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a b s t r a c t

Understanding fluid sources, water–rock interactions and the biogeochemical processes involved in ter-
restrial mud volcanoes is necessary in order to predict the chemical processes most responsible for meth-
ane emissions to the atmosphere. Mud sediments ejected from the Dushanzi and Sikeshu mud volcanoes,
located along the southern margin of the Junggar Basin, northwestern China, were collected by hand core
sampling in order to explore whether surface and subsurface geochemical processes occur in their fluids.
The ionic compositions of the pore fluids, minerals and major elements of the ejected sediments and sur-
face sediments were analyzed. The pore fluids were mainly derived from ancient deeper sedimentary flu-
ids which had mixed with meteoric surface water, but altered by diagenesis processes. Relative to
seawater, the mud volcano pore fluids have higher ratios of Na/Cl and Li/Cl and lower ratios of K/Cl
and Mg/Cl. The mud sediments are also enriched in illite, chlorite and calcite, but depleted in smectite.
In addition, they are enriched in Ca and Mn, followed by Fe, Mg and P, and depleted in Si relative to
the wall rocks. These chemical and mineralogical changes in the mud sediments and pore fluids are
related to diagenesis processes. Clay mineral dehydration (mainly involving the conversion of smectite
to illite) released large amounts of water. Ion exchange among clay minerals increased Na+ in the pore
fluid. Water–rock interaction increased Fe and Mn, but decreased Si in the mud sediments. Carbonate
precipitation decreased Ca2+ and Mg2+ concentrations of the pore fluid but increased Fe, Mg and P in
the mud sediments. These results indicate that the mud volcanoes system is continuously recharged from
deeper sedimentary sources. The difference in fluid and sediment geochemistry of the mud volcanoes can
be ascribed to the different depths of the fluid and mud sources and the different diagenesis processes
during the rising of fluid and mud.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Mud volcanoes are dome-shaped structures formed by the
release of deep underground high-pressure mud, water and gases
that rise through propagated faults and highly permeable channels
(Milkov, 2000; Kopf, 2002). Mud volcanoes are a common geologi-
cal phenomenon that can be found all over the world, but mainly
develop in the Alps-Tethys suture zone (the Alps-Black Sea-Caspian
Sea-Himalaya Range) and the Pacific belt (Dimitrov, 2002;
Kholodov, 2002; Kopf, 2002; Sun et al., 2010). Many mud volcanoes
are found in large petroliferous basins (e.g. Junggar Basin and
Azerbaijan) (Neurauter and Bryant, 1990; Etiope et al., 2009;
Mazzini, 2009). Based on the studies of more than 200 mud volca-
noes, Etiope et al. (2009) showed that hydrocarbon gases released
from mud volcanoes are mostly thermogenic (76%) or a mixture
of thermogenic and microbial components (20%), whereas only 4%
are of a microbial origin. Recently, the amount of methane emitted
into the atmosphere by mud volcanoes was estimated to be 10–
20 Tg per year (Etiope et al., 2011).

The geochemical study of fluids erupted from terrestrial mud
volcanoes suggested multiple fluid sources and complex processes
of subsurface migration. The fluids expelled at mud volcanoes may
represent complex mixtures of deep and shallow waters (Planke
et al., 2003), and the original chemical and isotopic composition
of the fluid may be modified. The fluids may have come from sed-
iment pore fluids and deep brine, mixed with cycling meteoric
water, and been diagenetically altered by water–rock interactions
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at depth, organic matter degradation, aerobic and anaerobic meth-
ane oxidation, or chemical interactions between fluids and bedrock
(Martin et al., 1996; Planke et al., 2003; Nath et al., 2008; Liu et al.,
2009; Cheng et al., 2012). However, the processes ongoing during
the fluid migration still remain poorly understood. So far, little is
known about the geochemical process of fluid ejection associated
with mud volcanoes, especially in mud volcanoes located in arid
inland environments. Modern mud volcanoes associated with oil
and gas fields are distributed along the southern margin of the
Junggar Basin, Xinjiang, northwest China. The aim of this study is
to explore the surface and subsurface geochemical processes oper-
ating on the fluids of these mud volcanoes by analyzing their ionic
compositions and the mineralogical and chemical compositions of
the core and surface sediments from two mud volcanoes located
along the southern margin of the Junggar Basin.
2. Sampling and analytical methods

