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Abstract. Structural features and distribution
of framboidal pyrite were studied during
lithological, mineralogical and geochemical
studies of sediments in the South Caspian
Basin. The lithological and geochemical
parameters affecting the intensity of the
formation of authigenic pyrite in sediments of
the South Caspian Basin under conditions of
hydrogen sulfide contamination were
determined. According to X-ray diffraction
(XRD), the content of pyrite in pelitic ooze
reaches 4%. Microscopic studies have shown
that pyrite formation occurs intensively in
sediments with a high content of biogenic
mineral components, such as opal diatom
frustules and calcite plates of coccolithophores.
Scanning electron microscopy (SEM) has
demonstrated the presence of spherical pyrite
framboids, as well as individual pyrite crystallites
and their disordered clusters of various shapes.
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The diameter of the framboids varies from 3 to
10 microns. Pyrite crystallites have subspheri-
cal, complicated polyhedral, prismatic, octahe-
dral, pentagonal dodekahedron shapes. The crys-
tallite sizes range from 0.5 to 3 microns. Based
on geochemical data, there is no direct correla-
tion between the intensity of pyrite formation and
the high content of such components as Fe and
Corg in bottom sediments. We assume that the
formation of authigenic framboid pyrite in sur-
face sediments (including the fluffy layer) is most
likely due to the presence of hydrogen sulfide con-
tamination in the near bottom water of the South
Caspian Basin. Framboidal pyrite in the deeper
layers (up to a depth of 35 cm) is the result of di-
agenetic processes that occur in accordance with
the classical scheme of vertical zonality of diage-
netic transformations in sediments.

Introduction

Authigenic pyrite in bottom sediments of various basins
is formed, as a rule, at the stage of early diagenesis.
This mineral is a typical indicator of anoxic conditions
[Kholodov, 2006; Naumov, 1989; Strakhov, 1960; Yu-



dovich and Ketris, 2011]. The advent of new precision
methods of mineral study such as SEM and X-ray spec-
tral analysis allowed to reveal unusual shapes of authi-
genic pyrite in sea and ocean sediments. It was found
that authigenic pyrite is often represented by fram-
boidal aggregates of submicron-sized crystals (crystal-
lites) [Astakhova, 2007; Berber’yan and Skripchenko,
1996; Kozina, 2015; Kozina and Reykhard, 2018; Lein,
1979; Love, 1957; Novichkova et al., 2017; Pilskaln,
1991; Sawlowicz, 2000; Schallreuter, 1984; Reykhard,
2014; Reykhard et al., 2018a,2018b].

Definition “Framboidal pyrite” (derivers from the
French word “la framboise” that means raspberry) has
been firstly entered by G. V. Rust [Rust, 1935] to des-
ignate spherical aggregates (clusters), composed from
small crystals (crystallites) of pyrite. Detailed study of
framboidal pyrite in sedimentary rocks of different age
and composition has revealed a different degree of geo-
metric ordering of crystallites in structure of framboids.
Framboids consist of poorly oriented crystallites of var-
ious sizes as well as of ordered idiomorphic crystallites
[Berber’an, 1983; Sawlowicz, 2000; Savelieva, 2013].
These crystallites of various shapes (cubic, octahedral,
pentagonal dodecahedron) can create the densest pack-
ing in framboids with a high degree of orderliness.



Biogenic (bacterial) origin of the framboidal pyrite
in sedimentary rocks and bottom sediments means it
was formed because of activity of sulfate-reducing bac-
teria under anoxic conditions [Frankel and Blakemore,
1991; Love, 1957]. As a rule, anoxic conditions exist in
the bottom sediments of normally aerated basins, at a
depth of more than 20–25 cm below the sediment-water
interface, where the aerobic-anaerobic and anaerobic
diagenesis zone is located [Kholodov, 2006]. Another
situation is observed in basins under conditions of hy-
drogen sulfide contamination where mass formation of
authigenic framboidal pyrite takes place already in a
water column, and in ooze of the upper layer of bot-
tom sediments. This phenomenon was observed in the
Black Sea sediment [Pilskaln, 1991], and also in a sus-
pended matter in the Cariaco Basin (Caribbean Sea)
[Li et al., 2011].

