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Genesis of glauconite in sediments of any lithologi-
cal type and age remains a debatable issue to date. For
example, researchers have proposed different interpre-
tations of the timing of glauconite formation in the mul-
tistage process of lithogenesis. Glauconite globules are
supposed to be formed during the sedimentation (For-
mozova, 1949; Hadding, 1932; Lipkina, 1980; Odin,
1975; Shutov 

 

et al.

 

, 1983; Wilberg, 1980; and others),
diagenetic transformation of sediments (Burst, 1958;
Geptner and Ivanovskaya, 1998; Hower, 1961; Hohler
and Koster, 1976, 1982; Lisitsina 

 

et al.

 

, 1976; Lisitsina
and Butuzova, 1981; Logvinenko 

 

et al.

 

, 1975; Shutov

 

et al.

 

, 1975; Strakhov, 1960; Valeton and Abdul-Raz-
zak, 1975; Valeton 

 

et al.

 

, 1982; and others), or multi-
stage (sedimentary–diagenetic) processes (Clauer

 

et al.

 

, 1992; Fenoshina, 1961; Gorbunova, 1950, 1961;
Lazarenko, 1956; Murav’ev, 1983; and others). Discus-
sion of this issue is generally based on the study of
authigenic (in situ) glauconite varieties. However, the
authigenic reworked and locally redeposited grains can
appear in basins with a high hydrodynamic activity. So
far, no universal criteria have been elaborated for the
classification of authigenic, reworked, and redeposited
(terrigenous) grains. Nikolaeva (1977, 1981, 1986)
scrutinized this issue and suggested that the main atten-
tion should be focused on the comprehensive examina-
tion of mineralogical features of different morphologi-
cal types of glauconite in similar rocks of a single pale-
obasin.

The lithological, mineralogical, and crystallochem-
ical characteristics of glauconite grains and ambient
components and the genesis of this mineral have been
discussed in our previous works (Geptner and
Ivanovskaya, 1998; 2000; Geptner 

 

et al.

 

, 1994). In par-
ticular, role of the biogenic factor in glauconite forma-
tion and issue of the authigenic nature of glauconite
globules were discussed in (Geptner and Ivanovskaya,
1998; 2000).

In the present communication, the genesis of glauc-
onite is investigated with Lower Cambrian rocks of
Western Lithuania as example. The presence or absence
of glauconite grain reworking in the rocks with differ-
ent structural-textural features (bedding style, bioturba-
tion traces, and so on) and mineral compositions is con-
sidered. Possible phases of glauconite formation and
transformation at different stages of lithogenesis are
discussed. One of the authors (A.R. Geptner) assumes
that authigenic glauconite can form as a coating on
some glauconite grains at the deep catagenetic stage.

MATERIALS

Glauconite-containing rocks were taken from the
Lower Cambrian Virbalis Formation in western Lithua-
nia. The Virbalis Formation (32–40 m) and the underly-
ing Geges Formation (0–30 m) make up the Aischai
Group. Based on the presence of acritarchs, rare trilo-
bites, and fragments of brachiopods, chiolites, and oth-
ers, the Virbalis and Geges formations are considered
analogues of the Rausven and Vergal units, respectively
(Jankauskas, 2002).

The Virbalis Formation includes an alternation of
different proportions of fine-grained sandstones, silt-
stones, and claystones. The eastern area of Lithuania is
dominated by sandstones, whereas the western area is
mainly composed of claystones and siltstones.

The rock samples were taken by Ivanovskaya (Geo-
logical Institute, Moscow) and Jankauskas (Research
Institute of Geological Exploration, Lithuania) in 1989
from boreholes Velaichai-1 and Abling-5 located 30
and 40 km, respectively, from Klaipeda (the distance
between the boreholes is 20 km). In Borehole Vela-
ichai-1, the most representative samples were taken
from the following intervals, m: 1983–1984
(Sample 89), 1989–1991 (Sample 89/1), 1992–1994
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(Sample 89/4), and 1995–1996 (Sample 89/5). Sample
89/6 was taken at ~2261 m in Borehole Abling-5.

