.17 0.01 absent

K2O 9.98 8.08 7.87 7.25 7.95 5.94 4.87 1.11 1.48 1.53 1.68 5.86 5.95

Total 95.35 95.43 93.56 90.96 92.53 91.81 88.18 90.00 89.87 88.60 85.75 94.05 95.67

Note: (1–13) Analysis numbers. (1) Colorless (sample 556a); (2, 3) green: (2) sample 578/2, (3) sample 578/4; (4–13) brown: (4–6) sample
578/e, (7) sample 578/2, (8–10) sample 581b, (11) sample 566c, (12, 13) sample 578/4. In analyses 1–5, Fe is mainly present in the
trivalent form; in analyses 8–13, in the bivalent form. In analyses 6 and 7, the contents of the bivalent and trivalent forms are gov-
erned by the ratio of micaceous and chloritic components.

Table 9.  Crystallochemical formulas of lamellar micaceous minerals (Fe-muscovite, Al-glauconite, and Fe-illite)

Formula 
no.

Sample
no.

Cations

tetrahedral octahedral interlayer

Si Al Al Fe3+ Mg Ca Na K

1 556a 3.06 0.94 1.67 0.28 0.10 0.008 0.02 0.85

2 578/2 3.62 0.38 1.01 0.69 0.27 0.03 0.003 0.69

3 578/4 3.55 0.45 1.28 0.49 0.20 absent 0.02 0.68

4 578/3e 3.45 0.55 1.53 0.20 0.28 0.08 0.03 0.68

Note: Colorless (sample 556a), green (samples 578/2, 578/4), and brown (sample 578/3e) varieties were analyzed.
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is composed of a blend of micaceous minerals, chlorite,
and quartz (analysis 11).

In two sectors of mudstone (sample 578/3a), one
can see the mixing of chlorite and mica (Table 7, anal-
yses 3, 4). This type of blend occasionally includes
quartz, as suggested by the qualitative microprobe data
(samples 578/3a, 578/4b).

Chemical composition of pellets of various colors.
The colorless pellet found in sample 556a (Table 8, anal-
ysis 1) is enriched in Al2O3 (32.97%) and K2O (9.98%),

but depleted in the total Fe (5.59%) and MgO (1.03%).
The composition of this variety fits Fe-muscovite, as
suggested by its crystallochemical formula (Table 9,
formula 1). A similar ratio of oxides is observed in
semiquantitative analyses of the colorless pellets from
samples 578/3e and 566/3.

Green pellets (samples 578/2, 578/4) characterized
by the predominance of Al cations (17.35 and 21.65%,
respectively) over the total Fe content (13.36 and
9.65%, respectively) can be referred to as Al-glauconite

5 µm 5 µm

10 µm 10 µm

10 µm 10 µm

(a) (b)

(c) (d)

(e) (f)

Fig. 8. Microtextures of glauconite and chlorite in samples 578/4 (a, b) and 578/3e (c–f). (a) Glauconite; (b) chlorite crystallites
among glauconite flakes (right-hand lower corner), globule chips, Camscan SEM image, (c–f) microtexture of chlorite in clayey
strata, Stereoscan-600 SEM images.
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with different Fe contents (Table 8, analyses 2, 3). Their
crystallochemical formulas are given in Table 9.

Brown pellets (samples 578/3e, 578/2, 581b, 566c,
578/4) have different compositions (Table 8, analyses
4–13). In some varieties, Al2O3 prevails over the total
Fe (Table 8, analyses 4–7), while the relationship is
opposite in other varieties (Table 8, analyses 8–13). At
the same time, both groups differ in the K2O content.

The brown pellets (Table 8, analyses 4, 5) with high
contents of Al2O3 (23.44 and 25.97%) and K2O (7.25
and 7.95%) and a small amount of the total Fe (4.92 and
4.01%) can be referred to as Fe-illite. This is also sug-
gested by the crystallochemical formula (Table 9) cal-
culated for one brown pellet (sample 578/3e).

The K-depleted and Al-enriched brown pellets
(Table 8, analyses 6, 7) have higher contents of FeO
(6.69 and 11.23%) and MgO (3.16 and 3.82%). Hence,
such pellets can be two-phase minerals, in which Fe-
illite is the major component, whereas Fe2+–Mg-chlo-
rite is subordinate. The latter component is slightly
higher in sample 578/2 (Table 8, analysis 7).