Thus, the appearance of authigenic framboidal pyrite
in the mineral composition of sediments is an important
genetic feature that allows to understand diagenetic
changes in sediments, the behavior of various com-
pounds of such chemical elements as iron and sulfur,
which participate in the global biogeochemical cycle;
also, it provides insight into processes of microbial ac-
tivity [Reykhard, 2014].



The authors of this study have found framboidal
pyrite in surface sediments in the South Caspian Basin
[Kozina, 2015], which occupies almost the entire south-
ern part of the Caspian Sea (Figure 1a).

From a geological viewpoint, the South Caspian Basin
has a number of properties. Its maximum depth is 1025
m. The bottom of the basin is complicated by nu-
merous mud volcanoes. There are shows of active hy-
drotherms along the eastern coast of the South Caspian
[Dobrovolsky, 1969]. The properties of sedimentation
in the South Caspian Basin are determined by their lo-
cation in the arid climate zone [Lisitzin and Lukashin,
2015].

It is important to note that since 1930 the unstable
presence of hydrogen sulfide was recorded in bottom
waters in the Southern Caspian [Ambrosimov et al.,
2014; Ivanov et al., 2013; Sapozhnikov et al., 2007].
The first data on the presence of small concentration of
hydrogen sulfide were recorded in 1933–1934 [Bruevich,
1937].

Complex studies of changes in the hydrochemical
regime were carried out in 1958–1962. In the South
Caspian Basin, in the near-bottom horizons of the wa-
ter column, a sharp increase in the oxygen content and
complete absence of hydrogen sulfide were observed
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[Ivanov et al., 2013]. Regular monitoring studies of the
Caspian Sea were renewed by VNIRO scientist in 1995.
In 2006, a sharp decrease in the oxygen content and
the smell of hydrogen sulfide in the bottom waters of
the South Caspian Basin were discovered [Sapozhnikov
et al., 2007]. In 2011, scientists of VNIRO discovered
hydrogen sulfide in the near-bottom horizons of the wa-
ter column (at a depth of 900 m) in the central part of
the South Caspian Basin.

In 2012, detailed hydrological and microbiological
studies revealed presence of dissolved hydrogen sulfide,
occurrence of modern sulfate reduction processes, and
the existence of anoxic regime under conditions of sta-
ble stratification at depths more than 880 m in the
South Caspian Basin. The concentration of hydrogen
sulfide increased from the upper bound of its detection
layer to the bottom layers of the water column (from
60 to 240 µl L−1, respectively) (Figure 1b). Active pro-
cesses of bacterial sulfate reduction were also recorded
in the surface sediments (depth 0–1.5 cm) [Ivanov et
al., 2013]. Hydrogen sulfide contamination was ob-
served against the background of significant sea level
fluctuations (Figure 1c), which were associated with
both climatic changes and the influence of the anthro-
pogenic factor [Ivanov et al., 2013].



Our research thoroughly studies framboidal pyrite in
sediments of the South Caspian Basin in order to reveal
structural characteristics of pyrite aggregates and the
pattern of their distribution in sediments, as well as
to reveal lithological and geochemical features of the
authigenic pyrite formation process under conditions of
hydrogen sulfide contamination in the Caspian Sea.

Material and Methods
The studied material was sampled during the 39th
cruise of the R/V Rift in 2012 within the framework
of the project “The Caspian Sea System” under the
guidance of Academician A. P. Lisitzin [Ambrosimov et
al., 2014; Lisitzin, 2016].

Sampling of sediments was carried out in the cen-
tral part of the South Caspian Basin (Station 3916,
38◦58.528’ N, 50◦45.738’ E) (Figure 1a) at depth 1000 m
by the multicorer “KUM” (Germany). The boundary
layer between the water column and the condensed sed-
iments, the so-called “fluffy layer”, is not disturbed dur-
ing sampling by the multicorer.

Samples of sediments were taken from the core (35
cm in length and 10 cm in diameter) with different dis-
cretion ranged from 0.5 cm at the top of the column to



5.0 cm at the bottom of the column. The identifica-
tion of lithological types of sediments was carried out
according to the classification adopted in the Shirshov
Institute of Oceanology, RAS [Lisitzin, 1986].

