Structure and emplacement of
mud volcano systems in the
South Caspian Basin
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ABSTRACT

The term “mud volcano system’ is coined to describe the set of
structures associated with a constructional edifice (mud volcano) and
feeder complex that connects the volcano to its source stratigraphic
unit. Three-dimensional (3-D) seismic data from the South Caspian
Basin are used to investigate the structural elements and evolution
of these systems. Mud volcano systems initiate via early, kilometer-
scale, biconic edifices termed ‘“pioneer”” cones. These are fed by flu-
idization pipes tens of meters in width. Subsequent kilometer-scale
mud volcanoes grew via persistent extrusion, fed by numerous ad-
ditional fluidization pipes injected in the country rock. This sub-
volcanic intrusion complex creates a densely intruded, cylindrical
zone, similar in cross section to gryphon swarms observed at an out-
crop onshore. Wall rock erosion and compaction of the intruded zone
leads to the collapse of a downward-tapering cone enveloping the
cylindrical zone, capped by ring faults that define a kilometer-scale
caldera that downthrows the overlying mud volcano. Mud volca-
noes get buried during basin subsidence and can look like intrusive
laccoliths at first glance on seismic data. Reactivation of mud flow
through a conduit system generates a stack of superimposed mud
volcanoes through time. Large volcanoes continue to dewater dur-
ing burial and may locally remobilize. This model of mud volcano
evolution has similarities with igneous and salt tectonic systems. To
reduce drilling and geologic uncertainty, mud volcano system extent
and impacts on a reservoir can be assessed on 3-D seismic data.

INTRODUCTION

Thousands of mud volcanoes occur globally (Milkov, 2000), and
they are of significance to a range of disciplines, including the
oil industry. They represent an important global mechanism for
degassing deeply buried sediments and contribute significant
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volumes of fossil methane to the atmospheric budget
(Judd, 2005; Kvenvolden and Rogers, 2005). They are
also potential but poorly understood geologic hazards
to local communities and shipping and are commonly
associated with petroleum systems. Uncertainties in
the mud volcano system structure contribute to risk for
wells drilled for oil and gas production because the mud
is associated with poorly constrained pore pressure and
fracture strength, factors that affect the stability and
drillability of hydrocarbon industry boreholes (Ebrom
et al., 2004). Reservoir compartmentalization caused
by mud withdrawal at depth is also possible (e.g., Troll
et al., 2002).

Most of the published work on mud volcanoes fo-
cuses on the geometry of mud volcano edifices (based
on outcrop and well data) and the geochemistry of ex-
pulsed fluids (e.g., Lance et al., 1998; Milkov, 2000; Kopf
etal., 2003; Murton and Biggs, 2003; Etiope et al., 2004).
A relatively small proportion of published work has
used seismic reflection data (Van Rensbergen et al.,
1999; Graue, 2000; Cooper, 2001a, b; Yusifov and Ra-
binowitz, 2004). Here, we present the results of map-
ping three-dimensional (3-D) seismic data that link mud
volcano edifices via their underlying feeder systems
down to the in-situ source layer at depth.

Existing models of subsurface systems that feed
mud volcanoes vary from bulbous diapirs (Brown, 1990)
to steep diatremes (Pickering et al., 1988; Robertson and
Kopf, 1998; Clari et al., 2004) and narrow vertical pipes
(Graue, 2000; Planke et al., 2003), as reviewed by Kopf
(2002). Noting that in the literature, the term “mud
volcano” commonly refers to a constructional edifice,
whether outcropping or buried (reviews by Dionne,
1973; Milkov, 2000), we use the term ‘““mud volcano
system’’ to describe the full 3-D structure from source
to extrusives. Continuing a line of investigation begun
by Brown (1990), who drew parallels between mud and
igneous volcanism, Davies and Stewart (2005) showed
that mud volcano systems in the South Caspian Basin
have similarities with the subsurface structure of igne-
ous volcanic centers (e.g., Francis, 1970; Lipman, 2000;
Johnson et al., 2002). Similarities include the bicone-
shaped volcanic edifice underlain by a ring complex
consisting of a caldera and a downward-tapering cone
of collapsed country rock (Davies and Stewart, 2005).
However, Morley and Guerin (1996) show that as
a result of mud being weak and mobile, there can
also be similarities with salt tectonic processes and
structures.

This study utilizes two-dimensional (2-D) and 3-D
seismic data acquired by the hydrocarbon industry in
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the South Caspian Basin (Figure 1). These data image
fully preserved, kilometer-scale mud volcano system
examples, allowing us to build on previous studies
(Cooper, 20012, b; Davies and Stewart, 2005) and place
mapped structural elements of the mud volcano sys-
tems from the South Caspian Basin into a context of
how long-lived mud volcano systems evolve. After a
summary of the database and regional setting, we de-
scribe an inventory of mapped and interpreted struc-
tural elements, concluding with an integrated process
model of mud volcano system evolution based on these
observations, drawing parallels with igneous and salt
tectonic processes and structures. Because the focus of
this article is on mud volcano system geometry, we
employ a broad definition of mud encompassing all in-
trusive and extrusive material sourced from the in-situ
layer at depth (Maykop Formation).

