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Abstract. Azerbaijan hosts the world’s highest concentration of mud volcanoes (MVs) on Earth, including
some of the largest edifices that produce kilometre-scale mud breccia flows. Traditionally, such flows have been
attributed to major eruptive events; however, recent study suggests that many of these flows form through pro-
longed creeping processes, analogous to warm-based glacier motion. To assess the prevalence and characteristics
of this phenomenon, we analysed historical satellite imagery from Google Earth for several dozen mud volca-
noes across the Caspian Basin, complemented by field observations at selected sites. Our analysis reveals that 19
mud volcanoes exhibit measurable creeping surface displacement of preexisting mud flows, with rates ranging
from a few metres to tens of metres per decade. While some volcanoes, such as Goturdag, display continuous
deformation across entire flow lengths, most of them exhibit only episodic motion in connection to mud volcano
eruptions. While most creeping flows occur outside inhabited areas, landforms such as Bozdaq Gobu represent a
potential hazard to settlements and infrastructure. These findings highlight the importance of post-eruptive creep

in mud volcano evolution and emphasise the need for ongoing monitoring and hazard awareness.

1 Introduction

Mud volcanism is a geological process in which brecciated
sediments are expelled to the surface through a subsurface
plumbing system. It typically occurs in hydrocarbon-rich
sedimentary basins, where (a) the deep generation of hydro-
carbons and (b) the gravitational instability of rapidly buried,
buoyant sediments combine to produce strong overpressure
and drive diapirism (Mazzini and Etiope, 2017, and refer-
ences therein). Mud volcanoes (MVs) in the Caspian region,
particularly those located in Azerbaijan, represent a unique
case in both size and density (Jakubov et al., 1971). Azerbai-
jan hosts the world’s highest concentration of onshore MVs,
including some of the largest edifices that rise several hun-
dred metres and generate kilometre-scale mud breccia flows
(e.g., Kopf, 2002, Planke et al., 2003; Huseynov and Guliev,
2004; Mazzini and Etiope, 2017; Baloglanov et al., 2018;

Odonne et al., 2020; Ghaderi and Rahbani, 2022, Kirkham et
al., 2017). These flows have traditionally been attributed to
major eruptive events releasing large volumes of mud brec-
cia (Odonne et al., 2021). This mechanism is analogous to
that producing extensive lava flows in magmatic systems (see
Mazzini and Etiope, 2017 and references therein).

However, recent work by Mazzini et al. (2026) challenges
this view. The authors conducted a study at the Lokbatan MV,
featuring a > 1 km long mud flow combining field observa-
tions, satellite imagery, and InSAR data. Results reveal that
the MV flow did not necessarily form as a result of copi-
ous short-lived eruptions, as previously thought, but rather
from gradual downslope movement of older deposits, trig-
gered by the accumulation of newly erupted material around
the crater area. This load induces slow sliding of the deposits
within the mud flow prompting a creeping mechanism of
the whole structure with a mode analogous to warm-based
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glaciers (Cuffey and Paterson, 2010). The implications for
this new interpretation are that some other kilometre-scale
mud flows may form through prolonged creeping and sliding
rather than single high-volume eruptions. In the Mazzini et
al. (2026) model, two factors are essential: (1) episodic mud
effusion that increases gravitational loading, and (2) a fluid-
rich basal layer that lubricates the creeping at the flow base.

To evaluate how common this phenomenon is across the
region, we systematically surveyed archived high-resolution
Google Earth imagery for 47 MVs in the Caspian Basin.
The aim is to determine whether other structures exhibit
similar creeping behaviour, and thus whether this process is
widespread or localised.

2 Methods

To identify which M Vs exhibit large-scale creeping flow be-
haviour similarly to what is observed at Lokbatan MV, we
analysed archived satellite imagery available through Google
Earth (Google Inc., 2025). This software provides access to
historical high-resolution imagery spanning from 2004 to
2025, allowing us to detect potential downslope displace-
ment in kilometre-scale mud flows across the Caspian Basin.
Our workflow proceeded as follows. First, we compiled a
database of 47 MVs in Azerbaijan using existing catalogues
(Jakubov et al., 1971; Aliyev et al., 2002, 2015). For each
MYV, we captured the most recent available image and then
used the “Historical imagery” function to identify the oldest
clear image of the kilometre-sized flow. The oldest and latest
images were then compared to detect any surface displace-
ment (Fig. 1). When movement in the flow was observed
(Fig. 1c—d), all intermediate images were inspected and those
who showed a clear look at the flow were then downloaded to
construct time-lapse animations (see Table S1 and Movies S1
to S19 in Supplement), enabling detailed analysis of flow
motion. If no detectable displacement was observed between
the oldest and latest images (Fig. 1f-g), no further screen-
shots were taken, and no animations were generated for that
site. This approach allowed us to systematically assess the
regional frequency and extent of creeping flow behaviour.