The brown pellets with Fe cations dominating over
Al cations (Table 8, analyses 8–13) are enriched in
MgO (6.39–8.05%) and occasional TiO2 (0.57–2.13%).
In terms of the K2O content, such pellets can be divided
into two groups. The K-poor variety (K2O 1.11–1.68%)
is composed of Fe2+–Mg-chlorite with an admixture of
the micaceous phase (Table 8, analyses 8–11). This is
evident from crystallochemical formulas of pelletal
chlorites from samples 566c and 581b (Table 6) based
on the averaged analyses and the consideration of the
contribution of micaceous phases.

The K-enriched varieties (K2O 5.86 and 5.95%) can
be a complex compound of mineral phases mainly
dominated by the terrigenous biotite (Table 8, analyses
12, 13). The subordinate component can be represented
by different proportions of Fe-illite and/or chlorite
(sample 578/4).

The statistical semiquantitative chemical analysis of
35 brown pellets in the polished section of sample
566/3 revealed the following fact. In terms of the ratio
of oxides, three pellets are compositionally similar to
Fe-illite, while the remaining pellets can be referred to
as minerals of the biotite–phlogopite series. Among

10 µm
(a)

10 µm
(b)
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(c) (d)

Fig. 9. Microtexture of mudstone (sample 578/4b), Camscan SEM images (qualitative analysis). (a–c) Large chlorite monocrystals
(analyses 1, 3, 6–8, 10, 12) that often make up packages among the finer flaky matrix composed of chlorite with an admixture of
quartz and other minerals (analyses 2, 4, 9, 11, 13); (d) concentric-layered chlorite crystallites.
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them, the K-depleted varieties can be chloritized
phases. These results are also supported by the X-ray
data, which indicate that the major phase in the brown
pellets from sample 566/3 correspond to biotite. The
secondary components are represented by micaceous
minerals and chlorite (Fig. 6).

MICROTEXTURE OF SAMPLES

Using Stereoscan-600 and Camscan scanning elec-
tron microscopes equipped with microprobe devices,
we studied the following materials (Fig. 3): (1) glauco-
nite-bearing sandy–silty rocks (samples 578/3e, 578/4,
566/1), in which globules and crystalline chlorite in the
globules, cement, and clayey strata were analyzed;
(2) mudstones (samples 578/3a, 578/4b); and (3) glau-
conite globules differently replaced by hematite (sam-
ples 566b, 578/8b).

Glauconite globules are commonly characterized by
intricate-flaky microtexture with the crystallite size
ranging from 1–2 to 4–5 µm (Fig. 8a). Like the optical

microscopic study of thin sections, the scanning elec-
tron microscopic examination of numerous green glob-
ules revealed that chlorite is rather scarce in the glob-
ules. Moreover, chlorite has a more massive microtex-
ture relative to glauconite (Fig. 8b).

In clayey strata of glauconite-bearing rocks (sam-
ples 578/3e, 578/4), chlorite occurs as large (from 3–6
to 10–20 µm) pelletal, hexagonal and/or irregular crys-
tallites with rectilinear or curved faces (Figs. 8c–8f).
They often make up isolated or stacked packages
among the smaller crystallites of clay minerals. Based
on X-ray and microprobe data, the clay minerals are
represented by micaceous minerals, chlorite, and
quartz. Their proportions are highly variable at differ-
ent observation points.

In mudstone of sample 578/4b, the groundmass is
composed of a dense cluster of equant flakes (from <0.1
to 4 µm in size), which include numerous patches of
larger (up to 10–15 µm) chlorite crystallites (Fig. 9).