DATABASE

The seismic data were acquired using conventional
towed streamer and ocean bottom cable technology
(Davies et al., 2004). Vertical resolution of the 3-D data
is tens of meters, with spatial samplingof 12.5m (41 ft).
Examples from regional 2-D seismic data have been
published separately (Yusifov and Rabinowitz, 2004).
The 3-D seismic data have been prestack depth migrated
and tied to drilled wells prior to final seismic interpre-
tation. Two-dimensional seismic data are poststack time
migrated. The vertical scale on all 3-D seismic data is
depth; 2-D data are in two-way traveltime. Some loca-
tions of seismic sections and structures in this article
are not shown for proprietary reasons.

REGIONAL SETTING

The South Caspian Basin is bounded in the north by a
northwest-southeast—striking, Mesozoic- to Paleogene-
age accretionary prism overlain by Tertiary-age folds
(Figure 1) (Jackson et al., 2002; Allen et al., 2003; Knapp
et al., 2004). These folds balance ongoing shortening
across the underlying accretionary prism and deform
up to 15 km (9 mi) of Oligocene to Holocene siliciclas-
tics; they detach on overpressured mud of the Maykop
Formation (Figure 1) (Brunet et al., 2003). Mud volcano
systems are broadly synchronous with these large-scale
folds in the study area (Figure 1), showing that the
tectonic context of mud volcanoes described here is re-
gional compression. Detailed mapping at oil-field scale in
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the fold structures reveals minor faults with extensional
geometry. Subsets of these are en echelon in map view,
indicating a minor element of Neogene strike slip that
ties to historical P-wave data (Knapp et al., 2004), but
integrating mud volcano systems with this level of de-
tailed kinematic analysis is beyond the scope of this
article.

Lithologic data from boreholes show that strata
penetrated by the mud volcano systems are dominantly
lacustrine, and that the mud was extruded into shal-
low water (<100 m; <330 ft). Extremely rapid rates of
deposition (up to 2 km/m.y. [0.6 mi/m.y.]) generated
overpressure via disequilibrium compaction (Narima-
nov, 1993). The lowest part of the studied succession is
the Oligocene- to Miocene-age Maykop Formation, the
source of the mud volcano systems (Inan et al., 1997),

and has been buried to depths of 3—7 km (1.8—4.3 mi)

lands). (b) Tectonostrati-
graphic elements in the
South Caspian (cartoon
interpretation of part c)
location marked in (a). The
Maykop Formation is the
source of mud and petro-
leum in this basin. The
section is oriented north
on the right. (c) Regional
2-D reflection seismic line
showing main tectono-
stratigraphic elements,
location in (a), approxi-
mately 6x vertical exag-
geration. Inset shows
the interpretation at ver-
tical = horizontal scale.
Blue box marked ACG
oil field is the principal
study area of this article.

in the study area (Figure 1). The Maykop Formation has
variable present-day thickness but was originally approxi-
mately 1 km (0.6 mi) in the study area (Figures 2, 3). It
is a key factor in basin tectonics, forming an upper
structural detachment (roof thrust) to the thrust sys-
tem of the accretionary prism (Figure 1). Above the
upper detachment, shortening is balanced by detached
buckle folding of the upper plate well out into the basin
beyond the tip of the accretionary prism (Figure 1b).
In addition to sourcing the mud volcano systems, the
Maykop shales have been generating hydrocarbons since
the Pliocene and are the source for billion barrel reserve
oil fields that trap in the buckle folds above the autoch-
thonous Maykop shale detachment (Figure 1) (Bagirov
et al., 1997).

Extruded xenoliths and isotopes indicate that fluids
and gases are also fed into the petroleum system from

STEWART AND DAVIES 773



Figure 2. (a) Typical seismic
image of a buried mud volcano
edifice with bicone form (the
top is the upward-pointing cone,
and the base is the downward-
pointing cone). (b) Same section
as (a) displayed approximately
vertical = horizontal; mud volca-
no is shaded. (c) Section through
a mud volcano associated with
an oil field onshore Azerbaijan
(location in Figure 1a). Com-
pare the scale and shape with
the seismically imaged example
in (b). The section is constructed
from stratigraphy in drilled
wells. The architecture of feeder
system connecting to the in-situ
Maykop Formation is poorly
constrained.
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the underlying, pre-Maykop strata, i.e., the accretionary
prism (Figure 1) (Kopf et al., 2003). Association of fluid
expulsion and mud volcanism with accretionary prism
thrust systems is a common feature of plate bound-
aries (Bray and Karig, 1985; Talbot and von Brunn,
1989; Brown, 1990; Kopf et al., 2001), but the distri-
bution of mud volcanoes extends hundreds of kilo-
meters south of the leading edge of the accretionary
prism (Figure 1), indicating that dewatering of that
accretionary prism is not a primary source of fluids for
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mud volcanism in the basin. Present-day water depth
ranges from 100 to 500 m (330 to 1640 ft) across the
study area.

