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Fig. 1. Satellite Map of mud volcanoes of the study area near the Seivan village. Location of sampling points (15 samples)

are shown by star mark.
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Table 1. General characteristics of mud volcanoes in Seivan area.
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Fig. 1. Field photos of A) folded sediments of the Miocene related to the mud volcanoes of Seivan area. B) Miocene

colored hills with uneven and grooved features in Seivan area. C) One of the cone-shaped and inactive mud volcanoes
of Seivan area. D) mud volcanoes of Seivan area as mud pool. E) Salt sediments formed in the path of waters rich in

solutes derived from Miocene sediments in Seivan area.
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Fig. 3. Histogram showing the grain size distribution of the sediments of mud volcanoes in Seivan area with relatively

Frequency (%o)

equal ratio of silt and clay
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Fig. 4. Photos of dried mud samples related to mud volcanoes of Seivan area. Fissility indicates a significant amount of

clays in samples.
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Fig. 5. Naming of sediments in the study area based on Folk (1974) triangle
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Fig. 6. Naming of sediments in the study area based on Shepard (1954) triangle
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Fig. 7. Frequency and cumulative percent plots of the sediment samples of mud volcanoes in Seivan area.
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Fig. 8. Photomicrographs of sand size grains of mud volcanoes in Seivan area showing the presence of clastic components
associated with some metal ores.
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Fig. 9. Thin section photos of sand size sediments of mud volcanoes in Seivan area showing the presence of clastic
components, including feldspar with cleavage (a), muscovite in the center of photo (b), metamorphic rock fragment in

the center of photo (c), and limestone rock fragment in the center of photo (d) in this sediments. A significant part of
clastic components has been replaced by calcium carbonate.
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Table 2. The results of grain size analysis of sediment from hydrometer method for 13 samples gained from Seivan area

wgai | e Syl | (FubgS | (SoadS | () oSl
S1 2.60 0.38 1.19 8.25
S2 3.35 0.321 1.22 10.90
S3 2.45 0.34 0.96 7.60
S4 2.23 0.33 0.91 7.90
Ss 2.10 0.34 1.02 7.60
S6 2.10 0.34 1.02 7.60
S7 2.70 0.29 1.12 7.90
S8 2.50 0.34 0.96 8.20
S9 2.94 0.3 1.08 7.30
S10 1.98 0.28 1.13 7.70
S11 3.30 0.31 1.76 8.25
S12 2.50 0.39 0.90 8.10
S13 2.60 0.30 0.92 8.00
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Table 3. The results from x-ray diffraction for mud volcanoes sediments in Seivan area.
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Piper Diagram
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Fig. 11. Piper diagram related to water samples of Seivan mud volcanoes

0,bg) Slgey bawgi g wload JSa5 Vb atectdly
slolid 5 (V)P L Ken 5 (o2) ailoads 00,8
Ol wgae Slgu, b S0 bls )l olgen ddlaie
FSis Gl Gose slye S Gl (S e
&y > wilbise o) e 3l Slisw) 925 o lad 5
St wipgee (el 5 oy (Sl s Slisw, Hpa
081 1, Sy laplia S s sl oY b 5
I s ey SB sl sloay sl ooy
Sgre el () Swegad pl s ol e
$S5ly o 4V Cow VL JLaS Cod oy IS 008
a8 wil adgl conl (Soe JB (SSg)ly 09b o0 S
S 5 gy LS G S DS a0
Ok wile wab 4l b g wlioe 3929 05bg; 5 SIb
Seabes llpd 5o 5t (ol JBs b oVl (>
(ol Gilie Ll o ,lad L] Sie) g, dbs>
5 S50 5 ke gleanld (S adg
B B el O SueSs claanlp o Slee
wysS) Sebiee 0,lg) LIS i g g, sleosls