Mineralogical and geochemical studies of sediments
were carried out in the Analytical Laboratory and in
the Laboratory of Physical-Geological Research in the
Shirshov Institute of Oceanology, RAS. An analysis of
the mineral composition was carried out by means of
a X-ray diffractometer D8 ADVANCE (Bruker AXC,
Germany). Visualization of microcomponents of var-
ious genesis in sediments and determination of their
elemental composition were carried out by means of
scanning electron microscopy (SEM) using a scanning
electron microscope SEM Vega 3 Tescan (TESCAN,
Czech Republic) with a X-ray spectral microanalyzer
INCA Energy (OXFORD Instruments, UK). The total
iron content (Fetot) in sediments was measured by the
method of flame atomic absorption on the spectropho-
tometer “Kvant-2A” in the air-acetylene flame. The
measuring of total, organic and carbonate carbon was
carried out by coulometric titration by means of an AN-
7529 carbon analyzer.



Results

Lithological and geochemical analysis of sediments at
St. 3916 showed that they are interbeddings of pelitic
ooze with an insignificant content of a sandy and silty
impurity, mainly slightly calcareous. The texture of
ooze is microlayered and porous-cavernous. A high con-
tent of hydrotroilite inclusions, bundles and thin layers
are present in sediments. Up to depth 8 cm there is
a strong smell of hydrogen sulfide in sediments (Fig-
ure 2).

According to the data of microscopic studies and
XRD, the mineral composition of sediments is mainly
represented by quartz (14–29%), feldspars (albite up to
16%, potassium feldspar up to 15%) and clay minerals
(illite up to 21%, kaolinite up to 8%, chlorite up to
14%, montmorillonite up to 0.5%) in different ratios.

Minerals of heavy fraction, such as amphiboles, py-
roxenes, zircon, tourmaline, garnet, epidote, kyanite,
apatite, ore minerals are present as accessory impu-
rities. Shell detritus, coccoliths, opal frustules of di-
atoms, plant fragments are observed as inclusions [Koz-
ina, 2017]. Also unusual biomorphic structures were
found by the SEM method [Kozina et al., 2016].

A distinctive feature of studied sediments is high con-





Figure 2. Lithological characteristics of bottom sediments
of the South Caspian Basin (Station 3916): 1) – pelite with silty
impurity; 2) – pelite with sandy and silty impurity; 3) – inclusion
of hydrotroilite; 4) – hydrotroilite layers; 5) – porous-cavernous
texture; 6) – hydrogen sulphide; 7) – distinct boundary; 8) –
gradational contact.
Layer 7. Pelitic ooze with silty impurity, highly water-saturated
(“fluffy-layer”), represented by flakes of black and greenish-
gray color of 2–5 mm in size, with a strong smell of hydrogen
sulfide.
Layer 6. Pelitic ooze with silty impurity, slightly calcareous, is
greenish-brown in color with numerous inclusions of black hy-
drotroilite, with the smell of hydrogen sulfide.
Layer 5. Pelitic ooze with sandy and silty impurity, greenish-
gray color. The degree of calcareousness varies from bottom
to top along the section: from calcareous in the lower part of
the layer to slightly calcareous at the upper contact. Spherical
hydrotroilitic bundles with a diameter of not more than 1 mm
are present at levels of 2.5, 3.5 and 4.5 cm. There is a smell
of hydrogen sulfide.
Layer 4. Pelitic ooze with silty impurity, calcareous, grayish-
green color. The texture is micro-layered in the form of a clear
interlayering of layers of pelitic ooze grayish-green (2 mm thick)
and black hydrotroilite layers (1 mm thick). In the interval from
5 to 8 cm there is a smell of hydrogen sulfide.
Layer 3. Pelitic ooze with sandy and silty impurity, slightly cal-
careous to calcareous, light gray. Hydrotroilite microlayers are
in the interval of 11–12 cm. Caverns of irregular or rounded
shape no larger than 5 mm appear in the interval of 11-15 cm.
Layer 2. Pelitic ooze with silty impurity, slightly calcareous,
gray. The texture is micro-layered in the form of a clear inter-
layering of thin layers of gray pelitic ooze (up to 2 mm thick)
and black hydrotroilite layers (up to 1 mm thick). There are
pores and caverns.
Layer 1. Pelitic ooze with sandy and silty impurity, calcareous in
the lower part of the layer, slightly calcareous in the upper part
of the layer, light gray, chalk-like color, with black hydrotroilite
inclusions. Spherical hydrotroilite bundles with a diameter of
less than 1 mm are in the interval of 19–20 cm. The texture is
porous-cavernous.