METHODS
Monomineral fractions of glauconite grains were

separated by the routine method (crushing, sieving,
washing, electromagnetic separation, and final separa-
tion under a binocular microscope). Samples 89/4 and
89/6 were divided using heavy liquids into different
density fractions ranging from 2.6 to 2.9 g/cm

 

3

 

 with a
spacing of 0.05 g/cm

 

3

 

.
The glauconite grains were studied by optical, scan-

ning electron microscopic, chemical, X-ray diffraction,
and electron diffraction methods with a variable degree
of scrutinization. The complete silicate analysis was
performed for Sample 89/6 (K.A. Stepanova, analyst).
The chemical composition of samples 89, 89/1, and
89/4, including worm-shaped remains, was determined
with a Camebax microprobe (G.V. Karpova, analyst).
The comparative qualitative analysis was performed
using a scanning electron microscope equipped with
Link-860 at the Paleontological Institute in Moscow
(T.A. Ivanova and L.T. Protasevich, analysts). The X-
ray diffraction characteristics were obtained for all
samples (E.V. Pokrovskaya, analyst), whereas the elec-
tron diffraction characteristics were obtained only for
samples 89/4 and 89/6 (S.I. Tsipurskii, analyst).

Macroscopic and microscopic (structural and tex-
tural) characteristics of glauconite-containing rocks
were studied in polished and thin sections under a bin-
ocular microscope. They were scrutinized using a scan-
ning electron microscope equipped with Link-860 at
the Paleontological Institute (Moscow). Clay minerals
(fractions <1, <2, and <3 

 

µ

 

m) and mudstone chips were
studied by the X-ray (samples 89/1, 89/4, and 89/6) and
electron diffraction (samples 89/4 and 89/6) methods.
In addition, minerals extracted from heavy (>2.9 g/cm

 

3

 

)
fractions of samples 89, 89/1, 89/4 (size fraction
0.1

 

−

 

0.05 mm) and Sample 89/6 (0.16–0.1 mm) were
examined in the immersion liquid by V.I. Abramenko
(Institute of Geology and Geophysics, Belarus).

RESULTS
The studied samples are composed of massive

greenish gray sandstones, siltstones and less common
dark gray mudstones. Samples of group 1 (89/5 and
89/6) consist of fine-grained sandstones and siltstones
with a subordinate clayey material (Figs. 1a–1d). Sam-
ples of group 2 (89/1 and 89/4) are composed of silt-
stones with numerous clayey layers, lenses, and patches
(Figs. 1e, 1f). Siltstones of Sample 89 are transitional
between groups 1 and 2 in terms of the clayey material
content (Figs. 1g, 1h).

Based on structural features, rocks of group 1 (sand-
stones and siltstones with some clayey material) can be
subdivided into horizontal- and oblique-bedded variet-
ies (Figs. 1a–1d). The thickness of layers varies from

1–2 to 10–15 mm. The bedding is emphasized by dif-
ferences in grain size and/or mineral composition of
layers (presence of glauconite, clay minerals, pyritized
coatings of organic matter, and so on). Some layers or
their patches can be slightly distorted by the sliding and
folding of sediments and the activity of mudeaters. The
latter feature is typical for horizontal-bedded siltstones
with an increased content of clayey material (Figs. 1g, 1h).

In siltstones of group 2 (siltstones with a high con-
tent of clayey material), primary sedimentary structures
are distorted by the activity of fucoids (Figs. 1e, 1f).
Such bioturbation structures (ichnostructures), known
as “kraksten,” are widespread in Lower Cambrian clay-
stones and siltstones of the Baltic Syneclise (Brangulis

 

et al.

 

, 1986, Jankauskas, 2002; Pirrus, 1989 and others).
The sandstones and siltstones are mainly composed

of quartz (75–85%), glauconite (10–15%), feldspars
(up to 5%), varicolored lamellae (

 

≤

 

3%

 

), as well as frag-
ments of phosphate shells, vermicular remains, and
sand-sized phosphate grains.

The matrix composed of clayey, carbonate, and
micaceous minerals supplemented with glauconite can
be divided into the pore, basal, and pellicular types. If
the clayey component is absent, the rock is cemented as
a result of the conformation and regeneration of quartz
and feldspar grains that are often well crystallized. The
coarse-grained dolomite is found as pore and basal
matrices. Pyrite occasionally makes up the pore matrix.
Pyrite crystals and aggregates are often developed in
clayey, organic, and glauconite patches. Titanium min-
erals (leucoxene and less common anatase) are also
widespread in the studied rocks.

Diffraction data show that clayey fractions (<1, <2,
and <3 

 

µ

 

m) and mudstone chips from glauconite-con-
taining rocks (samples 89, 89/1, 89/4, and 89/60) con-
sists of dioctahedral Fe-illite (

 

b

 

 = 9.01–9.03 

 

Å) with an
admixture of trioctahedral 

 

Fe

 

2+

 

–Mg-chlorite (

 

b

 

 =
9.30 

 

Å). Kaolinite is present as traces.