2.1. Geological setting and sampling

The mud volcanoes involved in this study are the Dushanzi
(DSZ) and Sikeshu (SKS) mud volcanoes, located along the southern
margin of the Junggar Basin. The DSZ mud volcanoes are located
approximately 1 km south of the city of Dushanzi, at an altitude
of 896 m (44�18019.3400N, 84�50046.4500E) (Fig. 1). This mud volcano
has erupted many times, and the latest large eruption occurred in
1995 (Wang et al., 1997). At present, there are only two small vents
leaking mud and gases, but numerous bubbles are visible in the
water pool, which formed by the mud volcano activity. Three sed-
iment cores (DSZ6, DSZ3, DSZ2, listed in order from center to
periphery) from a water pool with an area of approximately
6.8 � 23.8 m, and six surface sediment samples around the water
pool edge were collected (Fig. 2).

The Usu SKS mud volcanoes are at present the largest area of
mud volcanoes in China, and are located approximately 35 km
from Usu city, at an altitude of 1223 m (44�10057.6100N,
84�23013.8600E) (Fig. 1). The height of the mud volcanoes is several
tens of meters above the surrounding landscape, and there are
more than 80 vents, which are generally less than 1 m in diameter.
More than 30 vents are still active and a number of these erupt
Fig. 1. Location map. Dashed line in (A) represents the border of the Xinjiang
Uyghur Autonomous Region. Location of a square marked on map A is enlarged on
map B (modified from Nakada et al., 2011 and Dai et al., 2012).
intermittently. The vented materials are mainly mud with minor
amounts of gas. The largest vent is oval-shaped and measures
approximately 3.3 � 2.1 m. One sediment core (SKS1) from the
center of the mud volcano was collected (not a transect). Pore flu-
ids were taken from this sediment core. In addition, 11 samples of
the surface sediments around 11 vents were also collected (Fig. 2).

Three to 15 ml of pore fluid was extracted from the sediment
cores at depth intervals of 3–10 cm using a Rhizon sampler, which
contained a 0.2 lm membrane filter, and then HgCl2 stabilizer was
added. All pore water samples were preserved in ion chromatogra-
phy autosampler vials produced by Thermo Fisher Scientific and
stored in a refrigerator at 4 �C. Cores were cut into 2 cm sections
and stored at low temperature along with the samples of pore
fluids.
2.2. Analytical methods

The concentrations of the major ions (i.e., Cl�, SO4
2�, Br�, Na+, K+,

Li+, Mg2+, Ca2+ and NH4
+) in the pore fluids were measured using a

Dionex-ICS-900 ion chromatograph at the State Key Laboratory of
Isotopic Geochronology and Geochemistry, Guangzhou Institute
of Geochemistry (GIG), Chinese Academy of Sciences (CAS). The
analytical precision and accuracy of the major ions was better than
5%.

The amount of total organic carbon (TOC) in the pore fluids was
determined using a TOC-V CPH analyzer at the GIG, CAS. The accu-
racy was better than 1.5%.

The bulk mineralogy was determined via powder X-ray diffrac-
tion (XRD) using a Bruker D8 Advance at GIG, CAS. This instrument
employed Cu Ka radiation filtered by a monochromatic crystal and
operated at 40 kV and 40 mA. The oriented samples were scanned
at an interval of 5–70� (2h) with a step size of 0.02� and a count
time of 5 s per step. Divergence, scattering and the widths of the
receiving slits were 0.5�, 0.5� and 0.15 mm, respectively. The rela-
tive abundance of minerals was semiquantitatively assessed by
way of a Rietveld analysis of the diffractograms using the program
SIROQUANT (Taylor, 1991).

