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Canyons in carbonate depositional settings, as important elements of the source-to-sink system, remain poorly studied compared
to those in siliciclastic depositional environments. The latest high-resolution three-dimensional seismic data, well logs, and core
data at the eastern edge of the Precaspian Basin are used to investigate the geomorphology, infillings, and depositional process of a
unique carbonate-filled canyon in the Carboniferous KT-II formation parallel to the carbonate platform, which is distinct from
other slope-perpendicular canyons. The canyon has a total length of more than 52.3km with a nearly N-S orientation and an
S-shaped geometry, and the whole canyon can be divided into three segments by two knickpoints. The slope-parallel
orientation of the canyon is mainly controlled by the palacogeomorphology and reverse faults. Due to the collision of the
Kazakh and European plates in the early-middle Visean (early Carboniferous), the canyon was formed in a northern tilted,
elongated, and restricted palaeotopographic feature between uplifts. The development of reverse faults related to tectonic
movement controlled the variations in the width of the canyon and the positions of the knickpoints. Tectonics controlled the
orientation and formation of the canyon, while sedimentary processes contributed to its infilling. The well-seismic tie analysis
indicated two distinct periods of the canyon fillings, Ss1 and Ss2, which were separated by a second-order sequence boundary.
The lower part contained sediments supplied by both sides of the canyon through channels or gullies, and the upper part was
dominated by a carbonate platform that prograded from the eastern side of the canyon. The evolution of the canyon can be
subdivided into three stages. The increasing stage was mainly characterized by significant upslope erosion through headward
retrogressive mass failures in the slope-parallel confined negative relief to form the canyon during the lowstand system tract of
Ss1. Subsequently, in the early filling stage, the carbonate factory was productive during the highstand, and massive excess
carbonate sediments were transported into the adjacent canyon by channels or gullies on both sides and deposited. The canyon
was basically filled, and the morphology became much gentler. During the subsequent late filling stage, the carbonate platform
was flooded again during the highstand, and the production rates of the carbonate factory greatly increased. The lateral
progradation of carbonate platforms accelerated on the canyon of the early filling stage and further into the inner sag.

1. Introduction tectonic movement, sedimentary information, and climate

signals, which were recorded during the evolutionary his-
Submarine canyon systems, as major conduits for  tory of the canyon [1, 6-10], as well as significant
transporting sediments in both siliciclastic and carbonate =~ amounts of hydrocarbon reservoirs discovered within can-
environments [1-5], have been widely studied for their yon fillings [11, 12].
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FIGURE 1: Schematic location map showing the outline of the Precaspian Basin in western Kazakhstan (modified after Barde et al. [37]).

Among numerous former studies, canyons in siliciclastic
settings have drawn more attention [13, 14], whereas sub-
marine canyons in carbonate depositional environments
remain relatively poorly documented [14]. Due to the down-
slope gravity processes, most of the reported canyons are
perpendicular or oblique to the slopes [7, 13, 15, 16]. Owing
to some special geological settings, canyons may run parallel
to slopes, for example, the Central Canyon in the Qiong-
dongnan Basin of the South China Sea [17-21]. However,
canyons parallel or subparallel to the slope in carbonate sed-
imentary environments have rarely been reported. Canyons
in carbonate settings are always characterized by using mul-
tibeam bathymetry [15, 22], two-dimensional (2D) seismic
lines [23-27], and outcrops [28-30]. Thus, it is rarely possi-
ble for former studies to demonstrate the depositional pro-
cess of the canyon as a whole sedimentary unit with a
combined analysis of geomorphic features and sediment fill-
ings. Carbonate canyons are far less understood [14, 30].
With improvements in seismic techniques and seismic
image resolution, especially for the three-dimensional (3D)
seismic analysis used for canyon studies, the morphology,
depositional elements, and depositional dynamics of subma-
rine canyons have been greatly enhanced [17, 31-36].

The present study takes a canyon that extends parallel to
the open carbonate platform as the study object and uses
high-resolution 3D seismic data, well logs, and core data to
document the geomorphology, infillings, and depositional
process of the Carboniferous carbonate-filled canyon (CFC).
Studying this canyon is interesting because this buried canyon
is completely filled with carbonate, it is parallel to the open
carbonate platform, and, in contrast to other canyons connect-
ing the continental shelf and the slope, this canyon formed in
the inner sag inside the shallow open carbonate platform.

2. Geological Setting

The Precaspian Basin, located in the southeast Eastern Euro-
pean craton (Figure 1), is a large elliptical basin covering
more than 5 x 10° km?. In the west and north, the basin is

adjacent to the Russian platform. It is bounded to the South
Emba fold belt and the Karpinskiy fold zone to the south
and southeast, respectively, and the eastern boundary is the
south end of the Ural fold belt [37-39] (Figure 2). The tec-
tonic evolution of the Precaspian Basin involved [40] rifting
during the Devonian, [1] passive and transform continental
margins of palaeocontinents during the Carboniferous, and
[2] plate collisions (European, Kazakh, and Turan plates)
at the end of the Permian [37, 41, 42] (Figure 3).

During basin evolution, very thick sediments were
deposited in the Precaspian Basin starting in the Middle
Devonian. The sedimentary strata of the basin can be
divided into two major packages (presalt and postsalt), sep-
arated by the Kungurian salt [37] (Figure 3). At the end of
the early Permian, the European plate collided with the
Kazakh plate to the east (Ural Mountains orogeny), and
then, the Precaspian Basin progressively became isolated
from the open sea, leading to the deposition of a consider-
able amount of evaporites, ie., the Kungurian salt
(Figure 3). The presalt succession reached a depth of
approximately 6000 m towards the west, which is a westerly
dipping ramp [37]. In the study area, in the eastern part of
the Enbeksk-Zharamysskaya Uplift, the presalt succession
is mainly composed of platform carbonate units and clastic
sediments deposited from the mid-Devonian to early Perm-
ian [43, 44] (Figure 3). The collision started in the late
Visean, early Carboniferous, which gradually changed the
deposition from passive continental margin clastic deposi-
tion to carbonate deposition [37, 38, 45] (Figure 3).