 

Specific Features of Glauconite Segregations 
in the Rock

 

Glauconite is found as globular, anhedral, vermicu-
lar, and lamellar grains (Figs. 2a–2f).

The anhedral glauconite is a product of the interac-
tion of globules with ambient terrigenous grains, lead-
ing to the formation of convexo-concave globules,
splitting of glauconite grains into fragments, or devel-
opment of pore matrix and specific festoons occasion-
ally connected by thin crosspieces (Figs. 2a, 2b, 2e). In
such cases, the glauconite shows a weak pleochroism
and wavy (or normal) extinction. The festoons are occa-
sionally characterized by longitudinal jointing.

In clay layers, glauconite grains are found as both
globules and lamellae oriented along the bedding.
Anhedral, often whimsical glauconite grains are related
to the partial replacement by dolomite, quartz, and
clayey material.
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Fig. 1.

 

 Photomicrographs (a, c, e, g) and drawings (b, d, f, h) of structural features of glauconite-containing sandstones, siltstones,
and claystones. (a, b) Horizontal-bedded structure; (c, d) oblique-bedded structure with traces of creep and folding; (e, f) ichno-
structure of the “kraksten” type; (g, h) contact between the ichnostructure (upper part) and the horizontal-bedded rock.
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(a) (b)

(c) (d)

(e) (f)

 

Fig. 2.

 

 Interrelation of glauconite and ambient components in silty sandstone composed of glauconite and quartz. (a) Interlayer with
abundant glauconite grains (dark), thin section, crossed polars; (b) the same, parallel nicols; (c) glauconite grains with variable morphol-
ogy; (d) grains with variable porosity; (e) glauconite matrix; (f) glauconite rim on quartz grains. Magnification: (a) 150, (b–f) 300.
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Glauconite lamellae make up a series of green to
greenish brown and brown varieties. One can also see
different colors in single grain. Such grains are opti-
cally similar to micas. The lamellae are often deformed
and split along edges.

The vermicular shape is typical of green organic
remains with pleochroism, normal extinction, and high
interference (up to orange-blue). Such grains are
0.16

 

−

 

0.4 mm long and 0.08–0.15 mm thick.

Glauconite is developed as diverse grains, matrix,
and fragmentary rims around quartz grains (Fig. 2f).
Festoon-shaped rims oriented toward the quartz grain
center testify to its replacement by glauconite. The rims
are locally sealed by regeneration quartz. Glauconite
also fills fractures in quartz and feldspar grains and
occasionally corrodes these minerals. Phosphate grains
and local zones in phosphate shell fragments may also
be replaced by the glauconite.

Thus, interrelation of the glauconite with ambient
minerals may be both neutral (without traces of corro-
sion) and aggressive (corrosion and replacement of
quartz, feldspars, and other minerals to a variable
extent). In turn, glauconite grains are replaced by
pyrite, clay minerals, quartz, and dolomite. In the case
of glauconite replacement by quartz, the grain shape
can be preserved to a variable extent.

Based on structural features, glauconite grains can
be divided into homogeneous and heterogeneous vari-
eties with different values of porosity. Figure 2d dem-
onstrates two types of glauconite grains. The porous
grain (upper part of the thin section) has a vague outer
boundary that is typical of this mineral.

Grains with homogeneous structure and color are
less common than the heterogeneous variety with other
mineral inclusions or greenish patches and stringers
that differ from the groundmass in terms of texture and
extinction mode. The oriented extinction of some glau-
conite globules may be caused by their interaction with
ambient minerals (quartz and dolomite).

The deformed, pyritized, and dolomitized glauco-
nite grains, as well as nearly homogeneous globules,
can also be encountered in the lamina within a single
thin section.

 

General Characteristics of Glauconite Grains

 

We carried out a detailed examination of the globu-
lar, anhedral, vermicular and lamellar glauconite grains
with uniform, convexo-concave, and corrugated sur-
faces. The corrugated surface is typical of vermicular
remains (Fig. 3c).

The grain size varies from 0.4 to 0.1 mm. Samples 89
and 89/5 are dominated by fine grains (0.16–0.1 mm).
Samples 89/1 and 89/4 contain almost equal propor-
tions of fine and coarse grains (0.315–0.16 mm). The
coarse fraction prevails in Sample 89/6.

The grain color varies form green (Sample 89/4) to
bluish green of various shades (samples 89, 89/1, 89/5,
and 89/6). The dependence of color on density is insig-
nificant. The darkest color is typical of the vermicular
remains found in the most compact fractions
(

 

≥

 

2.75

 

 g/cm

 

3

 

).
Density characteristics of glauconite grains are

rather similar in samples 89/4 and 89/6. Each sample is
dominated by the density fraction 2.65–2.75 g/cm

 

3

 

,
whereas the share of light (2.65–2.75 g/cm

 

3

 

) and heavy
(2.75–2.85 g/cm

 

3

 

) fractions is subordinate.