Based on satellite data available in Google Earth, we also
performed morphometric measurements listed in Table 1.
Specifically, we used the satellite images to measure the to-
tal displacement by identifying a clearly recognizable feature
within the mud flow and tracking the change in its position
between the oldest and the most recent image pair (see Sup-
plement GPS measurements).

We also used the available elevation data to determine the
highest and lowest elevation points of each studied MV, from
which we calculated the average slope of the volcanic edi-
fice. The lowest point was defined as the mean value of four
measurements taken at the base of the volcano. Similarly, the
width of each volcano was estimated by creating four cross-
sectional profiles and averaging the obtained values. Google
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Earth uses DEM data obtained from NASA’s Shuttle Radar
Topography Mission (Farr et al., 2007), with a spatial resolu-
tion of 10-30 m for the USA and approximately 90 m for the
rest of the world, including Azerbaijan. The reported vertical
error of these DEMs is less than 16 m (Jarvis et al., 2008).
However, it should be noted that the use of such data may in-
troduce certain limitations. The 90 m SRTM DEM is not opti-
mal for analysing small-scale (~ 500 m) or steep topographic
features (Kervyn et al., 2008) as this may result in measure-
ment uncertainties. In addition, the use of non-orthorectified
historical imagery may introduce minor positional offsets be-
tween scenes, which could affect the apparent displacement
of small-scale features. Nevertheless, these data are adequate
for deriving approximate estimates of the height, and slope
of kilometre-scale landforms as well as flow movements.

We also carried out field investigations at two MVs, Go-
turdag (in 2022 and 2025) and Durandag (in 2025), where
satellite imagery indicated signs of such movements. Our ob-
jective was to locate and directly examine in the field, the
contact zone between the creeping flow and the stable flanks
(Figs. 2-3 and S1 to S3) to validate the satellite-based obser-
vations.

3 Results

Out of the total 47 MVs (see Supplement for KMZ file show-
ing location of all studied edifices) investigated within the
Caspian Basin, clear signs of creeping surface movements
were identified in satellite data for 19 of them (see Table 1
and Fig. 4). This corresponds to ~40 % of the surveyed
population, indicating that creeping is not an isolated phe-
nomenon. The highest frequency of eruptive activity during
the study period was recorded at Lokbatan (MV 11), with at
least 9 eruptions. Although the extensive analyses and obser-
vations conducted at Lokbatan MV are provided in Mazzini
et al. (2026), for completeness we include this structure in
our catalogue.

For most MVs exhibiting creeping flow movement, the
observed displacements can be linked to specific eruptive
events (see Table 1 and Fig. 4). The few exceptions are Go-
turdag (MV 15), Khamamdag (MV 14) and West Cheildag
1 and 2 MVs 17, 18), which continue to display clear de-
formation in satellite imagery over the entire studied period
(Fig. 4). Goturdag also exhibits the greatest displacement:
the deformation is so extensive that the movement can be
distinctly observed in satellite images throughout the entire
length of the flow (Fig. 2b—c). The most noticeable move-
ment occurs near the crater outlet (Fig. 2d). The displace-
ment is also clearly visible at the distal flow front, where a
pronounced accretionary ridge forms as the advancing mud
mass pushes and overrides the underlying substrate (Fig. 2g).
The observed displacement in that area is approximately
37m between 2004 and 2023. Field observations reveal a
sharp boundary between the active flow and the stable flanks
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Figure 1. Two contrasting types of MV behaviours in Azerbaijan as observed using Google Earth images. (a) Large scale satellite view of
the targeted areas. (b) Bozdag Gobu (40.43° N and 49.70° E) exhibits a clear displacement of a part of its kilometre-sized mud flow over
the period of 16 years (c, d). (e) Beyuk Mishovdag complex MV 2 (38.94° N and 49.08°E) has remained stable, showing no detectable
downslope motion along the entire length of the flow over the 12-year observation period (f, g). Imagery © 2025 CNES/Airbus and 2025

Maxar technologies, Map data © 2025 Google Earth.

(Fig. 2e) with the sliding plane at their interface clearly ex-
posed (Fig. 2f).