Yooy

@ilerd oS 5 Sl 5 e slaalil anslie
alize b slapled 5L ol sloplad JS oYk
4 a8 aas e LS 0 Jsaz b by o5 olnl osi
Na-HCO3™ g 5| oS5 a5 J5,m olas 5 5l e
5w g8 (TN ollea 5 oolil Lole9) o)l
s slapled J5 oVl wiile & GLasYlw o)Lz,
soles 5 a5 ool onl b il oo Na-Cl gg5 5
slaplas 5 a4 cons Lol slagg 5150 oo
cble il (Sad e g bl sl Glpl op
e e s S slapled Js 0 HCOS™ (s
Loyl SOU s 5 50 5 wdlioe Oloww slaglad s
slaplas 5 Ca g lie Geized aijls plp Sl

el 057 1,0 O el g 0 S Dl

Olyw S Lis IS Sl a0
s sl b b)) s lplas 8 st
VoY waysS) w0 ) QT 30 a5 Aid (glddlais
c_s‘“’L"“’U‘“") LgLﬁ)L:'}L’" 9o 2 LﬁoLi.éJf 9 LQJ‘“’L“>

5 65 I b Jod o Sl 5 45w



Yoo

1FoF Lol 9 )l TY o)lol Y 0590 (g0 )8 ‘:wb.wug.w)

Waslg) ol gams S LEd S b (Y19 (ol )80 9 (53LL (lsle ) oyl ol Cgizr S LES S Sawil g (H9uils polic cuS 5 (gamnlio O Jouor

(w0 (PoOl) 5 azmse> g (Salsa) 5 aciz (Gryphon) bg,suw glgl Jolis bogylisd 5 :a> o) Mg/l o> 5

Table 5. Comparison of cation and anion elements of mud volcanoes of south of Iran (Farahdiyan-Babadi et al., 2019)
with Seivan mud volcanoes (units in terms of mg/l) (Note: mud volcanoes include cone (Gryphon), mud springs (Salsa)

and mud pool).
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Table 6. General comparison of mud volcanoes of Seivan area with mud volcanoes near the Caspian and Makran basins.
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Abstract

The mud volcanoes of Sivan region are unique phenomena that are closely related to the folded and fine-
grained sedimentary units of the Miocene. These mud volcanoes are in the form of eroded and inactive
or semi-active cones, as well as mud ponds in the region. The results of the analysis of the sediment
samples, in terms of texture, place them in the mudstone and clayey silt groups, in the Folk and Shepard
classifications, respectively. Quartz, feldspars, mica, various heavy minerals, clay minerals (Illite and
chlorite) and rock fragments (metamorphic, carbonate and volcanic) are the components of these
sediments. Mineralogical evidence indicates the origin of sediments from metamorphic and possibly
volcanic rocks of the region. The amount of calcium carbonate in the mud samples varies between 19
and 45%, and accordingly, the sediments of the mud volcanoes are calcareous mud, argillaceous marl,
and marl. The formation of Sivan mud volcanoes can be related to some factors such as the presence of
fine-grained sediments of Miocene, the thickness of sediments, and the influence of overburden
pressures and regional tectonics. Also, the presence of a hidden salt dome according to the geological
map as well as surface features can be effective factor in the formation and activity of the mud volcanoes
in this area. In terms of the composition of sediment, water and formation mechanism, these mud
volcanoes are comparable to mud volcanoes on the margins of the Caspian basin, which can be related
to their sedimentation-tectonic conditions.

Keywords: Mud volcanoes, Salt dome, Overburden and tectonic pressure, Miocene

Introduction

Mud volcanoes that originate from the depths
of the earth are an important source of
information about sediments and subsurface
conditions. The geochemical study of fluids
erupted from mud volcanoes shows multiple
fluid sources and complex subsurface
migration processes. The fluids ejected from
the mud volcanoes may represent a complex
mixture of deep and shallow waters. Mud
volcanoes are closely associated with
geologically dynamic regions, where very
rapid sedimentation is combined with
continuous tectonic activity. These effects are
formed on land, offshore and in many places
on earth. In Iran, most of the mud volcanoes
can be seen in the coastal plains of the Oman
Sea and the Caspian Sea. In the southeast of
Iran, on the shores of the Oman Sea (Makran)
in the provinces of Sistan and Baluchistan and
Hormozgan, 30 mud volcanoes are known.
Among the studied mud volcanoes in Iran are