 

Diffraction Patterns of Glauconite Grains

 

The X-ray study of oriented grains showed that the
mineral is represented by micaceous (samples 89/4 and
89/6) and hydromiaceous (samples 89 and 89/1) variet-
ies with the expandable layer content of 5–10 and
15

 

−

 

20%, respectively. The hydromicas are character-
ized by an ordered alternation of mica and smectite lay-
ers with a short-range order factor 

 

S

 

 > 1. This is indi-
cated by the presence of two reflections (

 

d

 

 = 9.83–9.89
and 

 

11.6–11.0 

 

Å) in diffractograms of ethylene glycol-
saturated oriented preparations (Table 1).

Diffractograms of unoriented preparations of all
samples are characterized by the presence of two mica-
ceous reflections (

 

d

 

 = 1.509–1.511 and 

 

1.498–1.500 

 

Å)
in the 060 region (Table 1). This suggests that the stud-
ied grains contain two phases of layered silicates. The
Fe-phase (glauconite) with 

 

b

 

 = 9.054–9.066 

 

Å is the
major phase, whereas the Al-phase (illite) with 

 

b

 

 =
8.99–9.00 

 

Å is subordinate. The X-ray powder diffrac-
tion patterns, typical of dioctahedral glauconite-series
micas, are characterized by package defects related to
the rotation of layers by 

 

n

 

 = 60

 

°

 

 (polytype 1Md) (Drits

 

Table 1. 

 

 X-ray characteristics of the studied samples

Sample 
no.

Grain size, 
mm

Grain density, 
g/cm

 

3

 

d

 

(001), Å Expandable 
layers, %

 

d

 

(060), Å Parameter 

 

b

 

, Å

natural saturated illite glauconite illite glauconite

89/6 0.315–0.16 2.65–2.75 10.33 9.94 5–10 1.499 1.511 8.99 9.066

89/4 0.315–0.16 2.65–2.75 10.35 9.94 5–10 1.500 1.511 9.00 9.066

89 0.16–0.1 – 10.52 11.6; 9.83 15–20 1.498 1.509 8.99 9.054

89/1 0.315–0.2 – 10.57 11.0; 9.89 15–20 1.498 1.509 8.99 9.054
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et al.

 

, 1993). The content of defects in the mica struc-
ture (parameter 

 

P

 

ii

 

) is equal to 0.6–0.65.

Electron diffraction data made it possible to deter-
mine elementary parameters of glauconite, parameter 

 

b

 

of illite (Table 2), and the ratio of these parameters in
globules (70 and 30%, respectively).

 

Chemical Composition of Glauconite Grains

 

Based on silicate analysis data, Sample 89/6 (size
fraction 0.315–0.16 mm, density fraction 2.65–
2.75 g/cm

 

3

 

) has the following composition, %: SiO

 

2

 

48.84, Al

 

2

 

O

 

3

 

 13.75, Fe

 

2

 

O

 

3

 

 16.77, FeO 2.22, MgO 1.94,
CaO 0.37, Na

 

2

 

O 0.26, K

 

2

 

O 7.23, H

 

2

 

O

 

+

 

 7.21, and H

 

2

 

O

 

–

 

1.79 (total 100.38).
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Fig. 3.

 

 Microtexture of globular glauconite and vermicular remains replaced by glauconite. Globular glauconite: (a) cellular micro-
texture, (b) felted microtexture; mineralized biogenic remains: (c) general view from the top showing prominent longitudinal and
transverse edges, (d) felted microtexture between transverse edges, (e) microtexture of laminas between transverse edges on the
surface of biogenic remains, (f) internal part of biogenic remains showing the microtexture of subparallel-oriented packages.

 

Table 2. 

 

 Electron diffraction data on the studied samples

Sample no. Grain size, mm Grain density,
g/cm

 

3

 

Parameter of elementary cells

illite glauconite

 

b

 

, Å

 

a

 

, Å

 

b

 

, Å

 

c

 

, Å

 

β

 

, degrees

89/6 0.315–0.16 2.65–2.75 9.00 5.24 9.07 10.16 101.4

89/4   0.315–0.16 2.65–2.75 8.99 5.24 9.07 10.18 101.2
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The chemical composition was recalculated to crys-
tallochemical formulas by B.B. Zvyagina using the
regressive equation, which correlates parameter

 

 b

 

 of
dioctahedral micas with the cation composition (Smol-
yar and Drits, 1988), and the phase relationship based
on electron diffraction data (Table 3). It is evident that
the Fe- and Al-phases compositionally fit glauconite
and illite, respectively.