Most of the analysed MVs, however, displayed signifi-
cantly lower movement rates (see Table 1 for details). For ex-
ample, the creeping flow associated with Bozdaq Gobu (MV
3) shifted from 10 to 75 m between 2009 and 2025 depend-
ing on the position within the flow. Similarly, the mud flow
associated with East Cheildag (MV 7) moved between 7 to
24 m between 2009 and 2023, flow on West Shekikhan MV
16) advanced between 3 and 27 m from 2008 to 2023, and on
Durandag (MV 6) about 4 to 15 m between 2014 and 2020.

Earth Surf. Dynam., 14, 433—442, 2026

These examples highlight the substantial variability in creep-
ing flow velocities among different MVs.

Creeping mud flow motions were observed regardless of
slope inclination — they were active on slopes as gentle as
2° as well as on steeper flanks up to 15°. Similarly, we also
observe that movement occurred independently of MV mor-
phological type, as defined by Mazzini and Etiope (2017);
displacements can be linked with elongated, conical, and
plateau-like M Vs alike.

Field observations revealed that although Durandag (MV
6) exhibits a surface morphology comparable to the flow

https://doi.org/10.5194/esurf-14-433-2026
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Figure 2. Mud flow displacements at Goturdag MV (formerly known as Koturdagh) (39.97° N and 49.36° E), (a) general view of the MV
with its crater, flanks, and the kilometre-sized mud flow with marked position of other panels; (b, ¢) close-up views of the terminal part
of the mud flow in 2005 and 2022, respectively. Comparing the images a clear downslope displacement of the entire flow is evident; (d)
mud breccia extrusion at the crater site, (e) contact between the mud flow and the surrounding slopes of the volcano, (f) detail of the sliding
plane developed between the flank wall and the mud flow, and (g) close-up of the mud flow terminus, showing evidence of bulldozing
surface scraping the surrounding host rock. Satellite panels (a)—(c) extracted copyrights: Imagery © 2025 Maxar Technologies, © 2025

CNES/Airbus, Map data © 2025 Google Earth.

associated with Goturdag (Fig. 3), no evidence of current
movement was detected at the distal end of the paleo mud
flow (Fig. 3g). The distal part of the flow appeared inactive,
despite the occurrence of a recent eruption (Fig. 3d). The ob-
served displacement of the flow, based on field (Fig. 3e—f)
and satellite images, is (Fig. 3b—c) restricted to only part of
the flow rather than its entire extent.

However, given the spatial resolution of the available im-
agery and DEM datasets, the minimum detectable displace-
ment is estimated to be on the order of several metres, and
smaller-scale movements may therefore remain unresolved.

4 Discussion

Our investigations on MVs within the Caspian Basin reveals
that creeping flow movements are a variably expressed phe-
nomenon. Out of the 47 examined edifices, 19 show mea-
surable deformation patterns consistent with slow, gravity-
driven displacement of previously extruded mud breccia.
This means that more than a third of the studied MVs ex-

https://doi.org/10.5194/esurf-14-433-2026

hibits this behaviour, indicating that this type of movement
is a relatively widespread phenomenon within the studied re-
gion among kilometre-sized mud flows.

Among these, Lokbatan and Goturdag stand out as the
most dynamically active structures. Goturdag exhibits con-
tinuous deformation across the entire flow length, indicat-
ing ongoing extrusion of the mud breccia and basal sliding,
Lokbatan instead shows episodic movement that are period-
ically prompted (Mazzini et al., 2026). Even if some MVs
display creeping behaviour without any eruptions like Go-
turdag, most behave similarly to the Lokbatan MV. For exam-
ple, Garyja (MV 8) and Goturlug (MV 9), show the same be-
haviour, where creeping mud flows are observed after erup-
tions (see Fig. 4 and Movies S8 and S9 in the Supplement).
Our results (Fig. 4) demonstrate a clear relationship between
surface movement and eruptive events, thereby prompting
the deformation of pre-existing flows. Although we cannot
fully exclude that some of the detected surface changes re-
flect processes such as erosion or local collapse, the spatial
coherence of the observed displacements and their repeated

Earth Surf. Dynam., 14, 433—-442, 2026
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Figure 3. Mud flow displacements at Durandag MV (40.15° N and 49.18°E). (a) General view of the MV with its crater, flanks, and the
kilometre-sized mud flow with marked position of other panels, (b, ¢) close-up views of the mud flow close to the crater area in 2014 and
2016, respectively, from which a downslope displacement of the flow is visible, (d) view to the crater area with the most recent mud flow,
(e, f) the contact between the rim and mud flow, and (g) the terminal part of the mud flow. Panels (a)—(c) based on Google Earth. Imagery ©

2025 Maxar Technologies, Map data © 2025 Google Earth.

occurrence across multiple time steps strongly support a
gravity-driven mechanism. This suggests that once a MV be-
comes inactive, creeping motion within paleo-flows slows
significantly or ceases altogether. This conclusion agrees
with Mazzini et al. (2026), who reported that the greatest dis-
placement occurs near the time of eruption and diminishes
over time.