The major element compositions of the sediments were deter-
mined using a Rigaku ZSX-100e X-ray fluorescence spectrometer
(XRF) (GIG, CAS). Loss on ignition (LOI) was undertaken by heating
the dried powder samples in a Muffle furnace at 850 �C for 6 h.
Calibration lines were generated through bivariate regression from
36 kinds of standard reference materials covering most silicate
compositions. Matrix correction was performed in accordance with
the Traill–Lachance procedure, and uncertainties in the analytical
results were between 1% and 5% (Li et al., 2005). A detailed descrip-
tion of the operating procedure can be found in Li et al. (2006)
3. Results

3.1. Ionic compositions of pore fluids

The ionic compositions of the pore fluids in the cored sediments
from the DSZ mud volcanoes are shown in Supplemental Table 1.
Depth profiles of the concentrations of Cl�, SO4

2�, Na+, Ca2+ and
Mg2+ are presented in Fig. 3. Except for SO4

2� and TOC in DSZ2,
the Na+, Ca2+, Mg2+, Br�, SO4

2� and TOC in all cores show trends sim-
ilar to those of Cl�. In general, these concentrations all increase
with depth and then decrease, reaching a peak at about 20–40 cm.

The concentration of Cl� in the pore fluid of the peripheral DSZ2
sediment core range from 382 to 984 mM, and exhibited a substan-
tial increase to a depth of 28.5 cm followed by a gradual decrease
with increasing depth (Fig. 3). Some samples have higher Cl� con-
centrations than that of seawater (556 mM). The SO4

2�, Na+, Mg2+,
Ca2+ and TOC concentrations in the pore fluids collected from



Fig. 2. Photographs of the mud volcanoes studied. (A) Dushanzi mud volcano. (B) Sikeshu mud volcano. (C) Bubbling with oil leakage in Dushanzi mud volcano. (D) Pore fluid
collection.
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DSZ2 are 41.13–115.40 mM, 449–1025 mM, 0.54–44.01 mM, 1.11–
24 mM and 45–101 lg/g, respectively. The variations in ion con-
centrations for the middle sediment core DSZ3 are similar to those
in DSZ2, except that the minimum value does not appear near the
surface but rather at a depth of 6 cm. The concentrations of Na+,
Cl�, Mg2+ and Ca2+ in the DSZ6 sediment core (center of the mud
volcano) reach their maximum values at a depth of 32 cm and then
decrease to minimum values of 529 mM, 471 mM, 10.27 mM and
0.56 mM, respectively. Similarly, the concentrations of SO4

2� and
TOC reach their maximum values at a depth of 22 cm and continue
to decline to 10.98 mM and 54 lg/g, respectively, showing that this
core has higher concentrations of ions and TOC.

The major ion compositions in the pore fluid of the SKS mud
volcanoes are Cl� and Na+, with the concentrations in a range from
111–170 mM to 161–223 mM, respectively, and with small
amounts of Br�, SO4

2�, Li+, NH4
+, K+, Ca2+ and Mg2+ in amounts no

greater than 1 mM. The concentrations of Cl� and Na+ gradually
decrease from the top of the core to the bottom; the variation is
most evident in the top 10 cm, and shows no significant change
below 20 cm. Similar to the levels of Cl� and Na+, the concentration
of TOC gradually decreases downward in the core, ranging from
318 to 586 lg/g.
3.2. Mineral and the major elements of sediments