Results of the microprobe analysis of globules in sam-
ples 89/4 and 89/6 (0.315–0.16 mm, 2.65–2.75 g/cm

 

3

 

),
89/1 (0.315–0.2 mm), and 89 (0.16–0.1 mm) and ver-
micular remains in Sample 89/4 (0.4–0.1 mm,

2.75

 

−

 

2.85 g/cm3) are given in Table 4. The average
composition of globules is as follows, %: SiO2 49.41–
51.20, Al2O3 14.66–15.22, Fe2O3 14.08–14.60, MgO
2.05–2.33, and K2O 7.61–8.36. Relative to the globular
variety, the vermicular glauconite (Sample 89/4) is
enriched in Fe and K2O (Table 4, analysis pairs 3–4 and
5–6, respectively).

The qualitative chemical analysis with scanning
electron microscope equipped with Link-860 revealed
that green lamellae and globules (Sample 89/6) have
similar proportions of major oxides SiO2, Fe2O3, Al2O3,

Table 3.  General crystallochemical formula of two-phase globules and compositions and relationships of individual phases
(Sample 89/6)

Cations, %
interlayer octahedral tetrahedral

bexp, Å bcalc, Å
K Na Ca Fe3+ Al Fe2+ Mg Si Al

General composition, 100 0.67 0.04 0.03 0.92 0.74 0.14 0.21 3.56 0.44 – –

Fe-phase, 70 0.67 0.04 0.03 1.22 0.36 0.20 0.23 3.63 0.37 9.07 9.08

Al-phase, 30 0.67 0.04 0.03 0.20 1.63 – 0.17 3.40 0.6 8.99 8.99

Note: Formulas are based on the anionic composition of O10(OH)2; (exp) experimental; (calc) calculated.

Table 4.  Chemical composition of the glauconite-series minerals in globules, wt %

Component 1 2 Average
value 3 4 Average

value 5 6

SiO2 49.87 48.96 49.41 50.96 50.86 50.92 51.20 52.46

TiO2 0.03 0.01 0.02 0.03 0.03 0.03 0.05 0.08

Al2O3 15.81 14.63 15.22 14.98 14.39 14.68 11.26 10.72

Fe2O3 13.39 14.78 14.08 14.11 15.08 14.60 18.66 19.76

MgO 1.99 2.11 2.05 2.31 2.29 2.30 2.34 2.47

CaO 0.34 0.47 0.41 0.24 0.26 0.25 0.17 0.20

Na2O 0.02 0.02 0.02 0.03 0.03 0.03 0.01 0.11

K2O 8.37 8.35 8.36 7.65 7.56 7.61 8.82 8.40

Total 89.82 89.33 89.57 90.31 90.50 90.41 92.00 94.20

Component Average
value 7 8 9 Average

value 10 11 Average
value

SiO2 51.83 51.30 49.23 50.50 50.34 50.84 51.56 51.20

TiO2 0.06 0.04 0.06 0.04 0.05 0.06 0.03 0.05

Al2O3 10.99 16.20 13.80 14.45 14.81 14.95 14.37 14.66

Fe2O3 19.21 13.61 14.44 14.73 14.26 13.74 14.94 14.34

MgO 2.41 2.58 2.07 2.35 2.33 2.33 2.33 2.33

CaO 0.19 0.26 0.29 0.28 0.27 0.25 0.25 0.25

Na2O 0.06 0.01 0.05 0.08 0.05 0.06 0.02 0.04

K2O 8.61 7.69 8.20 8.05 7.98 7.98 8.11 8.05

Total 93.36 91.69 88.14 90.49 90.09 90.21 91.61 90.91

Notes: Analysis nos.: (1, 2): Sample 89/6 (0.315–0.16 mm, 2.65–2.75 g/cm3), (3, 4) Sample 89/4 (0.315–0.16 mm, 2.65–2.75 g/cm3),
(5, 6) Sample 89/4 (vermicular remains, 0.315–0.16 mm, 2.75–2.8 g/cm3), (7–9) Sample 89 (0.16–0.1 mm), (10, 11) Sample 89/1
(0.315–0.2 mm). Iron is supposed to be present in the glauconite structure in the three-valent form.
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and K2O, suggesting that the green lamellae composi-
tionally match glauconite.

Thus, relative to the complete silicate analysis, the
microprobe data on Sample 89/6 (Table 4, analyses 1, 2)
yield underestimated total Fe (~5%) and overestimated
K2O (~1%) contents.