SEISMIC INTERPRETATION

Mud volcano systems are described here in terms of
structural elements. We start with the shallowest struc-
tural levels (extruded, allochthonous mud), finishing



Figure 3. (a) A South Caspian volcanic edifice showing the
margins interdigitating with adjacent sediments, reflecting the
variation in the rate of extrusion relative to background sedi-
mentation. (b) Buried mud volcano with interdigitating margins,
Trinidad, reconstructed from well control (modified from Deville
etal., 2003). As in Figure 2c, the subvolcano structural elements
are poorly constrained.

with structures in the roof and base of the autochtho-
nous mud-source layer. Everything underneath the ex-
trusive edifice was grouped into a volcano root zone
by Davies and Stewart (2005). Here, we describe the
subvolcanic elements of the system in more detail and
define “root complex’’ as the area in the immediate
vicinity of, and including, the mud source. Table 1 re-

cords measurements of mud volcano systems mapped
in detail within the ACG (Azeri-Chirag-Gunashli) oil
field.

Volcano

Published mapping of mud volcanoes onshore Azer-
baijan and elsewhere documents a characteristic conic
shape with upper surface slope angles typically ranging
from 2 to 20° (Figure 2) (Jakubov et al., 1971; Hovland
et al., 1997). Seismic imaging of the base and lateral
margins of volcanic edifices reveals a variety of mor-
phologies and internal structures. Although exposed
examples of mud volcanoes exhibit significant meter-
scale complexity (Hovland et al., 1997; Murton and
Biggs, 2003; Planke et al., 2003), seismic data show that
at a kilometer scale, the simplest edifices can be described
as radially symmetrical bicones (two cones placed base
to base), similar in cross section to shield-type igne-
ous edifices (Figure 2a) (cf. Walker, 1988). The lower,
downward-pointing cone cannot be a depth-imaging
artifact arising from low velocity in the mud relative
to adjacent sediments (velocity pushdown of a flat
base) because, for this to be true, the entire vertical
thickness of mud in the bicone would require an aver-
age sonic velocity significantly less than that of water
(calculation is based on the bicone imaged in Figure 2a
and sediment velocity outside the mud volcano of
2200ms ' [7217 fts~ '], from well control). Radially
symmetrical bicones (Figure 2) can occur in groups
that are stacked vertically with a common root system,
the stacked bicones separated by concordant seismic
reflections (representing background sedimentation)
that onlap the individual bicone margins (Figure 3a).
A stack of overlapping bicones creates an edifice with a
Christmas tree appearance in cross section (Figure 3b),
a term first used in the Gulf of Mexico in the context of
emergent salt structures (Yeilding and Travis, 1997).

Table 1. Dimensions of Mud Volcano System Elements Mapped in Detail in This Study*

Mud Volume Caldera DTC** Width DTC** Height Asymmetric Faulted Stacked
Volcano (km?) Depth (m) (km) (km) Caldera? Caldera? Cones
1 22.5 (Chirag) 600 1.6 1.9 Yes Yes 5
2 2.75 (Azeri) 180 1.1 2.6 Yes Yes 2
3 4.1 (Azeri) 340 4.0 2.2 Yes Sag 2
4 2.1 (Gunashli) 140 0.9 2.6 Yes Yes 1
5 2.2 (Gunashli) 210 0.9 13 Yes Yes 1

*No corrections for compaction.
**DTC = downward-tapering cone.
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Figure 4. Cartoon showing end-member geometries of stacked mud volcanoes in a subsiding basin. Volcanoes are kilometer scale.
No subvolcanic structure is implied. (a) A single mud volcano bicone at a shallow structural level, connected by a long feeder to the mud
source. (b) Episodic reactivation, edifice building, and burial create a stack of bicones of various sizes, the youngest shown here yet to be
fully buried. (c) A single episode of pulsed extrusion, punctuated by brief periods of relatively high rates of background sedimentation,
creates an interdigitating margin and Christmas tree appearance. Geometries (a) or (c) could be misinterpreted as plutonic intrusions.

Searching downward through the 3-D seismic data be-
low emergent or shallow-buried volcanoes, deeper bur-
ied bicones are commonly imaged above the in-situ
mud source (Maykop Formation). Widely or irregularly
spaced vertical stacking of these are some of many pos-
sible variations on the Christmas tree pattern (Figure 4).
The stacking sequence is a visual record of the reactiva-
tion history.

Pipes

Seismic imaging of small, buried bicones shows that
they lie at the upper termination of steep disconti-
nuities that are localized in plan view and, therefore,
pipelike in 3-D (Figure 5) (Fowler et al., 2000; Graue,
2000). The possibility of such pipes being geophysical
imaging artifacts must be ruled out. Tall, narrow zones
of low signal-to-noise ratios that might be misinter-
preted as geological features could be produced below
an energy-absorbing feature (Aminzade et al., 2001).
The following observations argue against this. Seismic
reflection character (e.g., continuity with reflections
distant from the volcano) below large volcanoes mapped
in this study is generally good, indicating that the energy
absorption by the volcano is relatively low (Figure 2a).
Volcanoes with a diameter significantly less than the
streamer length of the seismic acquisition apparatus
(4 km; 2.5 mi) will be undershot and will not be seen by
a large proportion of the seismic energy that is stacked
into the final image. All of the steep features interpreted
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as pipes in this study are breaks in seismic continuity
instead of features with measurable width. Field exam-
ples of breccia pipes can be up to 100 m (330 ft) in
diameter (e.g., Freeman, 1968; Kurszlaukis and Barnett,
2003), albeit in more competent country rock than pres-
ent in the South Caspian examples. Three-dimensional
seismic technology employed here is, however, not ca-
pable of imaging subvertical structures of this diameter.