Pirgol located in the east of Bozman volcano,
on the eastern edge of Mazandaran sea, Getan
in the southeast of Bandar Abbas and Napak in
Makran district. Omrani and Raghimi (2018)
studied the origin of mud volcanoes in the
southeast of the Caspian Sea and came to the
conclusion that these mud volcanoes are
located in a tectonically active area and
originated from the deep parts of the Gorgan
Plain. Kalaneh et al. (2023) determined the
origin of Qarniarq and Naftlije mud volcanoes
in the Gorgan Plain based on the study and
interpretation of seismic sections, with deep
folds and the development of tensile faults that
provide the path for the flow of mud. In this
study, the mud volcanoes of Sivan region are
described and explained based on their
lithological, sedimentary and geochemical
characteristics.
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Data and methodology

During the field studies in June 1400, detailed
geological investigations were carried out in
the Sivan area, and then the sediments and
fluids of the mud volcanoes of the studied area
were sampled. In total, 15 sediment samples
(S1 to S15) and 5 water samples (W1 to W5)
were collected to perform various tests. The
water samples include three samples from the
mouth of the mud volcanoes and two samples
from places with periodic and intermittent
water and gas discharge. First, the collected
sediment samples were studied in terms of
texture. For this purpose, grain size analysis
was performed using a wet sieve and a
hydrometer, and they were named according to
the classification of Folk (1974) and Shepard
(1954). Then, calcimetry analysis was done to
determine the amount of their calcium
carbonate. 3 sediment samples were subjected
to X-ray diffraction (XRD) for a more detailed
examination of the mineralogical composition
and the type of clay minerals in Kansaran
Binalud company. Also, microscopic studies
(binocular and polarizing) were carried out on
the sandy samples of mud volcanoes. By
combining the results of field, textural and
mineralogical studies, the origin and formation
of mud volcanoes in the region were discussed
and investigated.

Geology of the study area: The studied area
includes a part of the geological maps of
1/100,000 Marand and 1/25,000 Sufian. Sivan
mud volcanoes are located with geographical
coordinates of 52°52° 45" east longitudes and
38° 25" 19° north latitude in the vicinity of
Seivan village of Marand county in the
northwest of East Azarbaijan province and in
the eastern part of Misho mountains.
Lithology and sedimentary texture:
Sediment samples collected from mud
volcanoes in Seivan region are fine-grained
sediments with almost equal proportions of silt
and clay, which based on the results of grain
size analysis by sieve and hydrometric
methods, and according to the classification of
Folk (1954) are placed in mudstone group.
Sand-sized particles also make up a small
percentage of the total sediment. Also, these
sediments based on the classification of
Shepard (1954) are mainly clayey silt type.
Statistical analysis of particle size distribution
shows the average grain size of very fine silt to
clay, poor sorting and positive skewness of the
sediments.