tents of authigenic sulfate and carbonate minerals, such
as gypsum (up to 25%), calcite (up to 8%), magnesian
calcite (up to 11%), kutnahorite (up to 6%) [Dara et
al., 2015; Kozina, 2017]. High concentration of halite
has been recorded at the top of the column (16% in
the interval 0–0.5 cm).

XRD analysis of sediments at St. 3916 revealed in-
significant content of pyrite. It was less than 4%. Its
maximal concentration has been registered in the in-
terval 6–7 cm. According to SEM, in pelitic ooze at
St. 3916 pyrite is present as framboids and crystallites
(Figure 3, Figure 4). Disordered crystallite clusters are
most likely the results of mechanical destruction of the
framboids.

Framboidal pyrite is formed on the plant fragments,
on the diatom frustules (Figure 3a, Figure 4f) and in
the pore intergranular space of sediments (Figure 3b).
In pelitic ooze, there are single framboids and their clus-
ters, where each framboid is represented as an isolated
individual aggregate of crystallites. The sizes of fram-
boids vary ranging from 3 up to 10 µm in diameter.

Generally, framboids have the low degree of ordering,
which slightly changes from top to down in the column.
Geometrically disordered framboids are located in the
upper part of the column (Figure 3c). They consist



F
ig

u
re

3
.

F
ra

m
b

oi
ds

of
py

ri
te

in
th

e
b

ot
to

m
se

di
m

en
ts

of
th

e
S

ou
th

C
as

pi
an

B
as

in
:

a)
–

py
ri

te
fr

am
b

oi
ds

an
d

cr
ys

ta
lli

te
s

on
th

e
di

at
om

fr
us

tu
le

s;
b)

–
py

ri
te

fr
am

b
oi

ds
in

th
e

p
or

es
of

p
el

it
ic

o
oz

e;
c)

–
ge

om
et

ri
ca

lly
di

so
rd

er
ed

fr
am

b
oi

ds
fr

om
cr

ys
ta

lli
te

s
of

va
ri

ou
s

si
ze

s
an

d
sh

ap
es

;
d)

–
fr

am
b

oi
ds

w
it

h
lo

w
de

gr
ee

of
or

de
ri

ng
of

o
ct

ah
ed

ra
l

cr
ys

ta
lli

te
s;

e)
–

cr
ys

ta
lli

te
s

w
it

h
a

co
rr

o
de

d
su

rf
ac

e;
f)

–
fr

am
b

oi
d

w
it

h
de

si
cc

at
io

n
cr

ac
ks

.



of randomly distributed crystallites of different shapes.
Faintly discernible orientation and sizing of octahedral
crystallites in framboids with low degree of ordering has
been noted in bottom intervals (Figure 3d).

Pyrite crystallites of subspherical, complicated poly-
hedral (Figure 4a), prismatic (Figure 4b), octahedral
(Figure 4c), pentagonal dodekahedron shapes were ob-
served. Besides, intensively corroded crystallites were
found in the top part of the column (Figure 4d) while
strong deformation of crystallites have been recorded in
low part of the column (Figure 4e). Sizes of crystallites
are from 0.5 to 3 µm.

Thus, the general distinctive feature of studied pyrite
aggregates is structural imperfection such as poor sort-
ing of crystallites in shape and sizing, low degree of
geometrical ordering of crystallites and density of their
packing in the volume of framboids, corroded surface
of crystallites (Figure 3d), deformation of crystallites
and framboids. Sometimes we registered cracks, which
looked like desiccation cracks (syneresis?) in framboids
(Figure 3f).