Microtexture of Glauconite Grains

The scanning electron microscope was used to study
the following glauconite varieties: (1) fragments of
glauconite-containing rocks (samples 89, 89/4, and
89/6); (2) separate glauconite globules (Sample 89/6,
0.315–0.16 mm, 2.65–2.75 g/cm3); and (3) vermicular
remains and green lamellae (Sample 89/6, 0.4–0.16 mm,
2.75–2.85 g/cm3).

Microtexture of the internal section of globules and
vermicular remains can be subdivided into two types
(Lisitsina and Butuzova, 1981; Geptner and
Ivanovskaya, 1998, 2000; Geptner et al., 1994; Odin,
1975; Odin and Matter, 1981; and others).

Type 1 is developed as cellular microtexture with
flakes merging into cells ranging from 0.8 to 4 µm in
size (Fig. 3a). Type 2 (felted microtexture) is typical of
glauconite (Fig. 3b). It is observed as an aggregate of
random, fan-shaped, subparallel, and other forms of
differently oriented flakes. The aggregate may be char-
acterized by even or split edges, but the flakes are
curved. Both types of internal microtexture are devel-
oped within a single globule.

Glauconite lamellae are composed of parallel (or
subparallel) and clustered (or isolated) plates. The
felted microtexture is occasionally developed in the
matrix between the plates.

In terms of microtexture, vermicular remains
replaced by glauconite can be similar to the globular
glauconite (when both microtextures are present) or the
lamellar variety. However, the vermicular variety has
some specific features. For example, the mineralized
vermicular remains have longitudinal and transverse
edges (Fig. 3c). This is clearly seen in the microtextural
pattern of glauconite that replaces the vermicular segre-
gation. Against the background of subparallel, differ-
ently elongated and curved lamellae, one can see large
transverse edges that are often developed on the surface
of biogenic remains (Figs. 3d, 3e). Their internal part is
composed of poorly crystallized glauconite mass sand-
wiched between subparallel packages (Fig. 3f).

The globules and vermicular remains are often
coated with flakes with even or split edges. The flakes
are closely spaced to make up a massive cover (shell) in
some areas (Figs. 4a, 4b). Locally, the shell resembles
an amorphous mass without any traces of individual
flakes (Fig. 4c).

Interrelation of glauconite globules with terrigenous
components indicates that some quartz grains are disin-
tegrated (or dissolved) at the contact with glauconite.
This is particularly prominent on the glauconite grain

surface crumpled by terrigenous particles. At the con-
tact with glauconite, quartz grains have an irregular
(often, crenulated) edge. Glauconite flakes penetrate
and partly replace the quartz grains along fractures
(Fig. 4d).

It is worth mentioning that the contact zone between
glauconite and dissolved quartz may be characterized
by the typical microtexture of the internal part of glob-
ules or the development of the typical shell of globule
surface. The shell mimics all irregularities of the glau-
conite grain surface. At the same time, it is conformable
with irregularities on the dissolved quartz grain
(Figs. 4e, 4f). On the surface of some glauconite grains
with a well-developed shell, one can see numerous
holes with crystallographic outlines that are traces of
the dissolution of terrigenous components. This is con-
firmed by the presence of rare terrigenous grains inside
the shell (Fig. 4c).

DISCUSSION

The data presented above suggest the following for-
mation and transformation model for the glauconite
grains and enclosing rocks at different stages of litho-
genesis.

Sedimentary–Diagenetic Stage

As is well known, the formation of glauconite may
be a prolonged process often accompanied by turbidity,
mixing, and local reworking of sediments. This is evi-
dent in sedimentary and postsedimentary structures of
glauconite-containing rocks of the Lower Cambrian
Virbalis Formation.

Sedimentary structures are observed in clay-poor
glauconite-containing quartz sandstones and siltstones
as horizontal- and oblique-bedded varieties with some
layers slightly distorted by folding, creep, and activity
of mudeaters (Figs. 1a–1d). Glauconite grains therein
generally follow the bedding pattern, but sometimes
they are randomly distributed.

Glauconite grains in situ are undoubtedly diagenetic
formations in rocks with horizontal bedding typical of
calm sedimentation environment (Sample 89/6). Rela-
tively large grains with a narrow density range are
widespread in such rocks. Globular varieties are also
found (Figs. 2a–2f). The anhedral shape of this mineral
is mainly related to the postsedimentary transformation
of rocks.