The XRD analysis shows that the mineral assemblage of the
cored sediment (DSZ6, SKS1) is similar to that of the surface sedi-
ments (Supplemental Tables 3 and 4). Both assemblages predomi-
nantly consist of chlorite, illite, quartz and albite and a small
amount of K-feldspar and calcite (Supplemental Table 3). Yet indi-
vidual samples contain a small amount of other minerals, such as
sample D5 (white, brecciated material), which consists entirely of
30% quartz, 26.1% barite and 43.9% gypsum. In addition, in the
SKS mud volcanoes, smectite is only found in surface sediments
(in contrast with the sediment core SKS1), with contents ranging
from 5.2% to 34.0%.
Chlorite, illite, quartz, albite, K-feldspar and calcite are all found
in the sediment cores (DSZ6, SKS1) of the DSZ and SKS mud volca-
noes, and the levels of calcite are as high as 6.7–12.5% in DSZ6 and
1.4–5.3% in SKS1.

Concentrations of SiO2 (50–60.78 wt.%) and Al2O3 (13.46–
17.2 wt.%, Supplemental Table 5) are high in all samples of the
sediment cores. Compared to the sediments from the DSZ mud vol-
canoes, the sediment cores collected from the SKS mud volcanoes
contain more Fe2O3 (total), MnO and P2O5 but less CaO. When nor-
malized to the reported values of the reddish wall rock from a mud
volcano (DSZ-00; Zheng et al., 2010), the concentrations of the
major elements, except for Ca, in the cored sediments are similar
to those of the wall rock (Fig. 4). Relative to the wall rock, the sed-
iment cores are enriched in Ca and Mn, followed by Fe, Mg and P,
and depleted in Si. Other elements, including K, Na, Al, and Ti are
largely unchanged.
4. Discussion

4.1. Origin of pore fluid

All the pore fluids collected from the DSZ and SKS mud volca-
noes are rich in Cl� and Na+ compared to other ions, and this is
common for the mud volcanoes around the world both on land
and offshore, which are usually considered to have originated from
the pore fluids of marine sediments (e.g. Dia et al., 1999; You et al.,
2004; Hensen et al., 2007; Liu et al., 2009; Chao et al., 2011). But
the mud source of the DSZ and SKS mud volcanoes at the Junggar
Basin is Mesozoic or Cenozoic shales (Nakada et al., 2011), which
were possibly marine or lacustrine deposits (Carroll, 1998; Song
et al., 2004; Zheng et al., 2004; Clayton et al., 1997). Although
the Cl� concentrations in some samples are higher than the seawa-
ter value, the significant correlation between Cl� and Na+ suggests
that the fluids were derived from the same source (Fig. 5).
Compared with seawater, pore fluids from the DSZ and SKS mud
volcanoes have higher ratios of Na/Cl and Li/Cl and lower K/Cl



Fig. 3. Geochemical depth profiles shown for cores collected during this study. Labels DSZ2, DSZ3, DSZ6 and SKS1 marked in the diagrams indicate the respective cores.
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and Mg/Cl. The ratios of Br/Cl of the SKS mud volcano are higher
than those of the DSZ mud volcano, while the ratios of Ca/Cl are
lower with some exceptions (Fig. 6). This may be due to different
fluid sources and the water–rock interactions in the DSZ and SKS
mud volcanoes.

Due to their fast ejection onto the surface, any biological and
abiotic effects on the mud and fluid are expected to be weak.
Moreover, chloride is the most conservative major ion (inert to
most biological and abiotic reactions in such fluids), so the Cl� con-
centration in the bubbling fluid may represent the composition of
its source at depth. The concentrations of Cl� in the bubbling fluid
from the DSZ and SKS mud volcanoes are 72.4–180 mM and 92.3–
109 mM, respectively (Nakada et al., 2011).