Mineralogy and chemical composition
Sand-sized grains form a small part of the
samples related to Seivan mud volcanoes.
Examining the mineralogical composition of
the sandstone part of mud volcanoes sediments
under a binocular microscope shows the
presence of clastic grains (silicate minerals and
rock fragments) along with various types of
metal ores (pyrite, chalcopyrite, magnetite and
ilmenite). Some of these metal ores are
attracted to magnets due to their magnetic
properties. Also, the results obtained from the
study of microscopic thin sections show that
most of the clastic components have been
replaced by calcium carbonate, and in fact,
calcium carbonate is present in pseudomorph
of grains. Therefore, their identification under
the microscope is simply not possible.
However, some microscopic evidence such as
carlsbad and polysynthetic cleavage in some
grains indicate the presence of a significant
amount of feldspar grains. The presence of
micas, especially muscovite, along with some
metamorphic rock fragments indicates at least
a metamorphic origin for these sediments.
Microcrystalline limestone rock fragments
(lime mud) are also observed. The presence of
volcanic rock fragments in these sediments is
associated with ambiguities, which, if any,
could be related to the volcanic rocks of the
region. The results of calcimetry analysis on
the sediment samples of mud volcanoes in the
study area show that these samples have
variable amounts of calcium carbonate
between 19 and 45%. Therefore, these
sediments are calcareous mud, clayey marl and
marl in order of abundance. The results of X-
ray diffraction (XRD) analysis show that the
sediments are composed of quartz, calcite,
dolomite, muscovite, albite and clay minerals
(illite and chlorite) in terms of composition.
Minor phases also include orthoclase, halite,
hematite and amounts of amorphous phases.
Analysis of water samples taken out of mud
volcanoes: The analysis results of water
samples show that the temperature of the fluids
released from the points around the volcanoes
is in the range of 28-30 degrees Celsius and this
temperature applies to mud volcanoes with
tectonic origin. The range of pH changes varies
between 7.58 and 12.8, which indicates
alkaline pH for volcanic fluids. The TDS of
mud volcanoes fluids is very high and varies
between 68.5 and 233.1 grams per liter. A high
TDS indicates a lot of salts in the fluid of the
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mud volcanoes, and the formation of salt
crystals in the places of water exit and passage
is a proof of this claim. The geological map of
the region also indicates the presence of a
hidden salt dome under the mud volcanoes of
Seivan region. Therefore, the high salinity of
the water coming out of the Seivan mud
volcanoes can be related to the hidden salt
dome in this area.

The formation mechanism of Sivan mud
volcanoes: Due to intense tectonic activity, the
Cenozoic era was prone to rapid sedimentation
followed by the formation of mud diapirs and
mud volcanoes. During tectonic movements
and following the activation of faults in the
region (Tabriz or Sufian faults), fractures were
created above and around the mud volcano
reservoir. As a result of the created fractures,
the mud in the reservoir due to its low viscosity
begins to penetrate inside the created fractures.
The high buoyancy of mud can be caused by
the low volume density of clays, excessively
high pore pressure, mineral dehydration
reactions and gas production (methane, carbon
dioxide, etc.). Considering the above, it can be
concluded that Seivan mud volcanoes are
influenced by primary sedimentary
characteristics (marl and clay fine-grained
texture), high thickness of sediments and
trapped pore water, and compaction related to
overburden weight. The emergence of Seivan
mud volcanoes from the Miocene folded
sediments indicates their formation after the
folding and orogenic events of the region.
Geology of the region and some evidence such
as the outflow of waters rich in salts can be
motivating and effective factors in the
formation of mud volcanoes in Seivan region.
The current situation of these mud volcanoes,
which are with limited to silent activity, can be
related to the release of pressure, reduction of

pore water and the release of a significant part
of clay materials. A general comparison
between the mud volcanoes of Seivan region
with mud volcanoes of the Caspian and
Makran basins show the greater similarity of
them with ones of the Caspian basin in terms
of the composition of sediment and water and
the mechanism of their formation.

Conclusion

The mud volcanoes of Seivan region, which
appeared in the Miocene folded sediments, are
composed of almost equal proportions of silt
and clay, and according to Folke's
classification, they belong to the group of mud
sediments and in the classification of Shepard
belongs to the clayey silt group. In terms of
mineralogical composition, the sediments of
these mud volcanoes are composed of silicate
(quartz, feldspar and mica), carbonate (calcite
and dolomite) and clay (illite and chlorite)
minerals, and the water released from them is
rich in sodium and chloride, which can be
attributed to the presence of a hidden salt dome
in the studied area. According to mineralogical
characteristics, these sediments originate from
metamorphic and igneous rocks of the region.
The development of high-thick Miocene marl,
shale, and clay sediments, along with tectonic
and orogenic activities, has provided the
conditions for the formation and activity of
mud volcanoes in this region in the form of
conical features and mud ponds. By comparing
Seivan mud volcanoes with ones from other
parts of Iran, a general similarity in the
composition of sediment and water and the
mechanism of their formation is observed with
mud volcanoes in margins of the Caspian
basin, which under the influence of
sedimentary-tectonic conditions of their basin
have developed.