Our findings also emphasise that creeping deformation is
not restricted to a specific morphology or slope (Table 1), as
can be seen while comparing e.g. Melickchobanly (MV12),
with an approximate mean slope of 2°, and Otman Bozdaq
with a mean slope around 14°. It represents a general post-
eruptive adjustment mechanism that can significantly influ-
ence the long-term MVs evolution (Fig. 4).

The observed variation in displacement rates, from a few
metres up to tens of metres per decade (Table 1), suggests
that the efficiency of creeping flow is controlled by multiple
factors, including eruption frequency, slope inclination, vis-
cosity, and/or the volume of extruded mud breccia. The inter-
play of these factors likely causes individual kilometre-scale
mud flows to respond differently to loading, which may ex-
plain subtle variations in the shape and behaviour of creeping

Earth Surf. Dynam., 14, 433—442, 2026

flows, while the underlying movement mechanism remains
consistent.

In some instances, the presence of megablocks (large por-
tions of broken crater rims transported within the flow, i.e.
Mazzini et al., 2021) can also obstruct and alter the homo-
geneous creeping mode of the mud flow. It is also worth
noting here that the transport model proposed by Mazzini
et al. (2021) suggests that these large megablocks were car-
ried downslope during massive eruptions similar to what is
observed in copious lava flows. Although the authors’ model
still stands, the progressive downslope movement of these
blocks can also be explained by the mechanism presented
herein.

Pre-eruptive ground deformations have been previously
detected using InSAR on other MVs (e.g. Antonielli et al.,
2014). However, our findings also demonstrate that the re-
gions surrounding these MVs experience significant post-
eruptive ground deformations associated with mud flow
creep.

Although Azerbaijan is not the only region with kilometre-
sized MVs (e.g., Baloglanov et al., 2018), our additional sur-
vey of major sites in Iran, Pakistan, Russia, and other lo-

https://doi.org/10.5194/esurf-14-433-2026
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Figure 4. (a) Satellite image with indicated MV locations. Imagery © 2025 Landsat/Copernicus, Map data © 2025 Google Earth. (b) Sum-
mary of eruption timelines based on published data (Aliyev et al., 2019; Department of Electronic Services, Information, and Public Relations,
2024a, b; Azerbaijani Institute of Geology and Geophysics, 2025) and satellite observations for each numbered MV. Periods of movement
are shown in faded green; checkered faded green indicates that movement occurred, but its duration remains uncertain. The numbers corre-
spond to MVs listed in Table 1 and shown in the Movies S1 to S19 in the Supplement: 1 — Agzybir, 2 — Ayranteken, 3 — Bozdaq Gobu, 4
— Bozdaq Quzdek, 5 — Cheilakhtarma, 6 — Durandag, 7 — East Cheildag, 8 — Garyja, 9 — Goturlug, 10 — Kyurdamich, 11 — Lokbatan, 12 —
Melickchobanly, 13 — Otman Bozdaq, 14 — Khamamdag, 15 — Goturdag, 16 — West Shekikhan, 17 — West Cheildag complex 1, 18 — West

Cheildag complex 2, 19 — West Cheildag complex 3.

cations revealed that comparable behaviour is not observed
elsewhere. One exception is the Raznokol MV in Russia
(45.144°N, 37.418°E), which exhibited creeping between
2017 and 2021. It remains unclear why so far, this creeping
phenomenon is observed only in this Caspian region.
Several factors may promote this phenomenon in Azerbai-
jan. For example, the exceptionally large size of the MV ed-
ifices, the biggest on Earth, enables the formation of long
mud flows with substantial mass, which in turn can enhance
gravitational propagation. In addition, the positions of most

https://doi.org/10.5194/esurf-14-433-2026

MVs, as well as the orientations of their flows, are strongly
influenced by underlying tectonic structures, particularly an-
ticline axes. Many of these volcanoes also feature a single,
dominant crater instead of multiple smaller, aligned eruptive
vents, which may affect how material is discharged and dis-
tributed. The Caspian mud breccia itself is typically hetero-
geneous, and the generally weak meteoric erosion, especially
when compared with MVs in tropical regions, might further
preserve the morphology that facilitates this behaviour. De-
spite these possible explanations, the primary reason for the

Earth Surf. Dynam., 14, 433—-442, 2026
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dominance of this phenomenon in Azerbaijan remains uncer-
tain and dedicated studies are needed.