Davies and Stewart (2005) noted the presence of a
small, extrusive bicone fed by a pipe, at a low structural
level in the mud volcano system mapped here as ex-
ample 1 (Figure 5). This was termed a ‘“pioneer cone”’
and interpreted as a precursor to the location and em-
placement process of the later, larger mud volcano sys-
tem (Davies and Stewart, 2005).

Caldera

The volcanic bicones mapped in this study are under-
lain by calderas that are 140—-600 m (459-1968 ft) in
depth and 1-2.5 km (0.6-1.5 mi) in diameter, mea-
sured at the base of the extrusive bicone (Table 1).
Calderas at this scale have also been reported in asso-
ciation with mud volcanism on the Mediterranean Ridge
(Kopf and Behrmann, 2000) and Niger Delta (Graue,
2000). The South Caspian Basin subvolcano calderas
display various degrees of symmetry but fit within
the range of caldera geometries described in reviews
of geological processes that produce circular collapse
structures (Branney, 1995; Roche et al., 2000; Cole
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Figure 5. Pioneer cones and underlying feeder structure. All
seismic data have a vertical exaggeration of approximately 2 x.
(@) Cone with well-developed feeder pipe structure. (b) Kilometer-
scale edifice with summit crater. Reflectors below the mud
volcano are offset by normal faults and cut by a feeder pipe.
(c) Three-dimensional cube whose top surface is clipped to a
reflector close to the base mud volcano (see b), draped by its
seismic amplitude. Warm colors are high, and cool colors are
low. View is toward the northwest. The cube also contains a part
of the main caldera wall, 150 m (492 ft) away from the circular
pipe that fed the pioneer volcano.

et al., 2005). Furthermore, the geometries, proportions,
and relationships between the caldera and overlying vol-
canic edifice are very similar to those pieced together
from field exposures of igneous systems (Figure 6)
(Francis, 1970; Lipman, 2000; Johnson et al., 2002).

northeast

- Intrusive pyroclastics - tuff
- Basalt / fault : sediments

Figure 6. Caldera structures below volcanoes. (a) Shallow
seismic reflection showing the periclinal form of the ACG (Azeri-
Chirag-Gunashli) oil field and kilometer-scale calderas. Each
caldera underlies a mud volcano bicone. Warm colors are high,
and cool colors are low. Caldera numbers are keyed to Table 1.
(b) Seismic section through a mud volcano bicone showing un-
derlying caldera, located in (a). (c) Idealized section through ig-
neous volcano with underlying caldera, assembled from field
exposures of Carboniferous strata in east Scotland by Francis
(1970). Compare with the structure of mud volcano systems
throughout this article.

Fault displacement varies around the circumference
of the caldera in example 1, from no resolvable offset
in the southwest to approximately 400 m (1312 ft)
displacement in the northeast. The fault zone is steep
(about 75°). Other examples are similar in size but are
saglike depressions (termed “‘downsags’’ by Cole et al.,
2005), with monoclinal folds instead of seismically
resolved faults on their margins. All caldera boundaries
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Figure 7. Unusual concen-
tric ring faults surrounding a
subvolcanic caldera. (a) Map
of the concentric ring faults
based on the disruption of

a shallow seismic reflection
amplitude (top Surakhany
Formation). Warm colors are
high, and cool colors are low,
with purple highlighting (low)
seismic amplitude. The linear
fault set is associated with
the outer arc extension of
the anticline. (b) Seismic sec-

tion through concentric faults
(location in part a). Inset:
kinematic interpretation of
the section based on fault
facing, tip geometry, and re-
gional surface dip. (c) Three-
dimensional view of the
concentric fault system and
margins of the caldera with
downward-tapering cone.
Elements of the seismic re-
flection cube are left to in-
dicate the quality of seismic
data on which the interpreta-
tion is based.

mapped in this study dip inward toward the caldera.
Multidisciplinary literature indicates that bounding
faults can face toward or away from the subsiding zone,
but there appears to be no agreed model accounting for
the polarity of caldera-bounding faults at the time of
writing (Branney, 1995; Ge and Jackson, 1998; Malthe-
Serenssen et al., 1999; Roche et al., 2000). Caldera floors
mapped in this study generally have a concave-up dish
shape (Figure 6). The calderas mapped here are gener-
ally not concentric with overlying volcanoes. We offer
an explanation below.