Investigation of mudstone in sample 578/4b with the
help of a Camscan SEM revealed the following features
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Fig. 10. Microtexture of mudstones. Camscan SEM images (qualitative analysis). (a, b) Sample 578/4b, chlorite crystallites of dif-
ferent shapes; (c, d) sample 578/3a, chlorite crystallites (analyses 4, 5, 11–14) among quartz grains (analyses 1–3).
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(Figs. 9a–9c). Based on the distribution of FeO, MgO,
SiO2, and Al2O3 in the groundmass, the flakes are com-
posed of chlorite or chlorite–quartz blend (analyses 4,
9, 11, 13). Minor concentrations of K2O and TiO2 sug-
gest that the admixture is represented by micaceous
minerals and/or anatase. The flake groundmass
includes large (up to 8–15 µm) crystallites of equant,
pelletal, and pseudohexagonal chlorite (Fig. 9a–9c,
analyses 1–3, 6–8, 10, 12). Rectilinear and/or curved
chlorite crystallites often make up concentric-con-
choidal aggregates resembling buds, rosettes, and hel-
mets (Figs. 9d, 10a, 10b). Large crystallites also occur
as isolated dense aggregates (Fig. 9c) and/or clusters
that can be subparallel or inclined relative to each other
(Figs. 9a, 9b). In thin sections, one can see that the
diverse clusters of large crystallites make up a granular
mass among the fine-grained mica–chlorite matrix.

In mudstone from sample 578/3a, chlorite crystal-
lites, which are similar to those described above in
terms of shape and size (analyses 4, 5, 11–14), corrode
and often make up a rim around the numerous quartz
grains, resulting in the interweaving of flakes and their
aggregates. In Figs. 10c and 10d, one can see the devel-
opment of chlorite crystallites around quartz grains
(analyses 1–3). Some crystallites penetrate the quartz
grains. The concentric-zonal structure of crystallites, a
typical feature of mudstones in sample 578/4b, is very
rare in sample 578/3a.

DISCUSSION

Based on the detailed investigation of data on sec-
tions of the lower subformation of the Arymas Forma-
tion, let us examine phases of the formation and trans-
formation of dioctahedral and trioctahedral phyllosili-
cates (biotite, glauconite, Fe-illite, and Fe2+–Mg-
chlorite) at different stages of lithogenesis.

Diagenesis

Globular glauconite. As was shown above, the
studied samples are represented by hydromicas with an
ordering trend in the alternation of mica and smectite
layers (S > 1). In terms of composition, they correspond
to Al-glauconites with different Fe contents (Tables 1–
3; Figs. 5a, 5b). The globule composition is variable not
only in different samples, but also in different grains
within a single sample (Table 4, analyses 1–6), testify-
ing to the chemical heterogeneity of the globular Al-
glauconite.

Previously, we noted the chemical heterogeneity of
minerals of the glauconite–illite series (from Al-glauc-
onite to glauconite) in different grains within a single
sample from the Middle Riphean Debengda Formation
of the Olenek High and the Vendian–Cambrian
Khmel’nitsk Formation of Podolia (Ivanovskaya, 1994;
Ivanovskaya et al., 1999).

According to (Shutov et al., 1975; Shutov, 1984;
Drits and Kossovskaya, 1986; Tsipurskii et al., 1992;
Ivanovskaya et al., 1999), glauconite grains of different
lithologies and ages are characterized by compositional
heterogeneity at the macroscopic level (in globules
within a single sample) and the microscopic level
(inside the globule within a single crystallite).

Intricate diffraction features of glauconite hydromi-
cas (S > 1) are typical of all studied samples. Such fea-
tures have been rarely mentioned in the available liter-
ature. For example, they were not noted in the volumi-
nous collection of glauconite grains of different ages
and locations studied by Nikolaeva (1977). Drits et al.
(1993) investigated a part of this collection. However,
they presented only theoretical versions of diffraction
curves for the glauconite–smectite series with S = 1, 2,
and 3.

In this connection, we should note that Thompson
and Hower (1975) compared experimental and calcu-
lated curves for six (among 19) different-age glauconite
samples and concluded that glauconite and smectite
layers always show ordered alternation if the content of
smectite layers is <30% (at 10–25%, S = 1; at 10–15%,
S = 3). The alternation is unordered (S = 0) only if the
content is >30% (Thompson and Hower, 1975).

The representative samples collected by
Ivanovskaya contains not only samples from the Ary-
mas Formation, but also other hydromicas of the glau-
conite composition (with S > 1) from Precambrian,
Lower Cambrian, and Lower Cretaceous rocks
(Ivanovskaya et al., 1989, 1991; Ivanovskaya, 1996;
Geptner and Ivanovskaya, 2000; Ivanovskaya and
Geptner, 2004).