Several interpretations for low Cl� concentrations in pore fluids
of mud volcanoes have been proposed, including clay dehydration
(e.g. Kastner et al., 1991; Dia et al., 1999; Brown et al., 2001;
Dählmann and de Lange, 2003; You et al., 2004; Chao et al.,
2013), membrane filtration (Gieskes et al., 1989), and meteoric
water inflow (e.g. Aquilina et al., 1997; Dia et al., 1999). The study
of hydrogen and oxygen isotopes in fluids collected from the DSZ
and SKS mud volcanoes suggests an input of meteoric water
(Nakada et al., 2011). The low salinity of fluids obtained from
Ocean Drilling Program Legs 110 and 131 was attributed to clay
dehydration at temperatures higher than 60 �C (Vrolijk et al.,
1991; Kastner et al., 1991, 1993). In addition, the alteration of
smectite to illite not only reduces the pore fluid salinity but also
releases Na+ from smectite interlayers and removes K+. Mimic
experiments showed that marine sediments will release Li+ and
B+ at 50 �C during this alteration (Chan et al., 1994; You et al.,
1996; James et al., 2003).

The low Cl� in mud volcano fluids is partly due to a fresh water
contribution derived from clay dehydration. Sediment cores (DSZ6



Fig. 4. Major-element distribution of DSZ6 and SKS1 normalized with the wall rock
(DSZ-00), the horizontal line represents the same major element composition of
DSZ-00.

Fig. 5. Plot of Na vs. Cl in DSZ and SKS mud volcanoes.

N. Li et al. / Applied Geochemistry 46 (2014) 1–9 5
and SKS1) collected from the mud volcano areas contain large
amounts of illite and chlorite, while the wall rocks around the
mud volcanoes that are not affected by mud volcano activity con-
tain smectite (Supplemental Table 4). Nakada et al. (2011) used
oxygen isotope fractionation between water and calcite to calcu-
late an equilibrium temperature. The calculated temperatures for
the DSZ and SKS sites deeper than 3670 ± 200 m were 81 and
95 �C, respectively, which are in the range for smectite dehydration
and its alteration to illite. This calculation supports smectite dehy-
dration (including the release of interlayer water) and its alteration
to illite by elevated temperatures at depth, yielding low salinity
pore fluids. In addition to the influences of clay mineral dehydra-
tion and meteoric water, the mud volcano fluids may also be mod-
ified by the degradation of organic matter. The Br/Cl and NH4/Cl
ratios in the pore fluids of the SKS site are higher than those of
the DSZ mud volcano (Supplemental Table 2). Br� and NH4

+ in pore
fluids mainly originate from the recycling of organic matter by the
effects of sulfate reduction and methanogenesis (Martin et al.,
1996; Lein et al., 1999).

4.2. Water–rock interaction

The Na/Cl ratios for SKS are between 1.31 and 1.50 (Supplemental
Table 2), which is significantly higher than that of seawater (0.86),
indicating the release of Na+ deep within the mud volcano. In addi-
tion, the significant correlation between Na+ and Cl� suggests that
the release of Na+ occurred at depth prior to the eruption of the
mud volcano. Excess Na+ can develop due to mineral alteration
(alteration of smectite to illite), the dissolution of minerals contain-
ing Na+ (such as Na-feldspar), and ion exchange between layers of
clay minerals (Hower et al., 1976; Dia et al., 1999; You et al.,
2004). The release of interlayer ions from smectite could be trig-
gered by an increase in the concentration of NH4

+ due to the decom-
position of organic matter. In the case of the SKS mud volcano
(Supplemental Table 1), the higher concentration of NH4

+ in the pore
fluids relative to the DSZ mud volcano indicates that the high Na/Cl
ratio is due to the release of Na+ in smectite interlayers and there is a
strong water–rock interaction at depth in the mud volcano.

Moreover, according to the calculation by Nakada et al. (2011),
the mean temperature of water–rock interactions within the SKS
mud volcano is higher than that of the DSZ mud volcano, suggest-
ing that the reaction between fluids and minerals (i.e., carbonates
and silicates) at the SKS site is stronger than for the DSZ site. At the
same time, the sediment cores from SKS have higher contents of
Fe2O3 (total) and MnO, and lower CaO than those from DSZ
(Fig. 4), suggesting a difference in the source rocks or extensive
water–rock interactions. In addition, relative to the wall rocks of
the mud volcanoes, sediments from the DSZ and SKS mud volca-
noes are depleted in Si and enriched in Fe and Mn, supporting
water–rock interactions.