Antithetic Concentric Ring Faults

Uniquely in this study, the caldera below mud volcano 1
is surrounded by 14 minor extensional ring faults that
cut the basal surface of the volcanic edifice, at a radial
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fault{planes)

distance of 0.5-10 km (0.3-6 mi) from the caldera wall
(Figure 7). In cross section, the faults are planar, have
displacements of up to 30 m (98 ft), and dip at 45°
relative to bedding. Twelve of the fourteen faults face
away from the caldera and are, therefore, antithetic to
the caldera margin faults. The lower fault tip lines are
between 380 and 1100 m (1246 and 3608 ft) below the
base mud volcano surface, and the upper fault tip lines
are less than 200 m (660 ft) above it. The outermost
ring fault is 9.1 km (5.6 mi) in diameter. They are con-
centric with the overlying bicone. They are a subtle but
distinctive feature of this particular example and have
not been recognized in any of the other mud volcano
systems described here or, to the best of our knowledge,
anywhere else. Applying a bookshelf fault kinematic
model (e.g., Stewart and Argent, 2000), we interpret
these faults as representing shear at the base of the



bicone toward its central axis, accommodating lateral
compaction of the edifice muds (figure 3 of Davies and
Stewart, 2005), a process that could be termed “‘gravity
contraction.” We speculate that the occurrence of these
features, in association with this particular example,
may be related to it being the largest volcano mapped
in this study, thus producing the highest magnitude
of shear on the inclined basal bicone surface, and that
shear was accommodated by seismically resolvable
faults.

Downward-Tapering Cones

We use the term “‘downward-tapering cones’’ to describe
steep-sided, cone-shaped complexes of collapsed coun-
try rock and intrusives that underlie the mapped cal-
deras (Figure 8). Downward-tapering cones are de-
scribed separately from calderas here but could have
been bracketed as the underlying structure of the cal-
deras described earlier. The description is separated here
because, in some instances, the downward-tapering cones
do not obviously terminate upward at calderas; for ex-
ample, there may be steep pipes and disrupted strata but
no caldera collapse. Where calderas are present, they
form the top of the downward-tapering cone. Below
example 1, the downward-tapering cone is 1.6 km
(0.99 mi) wide at the top (i.e., the caldera) and about
100-300 m (330-984 ft) wide at its vertex. The vertex
is mapped approximately 1.9 km (1.2 mi) below the
floor of the caldera and some 200 m (660 ft) above the
Maykop Formation. The connection to the Maykop For-
mation is not clearly imaged. The internal structure
of the downward-tapering cone can be continuous or
somewhat broken reflections with concave-upward ge-
ometry concordant with the overlying caldera floor or
base mud volcano reflectors. Seismic reflections in the
downward-tapering cone below caldera 4 describe a
structure of 100-m (330-ft)-scale coherent blocks sepa-
rated by a rather irregular fault pattern (Figure 8),
similar to analog models of piecemeal caldera collapse
(Troll et al., 2002). Strata outside the cone are relatively
undeformed; the stratal reflections terminate against
the edge of the conical fault system, which is sharply
defined in this example.

Rim Syncline

A zone of sagged strata occurs directly above the area
of depleted mud source (Figures 8, 9). The sagged
zone surrounds the downward-tapering cone from

the top of the mud source upward, until it defines
the inward-dipping base surface of the extrusive bi-
cone. This type of dish-shaped low, which forms a
plan-view halo around an intrusion, has long been
recognized in association with salt withdrawal (e.g.,
Trusheim, 1960; Vendeville, 2002), where it is termed
a ‘“‘secondary rim syncline.” As with salt structures, it
should be possible to volumetrically balance depleted
zones with rim synclines and extruded material (incor-
porating compaction and dewatering). Rim synclines
might affect hydrocarbon reservoirs by imposing a local
structural low, perhaps compartmentalizing the reser-
voir (e.g., Maione, 2001), albeit to a lesser extent than
in the central caldera or downsag.

Root Complex

Downward-tapering cones terminate at or close to the
top of the Maykop Formation (Figure 8a). We collec-
tively term ‘“‘root complex’’ as the structure that con-
nects the downward-tapering cones to the mud source,
the structure in the mud source itself, and the deeper
structure that manifests at the base of the mud-source
layer.

Depletion Zone

Mud volcano system 3 is centered above a thinned re-
gion of the underlying Maykop Formation. This iso-
pach thin is elongate in plan view and covers an area of
150 km? (57 mi®) (Figure 9). We interpret this thin
region as resulting from mud evacuation to the over-
lying mud volcano, an interpretation making this zone
analogous to salt isopach thins caused by drainage into
diapirs (Trusheim, 1960). The depletion zone is located
above a northwest-southeast—striking fault-related anti-
cline in the pre-Maykop strata (Figure 9). At higher
structural levels, the caldera margins are coincident with
the thinnest section of the Maykop shale (Figure 9).

Basement Structure

The base of the source layer reveals several linear trends
that we interpret as leading edges of thrust sheets emerg-
ing from the accretionary prism that separates the
north and south Caspian plates (Figure 1) (Jackson
etal., 2002; Allen et al., 2003; Knapp et al., 2004). Mud
volcano system 3, in common with others on the Ap-
sheron anticline trend, lies above the crest of the un-
derlying accretionary prism thrust system. The depleted
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Figure 8. Calderas and downward-tapering cones of structure below mud volcanoes. (a) Cutaway seismic cube through a mud
volcano system (example 1), also shown in Figure 6a and b, underlain by a caldera and downward-tapering structural cone. The view
is to the northwest. (b) Stacked mud volcanoes and associated caldera collapse zones. The caldera stack defines a steep zone
of subsidence that has propagated upward to form a pronounced crater on top of the youngest volcano. (c) Horizontal seismic
section (depth slice) through a downward-tapering cone, showing an abrupt change from regional structure to faulting and folding
of strata in the downward-tapering cone. (d) Seismic coherency data emphasizing stratal discontinuities in mud volcano system 4.
The cube is located below the mud volcano and contains a downward-tapering cone. Discontinuities (bright blue) can be interpreted
as faults and fracture zones. This visualization of structural complexity can be useful in well planning through or around mud volcano
substructure.