The oblique bedding of rocks (Sample 89/5) is an
indicator of the mobile sedimentation environment and,
consequently, the possible reworking of glauconite-
containing sediments. Glauconite in such rocks is gen-
erally fine-grained, whereas larger globular grains are
subordinate. Since oblique-bedded rocks are mainly
represented by siltstones, glauconite grains are usually
larger than the ambient terrigenous components.
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The studied rocks contain both glauconite pseudo-
morphs (after biotite and vermicular remains) and glau-
conite grains (similar to their in situ counterparts in the
overlying units in terms of color, shape, grain size rela-
tionship, and other features). This indicates that the
glauconite-forming process continued at the diagenetic
stage of sediment transformation after short-term
reworking episodes.

Postsedimentary structures are related to the dis-
tortion of horizontal, lenticular, oblique, and other
types of primary bedding of sediments owing to the tur-
bidity, creep, and fucoid activity. As was mentioned
above, bioturbation structures are widespread in Lower

Cambrian rocks of the Baltic Syneclise. They are also
common in Lower Cambrian sections of Lithuania,
including the Virbalis section of Borehole Velaichai-1
where one can see postsedimentary structures in sand-
stones and siltstones with abundant clayey material
(Jankauskas, 2002). The initial rocks were probably
composed of an alternation of sandy–silty and clayey
layers with different thicknesses. The layers are partly
disintegrated and whimsically redistributed owing to
mixing, roiling, and creep (Figs. 1d, 1f). Moreover, the
glauconite clusters are obliquely oriented relative to the
bedding, suggesting their formation after the termina-
tion of bioturbation, i.e., at the diagenetic stage.
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Fig. 4. Microtexture of glauconite shell and interrelation of glauconite globules with terrigenous quartz. Glauconite shell with
(a) prominent flakes and (b) numerous holes having crystallographic outlines (traces of dissolved terrigenous components);
(c) homogeneous shell with terrigenous grain remains in a hole; (d) uneven contact of quartz grain with glauconite (glauconite flakes
intrude and partly replace quartz along cracks); (e, f) shell (conformable with irregularities of the dissolved quartz grain) on glauc-
onite grain surface.
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Let us remind that the bioturbation structures are
typical of samples 89/1 and 89/4. In terms of morphol-
ogy, dimension, and density, glauconite grains in Sam-
ple 89/4 are similar to authigenic grains in Sample 89/6.

The bioturbation reworking of sediments can be
insignificant. For example, synsedimentary (horizon-
tal-bedded) structures are only locally distorted by
mudeaters, creep, and folding over a few centimeters in
the claystone of Sample 89 (Figs. 1g, 1h). The orienta-
tion of glauconite grains in such sectors is both parallel
to bedding and transverse to bioturbation, indicating
their diagenetic origin. Samples 89 and 89/1 contain
mainly globular, anhedral, and fine-grained glauconite
segregations, whereas the coarse-grained variety is sub-
ordinate.

It is worth mentioning that the irregular (often, clas-
tic) shape of glauconite grains in present-day bioturba-
tion sediments is related to their multiple reworking by
fucoids (Geptner and Ivanovskaya, 1998). Such struc-
tures are lacking in the Virbalis section.

Green lamellae, which are subordinate in all sam-
ples, represent compositional analogues of globular
glauconite and pseudomorphs of brown mica (biotite).
The biotite to glauconite transition at the diagenetic
stage has been studied using the latest methods and
reported in several publications (Galliher, 1935;
Ivanovskaya et al., 1993, 2003; Kopeliovich, 1965;
Murav’ev, 1962; Triplehorn, 1966; and others). For
example, Ivanovskaya et al. (2003) investigated the
dynamics of dioctahedral glauconite formation as a
result of the structural rearrangement of trioctahedral
biotite and discovered that biotite was transformed at
the diagenetic stage with the utilization of the mica-
ceous matrix in accordance with the solid phase mech-
anism. The development of platy and felted (microag-
gregate) texture within a single lamella indicates that
the transformation is locally accompanied by the syn-
thesis of a normal glauconite microaggregate. We also
observed this process in separate green plates under a
scanning electron microscope.

Diagenesis also promotes the replacement of ver-
micular remains and local sectors of brachiopod shells
by glauconite (up to the point of complete pseudomor-
phism). Relative to the globular counterpart, the ver-
micular glauconite has a higher Fe concentration, indi-
cating that organic matter is a favorable medium for
glauconite formation.

Glauconite coatings on quartz grains are locally
sealed by the regeneration quartz, suggesting their for-
mation at the diagenetic stage. The interstitial glauco-
nite can be generated by both diagenetic and catage-
netic processes.