It is worth mentioning that samples with the order-
ing trend are characterized by both “rejuvenated” and
stratigraphically significant isotope ages (Semikhatov
et al., 1987; Gorokhov et al., 1997; Zaitseva et al.,
2005). In addition, both usual glauconite hydromicas
(S = 0) and hydromicas with the ordering trend (S ≥ 1)
were noted in a single section of the Middle Riphean
Totta Formation (Aim River) at close stratigraphic lev-
els (Ivanovskaya et al., 1989).

Pelletal glauconite. The formation of pelletal glau-
conite after the terrigenous biotite in diagenesis zone
has been discussed and proved on the basis of micro-
scopic investigation by many researchers (Galliher,
1935; Fenoshina, 1961; Murav’ev, 1962; Kopeliovich,
1965; Millot, 1965; Triplehorn, 1966; and others). This
fact has also been supported by scanning electron
microscopic, X-ray, chemical, and Mössbauer analysis
data (Ivanovskaya et al., 1993).

Scheme of the rearrangement of trioctahedral biotite
into dioctahedral glauconite is presented in
(Ivanovskaya et al., 2003). Here, let us only note that
the rearrangement takes place according to the solid-
phase mechanism with the application of the major
structural elements of the mica matrix.
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In sample 578/2, the biotite matrix of green pellets
is suggested by their shape and certain features of the
chemical composition. For example, comparison of
pelletal and globular varieties of Al-glauconite shows
that the pelletal phase is slightly enriched in Mg and Fe,
relative to the globular variety (Table 9, analysis 3).

At the same time, sample 578/4 shows an opposite
relationship: the green pellet is slightly enriched in Al,
relative to the globular phase (Table 8, analysis 3; Table 4,
analysis 4). This may be related to the composition of
the weathered biotite in the sediment, the degree of its
glauconitization, and other features.

Deep Catagenesis

In general, secondary alterations of sandy–silty
rocks in the studied sections are typical of the deep cat-
agenesis zone of platformal rocks. This is indicated by
mosaic (conform-regeneration) and less common fes-
toon-microstylolitic textures; the presence of authi-
genic quartz; the development of typical clay minerals
(dioctahedral micas and trioctahedral Fe2+–Mg-chlo-
rite), which replace the matrix; the occurrence of clayey
strata; the presence of brownish globules and/or brown
pellets at some levels of the sections; as well as the pre-
dominance of authigenic chlorite in the mudstones.

Illitization of pellets. In sample 578/3e, two brown
pellets, similar to biotite with respect to optical proper-
ties, are completely replaced by Fe-illite, as indicated
by the sharp predominance of Al2O3 over Fe2O3 and
sufficiently high K content (K2O 7.25, 7.95%) in the
minerals (Table 8, analyses 4, 5; Table 9). A similar pat-
tern was also recorded for brown pellets in sample
566/3.

The mechanism of biotite transformation into the
dioctahedral mica at the first stage of phase conversions

is similar to the process of glauconitization in diagene-
sis (Ivanovskaya et al., 2003). Dioctahedral Fe–Al-
micas are illitized during the subsequent catagenetic
alterations. Such transformations are similar to those
for the globular Al-glauconite (see below).

The illitization was probably faster in the green pel-
lets with the highest Al content (Table 9).

Illitization of globules. In the studied samples, the
degree of illitization is variable in both pelletal and
globular varieties (up to complete pseudomorphs in
some places). This process can postdate or predate
chloritization (see below).

Dynamics of the chemical composition of different-
color globules in thin sections of sample 578/4 (Table 4)
shows that the Al2O3 content increases and the Fe2O3
content decreases during the gradual change from
green to brownish green and brown color. Crystal
chemistry of this process is as follows. Relative to the
green variety (Table 3, formula 5), the brownish glob-
ules are characterized by higher contents of Al (AlVI

1.02–1.49 f.u.) and lower contents of Fe (FeVI
3+ 0.67–

0.33 f.u.) in octahedral lattices of 2 : 1 layers of the
micaceous mineral. In tetrahedral lattices, the tetrahe-
dral charge is higher than the octahedral one because of
the more intense replacement of Si by Al. Fe cations
released from the structure are concentrated in the adja-
cent globules as hematite crystallites (and, possibly,
amorphous phase), resulting in the brownish color of
the globules.