zone is centered on the fold hinge line (Figure 9), and because mud volcanoes are also distributed well to the
the conduit is located above the thrust. However, this is south of the accretionary prism and associated thrust
not a general association in the South Caspian Basin sheets.
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Figure 9. Root complex of
mud volcano system exam-
ple 3, where the downward-
tapering cone connects to
the mud-source layer, and
related basement structure.
(@) Representative seismic
line showing a fault-related
fold and significant thinning
of the source unit in cross
section. (b) Map of the top of
the Maykop structure, show-
ing the geometry of the base-
ment fold and interpreted
position of associated thrust
fault. The downward-tapering
cone is located above the
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thrust-propagation fold hinge
line. Warm colors are high.
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(c) Isochore (vertical thickness)
map of the Maykop Forma-
tion. Dashed red line delin-
eates the region where deple-
tion has occurred. Warm
colors indicate thinning.

PROCESS MODEL FOR MUD VOLCANO SYSTEMS

The mapping presented here supports the conclusions
of Cooper (20014, b) that a model of balloonlike mud
diapirism mirroring salt diapir emplacement processes
does not fully account for mud volcano system geome-
try in the South Caspian Basin. We have found that a
key part of the process, absent from salt diapirism but
common to igneous settings, involves sediment and
fluid being transported upward through a conduit sys-
tem with several distinctive structural elements such as
downward-tapering cones of downfaulted country rock,
steep narrow pipes, and calderas. This system feeds
extrusive bicones that have process and geometric simi-
larities to passive salt diapirs (Koyi, 1998; Rowan et al.,
2003).

Extrusive mud volcanoes can become buried to
form volumes of allochthonous mud at shallow struc-

tural levels that could be misinterpreted as intrusive
mud diapirs or even appear as such on poor-quality
seismic data that fails to image the base mud volcano
(Cooper 2001a, b). Here, we synthesize the mapping
described so far in this article into a process model for
evolution of mud volcano systems in the South Caspian
Basin (Figure 10).

The earliest manifestation of mud volcanism is an
individual, pioneer bicone fed by a steep, discrete
fluidization pipe (probably tens of meters in width) or
diatreme that penetrates up to the free surface from
the overpressured mud source (Kopf and Behrmann,
2000; Kopf, 2002; Davies and Stewart, 2005). Diatremes
are steep fluidization conduits that intrude, erode, and
replace country rock, widely described in relation to
igneous intrusions (e.g., Lorenz, 1975; Kurszlaukis and
Barnett, 2003). The term has also been used in rela-
tion to mud volcano evolution in sedimentary basins

STEWART AND DAVIES 781



Figure 10. Diagrams of evo-
lution and 3-D structural ele-
ments of model for mud vol-
cano systems based on the
mapping and interpretation
described in this article.
(@a-¢) Evolution through time
from initial single pipe, feeding
pioneer cone, through collapsed,
heavily intruded downward-
tapering cone and caldera
underlying a sizable biconic
edifice. (d) Three-dimensional
summary model based on
the mud volcano system illus-
trated in Figures 6-8. Ps =
fluid pressure; o,, = horizontal
stress; T = tensile strength of
overburden.

(Pickering et al., 1988; Brown, 1990; Graue, 2000;
Aminzade et al., 2001; Cartwright and Huuse, 2005).
Diatreme or fluidization pipe propagation is initiated
and driven by fluid pressure exceeding the tensile
strength of the overburden plus minimum horizontal
stress (e.g., Jolly and Lonergan, 2002; Seldon and Flem-
ings, 2005). Resulting hydraulic fractures propagate
hundreds of meters above the overpressure source and
establish a pathway for upward movement of over-
pressured, fluidized material through the overburden
(Morley, 2003). Seismic imaging indicates that they
are pipes or laterally restricted fractures in this study
area in the order of tens of meters in width. We have
not pursued geomechanical aspects of hydrofracturing
here. In the Caspian study area, we follow Narimanov
(1993) in attributing a significant component of mud
fluid pressure to disequilibrium compaction and hydro-
carbon generation in the Maykop Formation. Kilometer-
scale buckle folding and mud volcanism throughout the
South Caspian are broadly contemporaneous (Figure 1)
(Yusifov and Rabinowitz, 2004), so a component of
tectonic stress may also be important.