Deep Catagenetic Stage

Deep catagenetic transformations of terrigenous–
clayey rocks of the Virbalis Formation are indicated by
the development of conformable and incorporation

boundaries between the quartz and feldspar grains,
regeneration (sometimes, polyhedral) quartz cement,
and typical clay mineral assemblage of dioctahedral
micas (Fe-illites) and trioctahedral Fe2+–Mg-chlorite.

The ductile deformation of glauconite grains under
high PT conditions of deep catagenesis is differently
manifested in various (or similar) rocks even within a
single layer. For example, one can observe the develop-
ment of convexo-concave surface of globules in some
sectors and the formation of specific globular festoons
and matrix (or splitting of grains) in other sectors
(Figs. 2a–2f). This process prevails in the clay-poor
sandy–silty layers and sectors. In the clay-rich rocks,
the deformation is weaker and the globules are oblate.

As was mentioned above, globular glauconite defor-
mation is typical of the Precambrian–Cambrian terrig-
enous rocks altered by deep catagenetic processes in
northern and eastern Siberia, southern Urals, Podolsk
area of the Dniester region, and Srednii Peninsula
(Ivanovskaya, 1996; Ivanovskaya et al., 1985, 1989,
1993, 2003). Intense deformations result in the loss of
Fe, Mg, and Ca and gain of Al, i.e., recrystallization of
glauconite (Ivanovskaya et al., 1985).

Deep catagenetic transformations lead to not only
the deformation of glauconite grains, but also their dis-
solution and replacement by clay minerals or quartz to
a variable extent.

Based on the study of microtextural interrelations of
glauconite grains and ambient terrigenous components,
as well qualitative microprobe analyses using a scan-
ning electron microscope equipped with Link-860,
Geptner revealed that a reverse process (replacement of
quartz by authigenic glauconite) could also take place
during the deep catagenesis. Some glauconite grains
have an authigenic glauconite coating often observed as
a weakly crystallized (homogeneous) aggregate with
poorly discernible individual flakes, suggesting their
formation in the process of catagenesis. The glauconite
shell related to diagenesis should develop a prominent
flaky structure (similar to that of the groundmass of
globular glauconite and mineralized vermicular
remains) in the process of burial and catagenetic trans-
formation.

The mechanism of authigenic glauconite formation
in deep sequences remains a debatable issue. Like in
the zone of diagenesis, the dissolution of quartz and
formation of glauconite shell at the boundary with glau-
conite grains under conditions of deep catagenesis
could involve microorganisms (Geptner and
Ivanovskaya, 1998, 2000).

Dolomite, the youngest authigenic mineral, serves
as interstitial and basal cement. It replaces both clastic
and authigenic grains (quartz, feldspars, mica flakes,
globular glauconite, and others). Its origin is probably
related to compositional changes in formation waters
during the Hercynian orogeny of the studied area
(Vinogradov et al., 2002). Impact of these events on the
structural, crystallochemical, and isotope-geochemical
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signature of glauconite is a subject for the future com-
munication.

CONCLUSIONS

Glauconite is widespread in terrigenous–clayey
rocks of the Lower Cambrian Virbalis Formation in
western Lithuania.

In clay-rich horizontal-bedded sandstones, silt-
stones, and mudstones with the specific ichnostructure,
glauconite formed without hiatuses and erosions at the
stage of diagenetic transformation of sediments. In
oblique-bedded sequences, glauconite grains under-
went diagenetic transformations after short-term epi-
sodes of rock erosion.

The glauconite globules and matrix formed at the
diagenetic stage. At the same time, glauconite replaced
biotite flakes (up to the point of complete pseudomor-
phism), vermicular remains, and some sectors of bra-
chiopod shells. The glauconite also corroded clastic
quartz and feldspar grains.

Deep catagenetic transformation of rocks resulted in
the deformation of glauconite grains and their replace-
ment by illite–chlorite and/or quartz. The intensity of
glauconite transformation was variable even within a
single layer.

We suppose that the deep catagenesis promoted the
formation of authigenic glauconite that replaces quartz
and/or makes up a thin coating on some glauconite
grains.

In the studied rocks, globular dioctahedral (2 : 1)
layered silicates are represented by two mica phases
(glauconite and subordinate illite). The two-phase com-
position of micaceous minerals can be observed at the
microtextural level in rocks of different compositions
and ages (Tsipurskii et al., 1992). This specific feature
is a consequence of formation constraints rather than
transformations of one phase (glauconite) into another
phase (illite). Micaceous phases with different Fe con-
tents crystallize in nonequilibrium diagenetic condi-
tions probably as result of the vital activity of bacteria.
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