Geochemical researches showed that studied sedi-
ment of the South Caspian Basin was highly but un-
evenly enriched with a calcium carbonate (Figure 2),
organic matter, and iron. Content of sulfur in sedi-
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ments at St. 3916 wasn’t measured at this stage of the
study.

Content of iron (Fetot) strongly varies ranging from
1.2% up to 6.6% along the column without visible reg-
ularity. Content of Fetot from 2.8% (in the interval of
0–0.5 cm) up to 6.6% (in the interval of 9–10 cm) was
registered in layers where XRD showed the content of
pyrite more than 1%. The maximal content of pyrite
was measured in the interval of 6–7 cm where content
of Fetot was just 4.4%.

Results of organic carbon (Corg) measuring in the
sediment column at St. 3916 showed that the top lay-
ers were highly enriched with Corg. Content of Corg

reached the maximum (8.7%) in a fluffy layer [Lein et
al., 2014]. Down the column, Corg unevenly decreased
to minimum (1.47%) in the interval of 24–26 cm. In
intervals of intensive pyrite formation, content of Corg

fluctuated from 1.75% (interval of 33–35 cm, where
quite high content of pyrite was (3%)) to 8.7% (in a
fluffy layer, where the content of pyrite was just 1%).
Maximal content of pyrite corresponds to a high con-
tent of organic carbon (Corg 2.24%).

Thus, we can conclude that there is no direct correla-
tion between the highest concentrations of iron, organic
matter and maximal content of pyrite in the studied



sediments. At the same time, it is obvious that the
formation of established contents of pyrite (1–4%) re-
quired heightened concentrations of Fe (≥ 2.8%) and
Corg (≥ 1.75%).

A high content of gypsum is an indirect sign of high
concentrations of sulfur in the sediments of St. 3916.
In particular, the content of gypsum in a fluffy layer
reaches 7% while it is 22–25% in the interval 0.5–
1.5 cm. Below the column, contents of gypsum falls
abruptly to 3% (in interval of 2.5–3.0 cm). It fluctuates
within 0–3% along whole column of sediments, raising
up to 8% just in the interval 33–35 cm. It is important
that, according to XRD and SEM data, pyrite was not
detected in the bottom sediments with the maximum
content of gypsum. On the contrary, the maximum
content of pyrite has been recorded in sediments in-
cluded only 2% of gypsum.

Discussion

The complex studies have revealed framboidal pyrite
as one of the most widely occuring authigenic miner-
als in modern sediments in the South Caspian Basin.
The presence of pyrite in sediments is associated with
the specific geological, hydrological and geochemical



conditions of this area.
Firstly, these are specific hydrological conditions in

the deep-water stagnant closed basin in the arid zone.
They contributed to the accumulation of thickness of
pelitic ooze, enriched with organic matter, iron, sulfates
and carbonates.

Secondly, the presence of high concentrations of hy-
drogen sulfide in the near bottom layers of the water
column and in bottom sediments in the South Caspian
Basin [Lein et al., 2014] means there are reducing con-
ditions in the upper layer of bottom sediments.

It is expected that the total amount of pyrite that
can form in sediments at the stage of early diagenesis is
limited by sedimentation rate of decomposable organic
matter, dissolved sulfate and iron minerals [Savel’eva,
2013]. It is known, the abundance of organic matter
in the sediment makes it possible to develop sulfate-
reducing bacteria. These bacteria reduce the sulfate of
seawater and release hydrogen sulfide reacting with the
labile iron, which ultimately leads to the formation of
pyrite [Volkov, 1979].

As it was shown above, the content of Corg in bot-
tom sediments in the South Caspian Basin is very high,
especially in a surface layer. This creates favorable con-
ditions for life of microorganisms, the total number of



which is 150/180 106 cells cm−3 in the fluffy layer,
and 1500/1800 cells cm−3 in the interval of 0.5–1.5 cm
[Lein et al., 2014]. Iron enters in the sea among the
contents of terrigenous runoff from the catchment area,
partly with eolian material and, possibly, with the hy-
drothermal waters of Cheleken [Lukashin and Lisitzin,
2016; Lukashin et al., 2016]. The probability of high
sulfate content in the pore waters was noted earlier.
All the components entering the South Caspian Basin
are accumulated in sediments as a result of the climate
aridity and the absence of outflow from the Caspian
Sea.