Fragments of country rock are common in mud
flows at outcrop onshore, indicating that country rock
replaced by the mud-filled pipe is transported to the
surface by wall rock erosion and entrainment in the
mud (Kopf et al., 2003). A component of wall-rock
breccia in extruded mud occurs in many mud volcano
systems worldwide (e.g., McManus and Tate, 1986;
Pickering et al., 1988; Robertson and Kopf, 1998; Kopf,
2002; Clari et al., 2004). Exposed volcanoes and field
outcrops onshore show scattered arrays of meter-scale
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mud edifices (gryphons), demonstrating that there can
be several conduits in a small area (Hovland et al., 1997;
Planke et al., 2003). Although it must be acknowledged
that exposed gryphon swarms are at high structural
levels relative to the mud source and, indeed, are some-
times clearly perched on top of kilometer-scale mud
volcanoes, we extrapolate the gryphon swarm model
to the subsurface. We suggest that numerous pipes
repeatedly intrude the overburden at approximately
the same location, forming a steep, cylindrical zone of
heavily intruded country rock or amalgamated mud
pipes. With a high net volume of intruded mud, this
cylindrical zone would have low mechanical strength
relative to the surrounding in-situ strata. In our mod-
el, this steep cylindrical or conic zone of intrusions
then undergoes differential compaction, resulting in a
downward-tapering conical collapse opening upward
into a caldera or sag. Faults and fractures within and on
the margins of the cone provide inherent weaknesses
that are exploited by later fluidized flows (Kurszlaukis
and Barnett, 2003; Morley, 2003). Localization of late
fluidized flows on to the faulted margin of a downward-
tapering cone and caldera would lead to the late extru-
sions being centered on the caldera margin, instead of
being concentric with the caldera itself. This could ac-
count for observed offset between caldera and bicone
axes.

In some of the examples mapped here, the Maykop
shale isopach map shows a pancakelike depletion zone
below the downward-tapering cone. The loss of vol-
ume at depth generates a localized basin or rim syn-
cline to a radial distance of 1 km (0.6 mi) or so beyond



the downward-tapering cone margin in the overlying
strata (Figure 10b, d).

Concomitant with the growth of the extrusive edi-
fice and the development of the underlying structure,
ongoing basin subsidence can bury the edifice, its 3-D
geometry reflecting the relative rates of extrusion, sedi-
mentation, and, if relevant, erosion (Jenyon, 1986; Koyji,
1998; Rowan et al., 2003). This gives rise to two sce-
narios of mud-sourcing reactivation of the deep pri-
mary mud source and the remobilization of a buried
bicone. We term these two end-member modes of
reactivation ‘“‘primary’’ and ‘‘secondary.” During pri-
mary reactivation, there is renewed flow of mud di-
rectly from the source layer at depth, creating a new
volcano that is related to the underlying system only in
that it shares the same connection to the source. In an
application of the passive salt diapir model for irregular
margins of aggradational edifices, the pattern of dor-
mancy and reactivation through time, relative to the
rate of background sedimentation, will be recorded in a
stacking pattern of bicones separated by layers of sedi-
ment (Figure 4) or perhaps a single large bicone with
interdigitating or corrugated margins. Care should be
taken with the description of buried paleovolcanoes as
mud chambers (Deville et al., 2003; Yusifov and Rabi-
nowitz, 2004) because it implies subsurface emplace-
ment analogous to pluton intrusion in igneous settings.

In contrast to episodic sediment pulses from the
mud-source layer, a second mechanism can be envis-
aged, although we have not demonstrated its occur-
rence in this study. If a buried mud volcano has not
fully dewatered and compacted, it could be prone to
reactivation in a manner similar to shallow salt intru-
sions (e.g., Rowan et al., 1999). We term such remo-
bilization of a buried constructional edifice “‘secondary
mud source reactivation.” Remobilization could be en-
visaged as a discrete event triggered by some critical
degree of burial, seal failure, and flow, or continuous
compaction-driven fluid and mud expulsion as during
the burial of the underlying volcano. Although the
buried edifice, in this case, could indeed be described as
a mud chamber sourcing the latter phase of mud vol-
canism, the chamber is clearly identified as a paleo-
volcano instead of an intrusion.

IMPLICATIONS FOR RESERVOIR AND DRILLING

Fluid conduits, be they mud volcano feeders or drilled
wells, can impact hydrocarbon systems by providing
connection between deep fluid sources and shallow

reservoirs. The buildup of an impermeable clay cake
on the walls of pipes or dikes mimics mud cake build-
up in drilled wells and, similarly, could prevent fluid
loss into sands within the overburden, sealing shallow
reservoirs from the effects of short-term fluctuations
in fluid content and pressure in mud feeders (Morley,
2003). However, fresh sand faces will be exposed to
the mud feeder system during the propagation of new
pipes and faulting associated with the collapse of a
downward-tapering cone. Cross-flow between stacked
aquifers connected by mud volcano systems in the South
Caspian Basin was considered in a basin modeling study
by Bredehoeft et al. (1988). They concluded, from a lack
of aquifer compartmentalization at a regional scale,
that mud volcanoes do not provide permanently open
vertical conduits between permeable strata in the Cas-
pian (Bredehoeft et al., 1988). However, over geologic
time scales, it is difficult to rule out episodic drawdown
of reservoir pressure in the vicinity of mud volcano
systems via a temporary connection to shallower aqui-
fers or the surface. Studies elsewhere have shown that
increases in mean effective stress can damage porosity
and permeability via mechanical compaction (e.g.,
Chuhan et al., 2002).