The globular and pelletal glauconite could be illi-
tized by either the solid-phase mechanism (with the
retention of the micaceous matrix) or the mechanism of
synthesis (solution–redeposition). In the fist case, the
process is accompanied by the removal of Fe3+, extrac-
tion of additional Al from the solutions and redistribu-

Table 10.  Chemical composition of micaceous minerals, chlorites, and their blends in globules and rocks (wt %)

Oxides

Globules Rock

A B I II

1 2 3 4 5 6 7 8 9 10 11

SiO2 52.65 42.23 25.69 43.61 26.07 37.71 26.10 26.14 45.35 41.47 26.96

TiO2 0.07 0.18 0.04 0.16 0.07 0.09 0.04 0.01 0.30 0.26 0.07

Al2O3 21.09 22.85 22.95 24.19 23.53 24.04 23.83 23.08 22.81 21.86 21.03

FeO 11.30 14.84 33.64 16.05 33.64 21.83 34.03 33.84 14.66 18.44 30.74

MgO 2.29 3.67 6.85 3.31 6.85 5.81 6.81 6.58 3.51 3.83 5.91

CaO 0.50 0.38 0.10 0.34 0.07 0.25 0.07 0.09 0.50 0.03 0.16

Na2O absent 0.01 absent 0.01 absent 0.01 absent absent 0.03 0.28 absent

K2O 7.94 5.07 0.15 5.35 0.09 2.43 0.09 0.17 4.00 3.70 0.16

Total 95.84 89.23 89.42 93.02 90.27 92.17 90.97 89.91 91.16 89.87 85.09

Note: (1–11) Sample numbers. In sample 578/4, we analyzed two (A, B) brownish globules (analyses, 1, 2, 4) with chlorite patches (anal-
yses 3, 5) and an interlayer of brownish clayey rock (I, analysis 6) with chlorite patches (analyses 7, 8). In sample 578/3a (II), we
analyzed the clayey matrix (analyses 9, 10) and chlorite segregations (analysis 11).
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tion of this element along octahedral and tetrahedral
sites. In the second case, glauconite particles are dis-
solved and Fe-illite particles are synthesized. However,
the first mechanism is presumably preferable because
of its higher efficiency in terms of energy consumption.

According to (Kopeliovich, 1965; Shutov et al.,
1975; Nikolaeva, 1977; Drits and Kossovskaya, 1991;
and others), transition from glauconite to the Al-rich
varieties, i.e., aluminization (or illitization) with or
without change in color of globules is caused by vari-
ous processes. Illitization (aluminization) of the globu-
lar glauconite in Precambrian rocks is attributed to their
intense postsedimentary alterations (Kopeliovich,
1965; Shutov et al., 1975) or specific conditions of the
weathering of different-age glauconites (Nikolaeva,
1977; Drits and Kossovskaya, 1991). In the latter case,
the grains are characterized by heterogeneous composi-
tion and structure (bleaching of grains, their patchy
appearance, and formation of secondary ferruginous
minerals).

It is interesting that Al-glauconite globules from
sandstones of the Osorkhayata Formation (Lower
Riphean, Olenek High) demonstrate zonality in color
and composition. Microprobe data indicated that the
bleached central portions of the globules are enriched
in Al2O3 and depleted in Fe2O3, relative to their dark
green margins. This is also supported by the electron
diffraction data (b = 9.03 and 9.04 Å, respectively, for
the pale and dark green sectors of the single grain). The
bleaching of separate globules in the course of alumini-
zation is fostered by deep catagenesis (Ivanovskaya
et al., 1993).

Chloritization of pellets. Under conditions of
insignificant chloritization, the brown Fe-illite pellets
(samples 578/3e, 578/2) are depleted in K2O, but
enriched in MgO and total Fe (Table 8, analyses 6, 7)
relative to the monomineral varieties (Table 8, analyses
4, 5). The more intense chloritization is recorded in one
brown micaceous pellet from sample 566c. This is
reflected in the lower concentration of K2O and higher
concentrations of FeO and MgO (Table 8, analysis 11).
The chlorite composition fits the Fe2+–Mg variety
(Table 6, formula 5).