This combination of environmental factors leads to
the appearance of small amount of pyrite which is al-
ready present in the fluffy layer. Part of the pyrite in
the fluffy layer and in the deep layers of the column can
be the product of erosion of ancient pyrite-containing
sediments or the product of underwater mud volcanoes
[Lebedev et al., 1973; Kholodov et al., 1989]. Never-
theless, the formation of framboidal pyrite in the fluffy
layer is also possible. Our studies have established all
the necessary components and conditions for pyrite for-
mation in this interval.

The maximal concentration of pyrite in the inter-
val of 6–7 cm is most likely the result of physical and



chemical processes of reductive diagenesis. Probably
at this depth a phased mechanism of pyrite formation
is realized through the bacterial reduction of colloidal
hydrotroilite [Butler and Rickard, 2000; Vaughan and
Corckhill, 2017], which is the primary form of authi-
genic sulfide [Frolov, 1992; Strakhov, 1960]. At this
interval, hydrotroilite is represented by well-defined lay-
ers with a thickness of 1 mm (Figure 2).

Down the column, the pyrite concentration changes
insignificantly (from 1 to 3%). The smell of hydrogen
sulfide disappears at a depth of 8 cm. But the high
porosity of the sediments in the lower part of the col-
umn (up to 35 cm), noted directly during sampling, in-
dicates their strong gas saturation. This can indirectly
indicate current active microbial processes. High Fetot

and Corg contents are fixed along the whole length of
the column. The hydrotroilite disappears at a depth of
20 cm (Figure 2). According to SEM data, sulfidization
in the interval 20–35 cm is represented only in the form
of pointwise pyritization of different intensity. This is
confirmed by the results of X-ray phase analysis.



Conclusion

At this stage of the study, we detected some features
of the formation of authigenic pyrite in the bottom
sediments of the South Caspian Basin.

The formation of authigenic pyrite was found in sur-
face sediments (including the fluffy layer) [Kozina, 2015].
This is most likely due to the presence of hydrogen sul-
fide contamination in the near-bottom water column
in the Southern Caspian Basin. Framboidal pyrite on
deeper layers (to a depth of 35 cm) is the result of pro-
cesses of reductive diagenesis in accordance with the
classical scheme of diagenetic transformations in sedi-
ments.

The maximum pyrite content (4%) was measured
in the sediment layer (7–8 cm interval) with high (but
not maximal!) concentrations of Fetot and Corg. In
our opinion, this fact indicates the absence of a direct
correlation between the intensity of pyrite formation
and the contents of only these components in bottom
sediments.

The studied pyrite framboids are mainly character-
ized by a low degree of geometric ordering, which may
be a consequence of the incompleteness of pyrite crys-
tallization process.



Corrosivity and deformation of crystallites and fram-
boids, most likely, arose in conditions of an aggressive
physical and chemical environment. They can also be
associated with processes of densification and dehydra-
tion of sediments during diagenetic transformations.

In the deepest region of the South Caspian Basin the
formation of pyrite occurs in pelitic ooze with highly
mineralized porous waters, as evidenced by the high
content of authigenic carbonate and sulfate minerals in
the sediments [Kozina, 2017].

Pyrite formation intensively occurs in pelitic sedi-
ments saturated with biogenic mineral components (opal
detritus of diatoms and calcite plates of coccolithopho-
res). In these deposits, we recorded a very high con-
tent of Corg. Probably, these facts indicate that in the
process of pyrite formation a bacterial transformation
of an organic matter predominantly of planktonogenic
genesis occurs.

Thus, we established the absence of a direct corre-
lation between the high content of some components
necessary for the formation of pyrite in bottom sedi-
ments, and the actual maximum concentrations of pyrite.
This indicates the need to identify other factors that
control the formation of framboidal pyrite in sediments
in the South Caspian Basin.
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