To validate our satellite observations, we installed a sim-
ple in-situ monitoring setup in August 2025 at two MVs with
confirmed creeping flow activity, Durandag and Otman Boz-
dag. At both sites, wooden sticks were deployed in linear
transects across the sliding planes of the mud flows. Detailed
information on installation dates, GPS coordinates, and ac-
companying photographs is provided in Table S1. This setup
is intended to facilitate follow-up in situ long term measure-
ments by future research teams, allowing independent refine-
ment of surface displacement estimates for these creeping
mud flows.

Social Impact

Although our research revealed that most creeping mud flows
occur outside inhabited areas, we identified one MV (Bozdaq
Gobu) whose creeping flow directly threatens nearby settle-
ments (Fig. 1b—d). Nevertheless, the discovery of this move-
ment mechanism, together with its widespread occurrence
among Azerbaijani M Vs, highlights a potentially significant
geohazard, which was overlooked until now.

Azerbaijan hosts over 400 MVs, more than 300 of which
are located on land (Jakubov et al., 1971; Aliyev et al., 2002,
2015). Many remain active and can erupt without warning,
as demonstrated by recent events at Lokbatan (Mazzini et al.,
2021), Bozdag-Guzdek (Odonne et al., 2020), and the Otman
Bozdag eruptions in 2018 and 2025 (Odonne et al., 2021).

Our study shows that significant movement of paleo-mud
flow features does not necessarily require major eruptions
producing extensive mud outflows; instead, even minor re-
leases from upper crater zones can trigger renewed motion in
old flows, posing a risk to nearby areas.

The risk is particularly relevant when engineering struc-
tures, such as pipelines or power lines (i.e. see production
installations at Lokbatan MV) are built across apparently
“dead” mud flows under the false assumption that these ter-
rains are stable (Fig. 5). Another example is Bozdag Gobu
(MV3) in a populated region of Baku, where house displace-
ments can be observed (Fig. 1 and Movie S3 in the Sup-
plement) due to renewed mud flow activity by smaller scale
eruptions during the last decade. Our findings highlight the
need to raise awareness of this hidden hazard related to MVs,
as also pointed out by Mazzini et al. (2023) for other struc-
tures.

Future integration of InSAR data and in situ monitoring
will be essential to quantify displacement rates with higher
precision and to further constrain the underlying mecha-
nisms.

5 Conclusions

We show that numerous MVs in Azerbaijan exhibit creeping
movements associated with kilometre-sized mud flows. This

Earth Surf. Dynam., 14, 433—-442, 2026
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Figure 5. Example of infrastructures built across the creeping mud
flow at Lokbatan MV. (a, b) Ongoing flow movement causes defor-
mation of the pipeline.

mechanism, resembling the slow motion observed at warm-
based glaciers, can be directly linked to the MV eruptive ac-
tivity. These episodic events can periodically reactivate the
creeping that can persist for several months afterward or con-
tinue relentlessly (e.g. Goturdag MV).

Our observations indicate that the greatest displacements
are prompted by eruptive events, as proposed by Mazzini et
al. (2026), and subsequently decrease and/or cease over time.
This highlights a post-eruptive adjustment mechanism that
shapes the long-term evolution of kilometre-sized mud flows.
The rate and extent of this movement vary among individual
MVs from few metres up to dozens of metres and appear to
be influenced by factors such as eruption frequency, slope
gradient, and/or subsurface fluid availability. While creeping
mud flows are largely observed in Azerbaijan, we cannot ex-
clude a similar behaviour in other large-scale structures else-
where or on other planetary bodies.

Although many of the MVs featuring creeping mud flows
are located away from highly populated areas, numerous set-
tlements and infrastructures can be observed within or at the
outskirts of some mud flows (e.g. Bozdaq Gobu, Lokbatan
Otman Bozdag), posing potential hazards. These findings un-
derscore the need for continued monitoring, broader studies,
and increased awareness of this hidden risk.

Data availability. The data are provided in the Supplement.

Supplement. The Supplement includes:

— Movies Movie_S1_Agzybir.mp4 to
Movie_S19_West_Cheildag_Complex_3.mp4 in the Supple-
ments.
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— Table S1 (GPS positions of sticks on two mud volcanoes).
— Photos of the planted sticks (Figs. S1, S2, S3).
— Zip to google earth mud volcano pins S_Google_earth_pins.

The supplement related to this article is available online
at https://doi.org/10.5194/esurf-14-433-2026-supplement.
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