Brown pellets in samples 578/4 and 566/3 display
interesting diffraction and/or composition patterns,
suggesting an insignificant illitization or chloritization
of the initial biotite. The affiliation of brown pellets to
the chloritized and/or illitized biotite is primarily indi-
cated by reflections in their diffractograms (sample
566/3; Figs. 6a–6c), as well as the quantitative (sample
578/4; Table 8, analyses 12, 13) and semiquantitative
(sample 566/3) microprobe data, according to which Fe
slightly prevails over Al and the K content is variable in
the pellets.

It is well known that catagenesis promotes the trans-
formation of biotite into the dioctahedral mica and tri-
octahedral chlorite. These processes were first studied
by Kossovskaya et al. (1963, 1971) and confirmed by

the subsequent investigations, including the high-preci-
sion methods (White et al., 1985; Aldahan and Morad,
1986; Drits and Kossovskaya, 1991; Ivanovskaya et al.,
1993, 2003; Yapaskurt et al., 1999; and others).

Preservation of biotite is a rather rare phenomenon
for the catagenetically altered glauconite-bearing rocks
of the Precambrian, probably, because intensity and
character of secondary alterations of even similar min-
erals in rocks can significantly vary not only in a single
section, but also in a separate stratum.

Chloritization of brownish globules. This process
is indicated in two Fe-illite globules (sample 578/4) by
higher contents of Fe and MgO but lower contents of
SiO2 and K2O (Table 7, analyses 1, 2). In turn, the chlori-
tized globules are locally replaced by light green coarse-
crystalline Fe2+–Mg-chlorite (Table 5, analyses 3, 4;
Table 6, formula 1). Fe-illite is also retained in one
globule (Table 4, analysis 13).

Thus, the microprobe analysis of two brownish
globules revealed the following phases: (1) Fe-illite;
(2) blend of Fe-illite with the minor chlorite; and
(3) monomineral Fe2+–Mg-chlorite (Table 10, analyses
1–3, globules A) and globules without the Fe-illite
phase (analyses 4, 5, globules B).

Based on semiquantitative analysis data, the brown-
ish globules in thin sections of sample 578/4 are also
characterized by a similar compositional variation. For
example, margins of the brownish globule almost com-
pletely replaced by chlorite (Fig. 2b, light patches) are
composed of both Fe-illite (analysis 39) and chlorite–
illite blend dominated by the micaceous phase (analy-
ses 36–38, 40). Dark patches in the globules are com-
posed of the authigenic quartz.

Thus, globules in a single lamina (thin section) may
be transformed according to two scenarios. In some
globules, the process is restricted by illitization: Al-
glauconite (AlVI > FeVI) > Fe-illite (AlVI � FeVI). In
other globules, they are completely or partly trans-
formed according to the following scheme: Al-glauco-
nite > Fe-illite + Fe2+–Mg-chlorite (fine-dispersed) >
Fe2+–Mg-chlorite (coarse-crystalline).

Chloritization of clayey strata and mudstones.
Chlorite occurs as rather large segregations in the fine-
dispersed component of brownish clayey strata (sam-
ples 578/4, 578/3e) composed of the blend of chlorite
with a minor mica (Table 7, analysis 5; Fig. 2d). The
chlorite makes up rather large patches that almost com-
pletely replace the strata in some places (Figs. 2a,
8c−8e). Mudstones are also almost completely replaced
in samples 578/3a and 578/4b. The micaceous matrix is
subordinate (Figs. 5c–5f, 9, 10).

Chlorite in the clayey matrix (sample 578/3e) is
developed as large (from 3–6 to 10–20 µm) tabular hex-
agonal and/or irregular crystallites (Figs. 8c, 8d). Their
distribution is subparallel, sheath-shaped, fan-shaped,
and so on. They also make up spherulitic aggregates.
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In mudstones (samples 578/3a, 578/4b), the ground-
mass consists of flakes of chlorite and micaceous min-
erals. Chlorite flakes are up to 8–15 µm in size (Figs. 9,
10). In sample 578/4b, chlorite flakes make up the char-
acteristic concentric-zonal aggregates (Figs. 9d, 10a,
10b).