4.3. Fluid processes and evaporation

Based on the chemical compositions of the mud, water and gases
of both mud volcanoes, it is suggested that the gas released from the
mud volcanoes is mainly methane, and its reservoir depth may be
approximately 3600 m (Nakada et al., 2011). Simultaneously,
secondary methanogenesis may occur with oil biodegradation in
the shallow subsurface in and around the mud volcanoes (Nakada
et al., 2011). The carbon and helium isotopes of the natural gas from
the mud volcanoes suggest their typical thermogenic origin and
crust-derived characteristics (Nakada et al., 2011; Dai et al.,
2012). Oil and gas migration is related to the seepage system of
the mud volcanoes, and some oxidation of hydrocarbons occurs
with concomitant reduction of Fe3+ to Fe2+ (Zheng et al., 2010).

The DSZ and SKS sites have been active for decades (Li et al.,
1996; Wang et al., 1997), and at present still vent mud and gas.
Moreover, oil slicks were observed on the pools, suggesting some
migration from a deep oil and gas reservoir.

The concentrations of Cl� in the pore fluids from the DSZ and
SKS sites range from 274 to 1023 mM and 111 to 170 mM, respec-
tively. These levels are significantly greater than those of the bub-
bling fluid which represents the characteristics of the fluid sources
for the DSZ and SKS areas, with Cl� concentrations of 72.4–180 mM
to 92.3–109 mM, respectively (Nakada et al., 2011). Considering
the high rate of evaporation in the Junggar Basin and that halite
is not observed in the area studied, the higher concentration of



Fig. 6. Plot of element/Cl ratio vs. Cl for all mud volcano fluids in this study. Seawater composition is shown for reference.
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Cl� in the pore fluid relative to that in the bubbling fluid may be
caused by strong surface evaporation. This is consistent with the
significant positive correlation between the Na+ and Cl� concentra-
tions in the pore fluids of DSZ and SKS. Similarly, the high Cl� in the
saline lakes associated with the Dashgil mud volcano is also due to
surface evaporation (Mazzini et al., 2009). Furthermore, the Cl�

concentrations in the pore fluids of the three cores (DSZ2, DSZ3,
DSZ6), increase with depth, reach their maximum at approxi-
mately 30 cm, and then gradually decrease with increasing depth,
especially in DSZ6 the Cl� drops to 471 mM at 75 cm. The varia-
tions of Cl� in the pore fluid of the DSZ site were similar to those
of the Lei-Gong-Huo mud volcano in eastern Taiwan, with Cl� from
527 to 666 mM maximizing at a depth of approximately 9 cm
(Chang et al., 2012). For this reason, the lower Cl� concentrations
below 30 cm in DSZ suggest the input of a lower-salinity fluid from
a deep source. The ionic compositions of the pore fluids below
30 cm could result from mixing of deep sourced lower-salinity flu-
ids and fluids that experienced evaporation at the surface, whereas
the pore fluids above 30 cm may have been diluted by meteoric
water.

In the pore fluids collected from the SKS mud volcano, the Cl�

concentrations decrease with depth and finally approach the value
of the bubbling fluid (Fig. 3). This trend is similar to that of the
Shin-Yan-Ny-Hu mud volcano in southwest Taiwan, which mainly



N. Li et al. / Applied Geochemistry 46 (2014) 1–9 7
consists of mud, contains little water, and is the product of mixing
of low salinity fluids from a deep source and surface evaporation
(Chang et al., 2012).