Two direct structural impacts on reservoir-quality
erosion and replacement of reservoir by intruding mud,
and deformation mechanisms are associated with struc-
tural collapse. The multiple pipe intrusion model de-
veloped in this article suggests that in reservoirs below
mud volcanoes, mud-filled pipes or fractures may rep-
resent a relatively small proportion of a feeder system
volume. In addition to giving rise to the possibility of
unintruded reservoir within a mud feeder system, it is
also positive in terms of well planning because there
would be a chance of drilling through a feeder system
without encountering any mud conduit. However,
reservoir may be affected by deformation associated by
caldera collapse or downfaulting associated with the
development of a downward-tapering cone. There may
also be a downward flexure associated with mud-source
layer deflation (secondary rim syncline) that affects
strata some radial distance beyond the margins of the
downward-tapering cone. The spatial extent and de-
gree of reservoir degradation depends on the size and
amount of curvature imposed on the reservoir by these
structures and the mechanical response of the reser-
voir to this deformation. Effects could range from
none (distributed shear with no discernable effect on
porosity) to compartmentalization by discrete faults
(Troll et al., 2002). The best predictor of a given res-
ervoirs’ response to structural collapse will probably
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come from geometric calibration against known struc-
tural features elsewhere in the same reservoir, for ex-
ample, comparing structures above a deflation zone
against curvatures elsewhere in the reservoir where there
are well-controlled dynamic data.

From a drilling perspective, mud volcano systems
pose a problem by introducing local uncertainties in
pore and fracture pressure. This could become an issue
in well design if there were already tight constraints on
drillability because of formation pressure, fracture gra-
dient, and length of the open-hole section; a zone of
anomalously low fracture strength (e.g., active fluid
conduit) could become a zone of uncontrollable losses
in the wellbore. Mud volcano systems will not have
much impact on vertical wells (exploration or appraisal
wells) other than the requirement to drill through paleo-
mud flows that are likely to be compacted and benign.
However, mud volcano systems may lie directly in the
path of high-inclination production wells that have
constrained top-hole location (e.g., a platform) and bot-
tomhole location (target). As mentioned above, if one
chose to drill through a downward-tapering cone, one
could be fortunate in not encountering a weak mud
conduit, but the well would be likely to encounter
several faults or fractures associated with the collapse
zone (Figure 8), and faults themselves can be a drilling
issue if they are critically stressed or have relatively
low fracture strength. A feature of the model devel-
oped in this study (Figure 10) is that nearly all the
subvolcanic structural elements (pipes and collapse-
related faults) are contained within the downward-
tapering cone. Therefore, this 3-D envelope can be
treated in well planning as a no-go zone, or antitarget
volume (e.g., Figure 11). This conservative approach
has the potential to remove uncertainty associated
with mud conduit and fault drillability from well plan-
ning at an early phase and could even influence platform
location. It does not, however, consider any present-
day far-field stress perturbations associated with the
presence of the mud volcano system.

CONCLUSIONS

We have mapped structural elements ranging from
extrusive volcanoes downward through subvolcanic
ring complexes to the in-situ mud-source layer. We
propose the term “mud volcano system’’ to cover the
entire system of allochthonous mud and associated
structures, avoiding confusion associated with use of
the term “‘mud volcano” when describing subvolcanic
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Figure 11. Perspective view of the 3-D structural model based
on seismic mapping, looking northeast, used for well planning.
Yellow and green data clouds are downward-tapering cones
underlying shallow mud volcano edifices. Well planners have
used this model to optimize well tracks to avoid intersecting the
downward-tapering cones, removing this element of structural
and drilling uncertainty. Variation in diameter of the downward-
tapering cone with depth reflects variation in seismic data quality
and seismic interpreters” uncertainty on the position of the cone.

structures. An evolutionary model for mud volcano sys-
tems in the South Caspian Basin based on this mapping
indicates that mud volcano systems of the South Cas-
pian Basin are triggered and driven by hydrofracture in-
stead of reactive exploitation of tectonic structures. This
branch of mud volcanism shares little with established
salt diapirism models but has geometrical (and proba-
bly mechanical) elements in common with igneous sys-
tems. We do not suggest that the model developed here
applies universally to mud intrusions. It has been dem-
onstrated in different settings that the evolution of mo-
bile mud or shale structures can closely track the geo-
metrical evolution of salt structures (e.g., Morley and
Guerin, 1996).

We have illustrated the 3-D structure and described
an evolutionary model for mud volcanoes and associ-
ated structural elements that connect them to the mud-
source layer. Mapped structural elements include early
pioneer volcano, downward-tapering cones, calderas,
and constructional bicones. Long-lived mud volcano
systems can build up a stack of constructional edifices
interleaved with nonvolcanic sediment. Buried bicones
can be mistaken for the top of salt diapirs or intrusive
mud chambers. We recognized these as buried edifices
that may occasionally reactivate and perform the func-
tion of a secondary mud source.

Some aspects of this work may be relevant to res-
ervoir simulation and well planning. The key elements



of the model in both cases are the description of a
downward-tapering cone that contains an assemblage
of steep mud intrusions and the structures accom-
modating the collapse of country rock.
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