Chlorite probably formed in the brownish globules,
clayey strata, and mudstones by the synthetic method,
i.e., the dissolution of primary dioctahedral micaceous
minerals and the growth of authigenic Fe2+–Mg-chlo-
rite crystals. In contrast, biotite and Fe-illite pellets
were chloritized by the transformation mechanism with
retention of the micaceous matrix. This is indicated by
both literature data (Kossovsakya et al., 1963, 1971;
Veblen and Ferry, 1983; Eggleton and Banfield, 1985;
Drits and Kossovskaya, 1991; Yapaskurt et al., 1999;
and others) and our high-precision analytical data
(Ivanovskaya et al., 1989, 1993, 2003; Drits et al.,
2001).

Data in Table 10 can illustrate the mechanism of
chloritization (chemical aspect). For example, Al
remains inert, contents of FeO and MgO increase, and
contents of SiO2 and K2O decrease in the course of
chloritization of both globules and rocks (including
mudstones). SiO2 is precipitated here as authigenic
quartz (Fig. 2b), Fe3+ cations are removed from the
structure to form hematite pellets. We recorded a simi-
lar pattern in the chloritization of the globular and pel-
letal Al-glauconite in sandstones of the Päräjarvi For-
mation (Upper Riphean, Srednii Peninsula) subjected
to deep catagenesis (Ivanovskaya et al., 2003).

Compositions of Fe2+–Mg-chlorites from different
stratigraphic levels of the subformation show some
discrepancies in contents of Fe and Mg (Table 5, anal-
yses 3–15; Table 6, formulas 1–5), probably, owing to
compositional variations in the initial substrate and/or
changes in geochemical characteristics of solutions in
enclosing rocks under high PT conditions. It is interest-
ing that the chlorite composition in the thin section of
sample 578/4 is virtually identical in globules, clayey
strata, and interstitial cement (Table 5, analyses 3–6;
Fig. 7).

In terms of the Fe index (Fe/Fe + Mg) versus the
total content of Al cations (Altot = AlIV + AlVI) ratio in
the crystallochemical classification scheme proposed
by Drits and Kossovskaya (1991), data points of the
studied chlorites fall into both the field of Fe2+–Mg-
chlorites of terrigenous rocks of deep catagenesis zone
(samples 578/3e, 578/4) and the field adjacent to Fe-
chlorites of iron ores (samples 578/3a, 578/4b).

Let us examine the process of almost complete chlo-
ritization of globules and brown pellets in sample 581b
taken from the outer contact of diabase stock with glau-
conite-bearing rocks in the upper section of the subfor-
mation (Table 5, analyses 1, 2; Table 6, formulas 6, 7).
Here, the pelletal and globular Fe2+–Mg-chlorites are
represented by varieties with a higher Mg content

(Table 6, formulas 6, 7), relative to those in the deep
catagenesis zone (formulas 1–5).

By analogy with previous results (Drits et al., 2001),
we can assume that the chloritization pattern discussed
above is related to the local heating and slight compo-
sitional alteration of pore waters that are enriched in
Mg, relative to those in the glauconite-bearing silt-
stones beyond the stock intrusion zone.

Nearly all of the studied chlorite samples except
sample 581 are characterized by polytype Ib (β = 90°)
(Fig. 5f), in which the X-ray characteristics could not
be identified because of the insufficient quantity of
material. According to (Drits and Kossovskaya, 1991),
polytype Ib is most widespread in the cement of
unmetamorphosed sandstones. This structural type is
also found in low-temperature hydrothermal veins,
oolitic iron ores, and others.

We have detected chlorite of polytype Ib (β = 90°)
not only in sandy–clayey rocks of the Arymas Forma-
tion, but also in globules and cement from gravelstones
and sandstones of the Ust’-Il’ya Formation (Lower
Riphean, Anabar Uplift) taken from the outer contact of
a dike with glauconite-bearing rocks. Here, chlorite
formed at ~170–230° (Drits et al., 2001).