4.4. Carbonate precipitation

Because the concentrations of Cl� and Na+ are not affected by
biological reactions, their concentrations are mainly controlled by
mixing of source fluids, surface evaporation and upward fluid
migration. The vertical variation in the Na/Cl ratio in each core is
very small (Fig. 7). In contrast, Ca2+, Mg2+, SO4

2�, and TOC are sus-
ceptible to biological effects, precipitation and adsorption, and thus
the vertical variations in the Ca/Cl, Mg/Cl, SO4/Cl, and TOC/Cl ratios
for the cores are complex (Fig. 7). In cores DSZ2 and DSZ3, the
ratios of Ca/Cl, Mg/Cl, and SO4/Cl in the pore fluid show a trend
Fig. 7. Major ion composition and TOC normalized
similar to that of TOC/Cl, and only the Ca2+ concentration has a
high value at a depth of 10 cm. Interestingly, below a depth of
50 cm in DSZ6, the ratios of Ca/Cl, Mg/Cl, and SO4/Cl exhibit a
decreasing trend with depth, while TOC/Cl increases with depth.
In core SKS1, the concentrations of Ca2+ and Mg2+ are very low,
and the ratios of SO4/Cl and TOC/Cl decrease with depth, followed
by the appearance of a high value at approximately 50 cm, which is
presumably controlled by other factors. In addition, the calculation
using PHREEQC (Parkhurst, 1995) with the WATEQ4F database
(Ball and Nordstrom, 1991) showed that water samples from bub-
bling fluid of the DSZ and SKS mud volcanoes are saturated with
calcite and dolomite (Nakada et al., 2011).

At the same time, sediments in core DSZ6 below 50 cm contain
a higher concentration of calcite than the sediments above 50 cm,
and the highest value reached is 12.5%. The ratios of Mg/Ti and Fe/
to the Cl� in cores DSZ2, DSZ3, DSZ6 and SKS1.



Fig. 8. Depth profiles of CaCO3, Ca/Ti, Mg/Ti, Fe/Ti, and TiO2 for cores of this study. Labels DSZ6 and SKS1 marked in the diagrams indicate the respective cores.
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Ti are also higher below 50 cm than above (Fig. 8). Furthermore,
the significant correlations between Mg and Ti and Fe and Ti in
cores DSZ6 and SKS1 indicate that Mg and Fe are mainly present
in the clay minerals, such as chlorite. There is no significant change
in Ti content below 50 cm in DSZ6, indicating that the increases in
Mg and Fe below that depth are mainly due to their presence in
calcite. However, no significant changes are seen in the amount
of Ca in DSZ6 and SKS1, and Ca possibly is hosted in feldspar and
other minerals.

The results of the XRD and XRF analyses show that, compared
with the wall rock (DSZ-00), the sediment cores from the DSZ
and SKS sites are enriched in calcite, illite and chlorite, and the
major elements are characterized by enrichments in Ca and Mn,
followed by Fe, Mg and P, and depletion in Si. These results indicate
that in the DSZ and SKS systems, the formation of authigenic cal-
cite decreased the Ca and Mg concentrations of the pore fluid,
but increased the contents of Fe and Mg in the mud sediments.
Microbial activity may have resulted in the enrichment of P in
the sediments (Fleischer, 1986; Fortin et al., 2000; Zheng et al.,
2007). The continual water–rock interaction causes the sediments
of the mud volcanoes to become enriched in Fe and Mn and
depleted in Si, and transforms smectite to illite.
5. Conclusion

The geochemical studies of the pore fluids and sediments of the
mud volcanoes on the southern margin of the Junggar Basin,
Xinjiang, show that the major dissolved constituents of the fluids
are Na+ and Cl�, mainly derived from ancient sedimentary pore flu-
ids. However, the fluid composition is influenced by a combination
of factors, including strong surface evaporation, water–rock inter-
action, dehydration of clay minerals (such as alteration of smectite
to illite), organic matter decomposition, release of interlayer ions
from smectite, carbonate precipitation, and the incursion of mete-
oric water. The fluid geochemistry stresses that different fluid
sources and reactions occur at different mud volcanoes. The SKS
mud volcanoes have a deeper fluid source, while the DSZ mud vol-
canoes experience strong surface evaporation.
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