According to (Ivanovskaya et al., 2003), chlorite is
represented by polytype Ia (β = 97°) in globular and
pelletal Al-glauconites from the catagenetically altered
sandstones of the Päräjarvi Formation (Upper Riphean,
Srednii Peninsula) (Ivanovskaya et al., 2003). The chlo-
rite formed in deep catagenesis zone at a temperature
not exceeding 100–150°C. It is believed that this poly-
type is least stable and transformed into the more stable
polytype Ib (β = 90°) and IIb (Drits and Kossovskaya,
1991). As for chlorite of polytype Ib (β = 90°) from the
Arymas Formation, they could hardly form at tempera-
tures higher than those for chlorites of polytype Ia (β =
97°) from the Päräjarvi Formation. This is suggested by
the universal presence of almost unaltered Al-glauco-
nite grains in the studied sandy–silty rocks and by the
preservation of biotite matrix in separate brown pellets
at some levels of the section.

Regressive Catagenesis. Hypergenesis

Uplift of the study territory in the influence zone
groundwaters provoked a slight local calcitization of
rocks (Fig. 2d) and/or their ferrugination. This was also
reflected in glauconite globules (Figs.3a–3d). For
example, the brownish red color of glauconite grains in
sample 578/8b is related to their replacement by hema-
tite (Figs. 3c, 3d). However, they retained diffraction
characteristics of the micaceous mineral.

In glauconitite (sample 566b), both processes are
reflected, but the ferrugination is more prominent.
Here, virtually all globules contain a certain amount of
hematite (Figs.3a, 3b). Both globules and some por-
tions of the rock were partly disintegrated at the stage
of surface weathering. A part of the disintegrated mate-
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rial was transported by formation waters. Another part
was converted into a soft wet mass.

CONCLUSIONS

Globular phyllosilicates represented by hydromicas
(S > 1) of the Al-glauconite composition (b = 9.036–
9.06 Å) with different values of Fe index (AlVI = 0.86–

1.35 f.u.,  = 0.40–0.85 f.u., n = 0.23–0.49) are
ubiquitous in sandy–silty rocks of the lower subforma-
tion of the Arymas Formation.

At some levels of the studied section, deep catagen-
esis resulted in the illitization of glauconite globules
and their brownish coloration. Moreover, some glob-
ules were chloritized at both microscopic and macro-
scopic levels. The globular Al-glauconite can be
replaced according to the following schemes: (1) Al-

glauconite (AlVI > )  Fe-illite (AlVI � );
(2) Al-glauconite  Fe-illite + Fe2+–Mg-chlorite
(fine-dispersed)  Fe2+–Mg-chlorite (coarse-crystal-
line). These processes can be observed in a single inter-
layer of the polished section.

The globular glauconite was probably illitized
according to the solid-phase mechanism using the
micaceous matrix, while the globular Fe-illites were
chloritized by the synthetic method, i.e., dissolution of
Fe-illite and growth of authigenic Fe2+–Mg crystals.

The fine-dispersed and coarse-crystalline Fe2+–Mg-
chlorite also replaces the clayey strata and cement in
the sandy–silty rocks. Mudstones are virtually com-
pletely replaced. The transformation takes place
according to the synthetic mode (i.e., dissolution and
redeposition).

The chlorites are commonly similar in composition
and structure. They are represented by the trioctahedral
Fe2+–Mg variety of polytype Ib (β = 90°, b = 9.29–
9.33 Å) with different contents of Fe and Mg.

Brown pellets of the primarily biotite composition
are glauconitized in the course of diagenesis and illi-
tized and/or chloritized in the course of catagenesis.
The biotite matrix is sometimes retained during these
transformations.

At the top of the lower subformation, globules
and pellets were almost completely chloritized due
to the local heating of glauconite-bearing siltstones
at the outer contact of diabase stock. In such places,
the Fe2+–Mg-chlorite is characterized by the highest
content of Mg.

Uplift of the territory in the influence zone of
groundwaters promoted the development of calcitiza-
tion and/or ferrugination (hematitization) of globules at
some levels of the subformation. Moreover, glauconi-
tites were disintegrated at the stage of surface weather-
ing.

FeVI
3+

FeVI
3+ FeVI

3+
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