The Carboniferous stratum, the main component of pre-
salt carbonate strata, can be divided into three lithological
assemblages upwards, which are the KT-II, MKT, and KT-
I formations (Figure 3). The target interval of this work is
the KT-II formation, which is a set of platform carbonate
deposits comprising numerous shallowing-upward parase-
quences. On the eastern margin of the Precaspian Basin,
the main sedimentary facies of KT-II are open platform
facies and restricted platform facies, and the main sedimen-
tary microfacies include shoal, tidal channel, intershoal, and
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FIGURE 2: Map displaying the tectonic units of the Precaspian Basin (modified after Barde et al. [37] and Wang et al. [42]) and red rectangles
representing the regional location of the 3D seismic surveys in this study.

lagoon microfacies [47-49]. During the deposition of KT-II,
in the late Visean-early Moscovian, from the Zhanazhol oil-
field to the study area, on the eastern edge of the Enbeksk-
Zharamysskaya Uplift, there was a long strip-shaped, N-S-
extending open carbonate platform, with the Ural trough
to the east and the platform inner sag to the west [42,
46-49] (Figures 2 and 4).

3. Data and Methods

The data utilized in this study were provided by the Aktyubin
subsidiary of China National Oil and Gas Exploration and
Development Company Ltd. (CNODC), including two 3D
seismic volumes with an area of 2000 km?, well logs, core data,
and lithological data from four exploration wells. To eliminate
the influence of salt on seismic imaging of presalt strata, the
seismic data of this area were processed by prestack depth
migration (PSDM). The dominant frequency of the seismic
data is approximately 30Hz, with a vertical resolution of
50m and a bin spacing of 25m x 25m. All vertical scales of
the seismic profiles shown in this paper are in units of depth.

The PSDM seismic profiles were used for seismic-well
ties to determine the key seismic reflections (the top inter-
face of KT-II, the bottom of KT-II, the top of MKT, etc.)
and canyon deposits, which were discerned through seismic
facies (amplitude, frequency, and continuity) and seismic
reflection termination (on-lap, downlap, truncation, etc.)
(Figures 5(a)-5(f)). All these discontinuities were traced in
the whole study area. The seismic data were interpreted,
and the coherence slices were generated using the Seiswork
module of LandMark 5000. The PostStack/PAL module in
LandMark 5000 was utilized to obtain seismic data flattened
along horizon, RMS, and coherence attribute maps along the

horizon. In addition, the 3D visualization module in Petrel
2015 was used to generate the topographic map of the
CFC and palaeogeomorphologic map of KT-II.

To accurately express geomorphic features of the CFC,
many lines were used to measure the thalweg depth, width,
etc., to determine parameters such as the sinuosity and thal-
weg slope gradient of the canyon (Figure 4). Referring to the
quantitative methods used by Catterall et al. [50] and Liang
et al. [20], intensive measurements were carried out for places
where the local geomorphic features changed dramatically.

To calculate the sinuosity and slope gradient, the formu-
las of Huang et al. [51] were applied. The main formulas and
data are shown as follows:

TL
HtFD’

"t )

HtFG = arctan (DR x HtFD) x —

where S is the sinuosity, TL is the thalweg length, HtFD is
the head-to-foot distance, HtFG is the head-to-foot gradient,
and DR is the depth range.

4. Results

4.1. Geomorphology of the Canyon. The CFC in this study is
located in the inner sag in the western part of the KT-II open
carbonate platform (Figure 4). The CFC is more than 50 km
long, 100-400m deep, and approximately 1-5km wide
(Figure 6), the dimensions of which are similar to those of
the canyons along the slopes of isolated carbonate platforms
in the Xisha Archipelago [52]. Based on the quantitative mea-
surement of the depth, width, and sinuosity, the CFC in the
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FIGURE 3: Stratigraphic framework, simplified lithological column, temporal intervals, main geological events, and relative sea level in the
southeastern Precaspian Basin (modified after Barde et al. [37], Zhang [46], and Fernandez et al. [41]). KT-II consists of two second-
order sequences, Ss1 and Ss2, and the deposition of KT-II is closely connected with plate collision.

study area was subdivided into three segments, i.e., (i) head seg-
ment, (ii) middle segment, and (iii) lower segment, by two obvi-
ous knickpoints where the CFC became narrower and the
thalweg slope was steeper [53, 54]. The head segment is the first
20km, and the lower segment is located between 35.8 and
52.3km. The middle segment, from 20 to 35.8 km, is the short-
est segment of the CFC in the study area. In plan view, the CFC
shows an overall N-S extension, which is generally parallel to
the KT-II open carbonate platform, an S-shaped geometry,
and a generally gentle ramp along its thalweg slope profile
(Figures 4 and 5(e)). To quantify the geomorphology of the
CFC, the first measurement line at the southernmost end of
the study area was taken as the starting point of the CFC
(Figure 4). The 46.5-52.3 km interval of the northernmost sec-
tion of the CFC was not fully covered by 3D seismic data, and
the geomorphological characteristics of this part were not
described (Figures 4 and 6(c)).

In the head segment, which is the narrowest and
straightest segment, the CFC has a SSW to NNE trend
and is slightly sinuous (with a sinuosity of 1.01%)
(Figure 6(c)). Over the first 17.71km, the thalweg slope
is 1.11°, and the depth (from 95m to 295m deep) and
width (from 1.48km to 2.83km wide) of the canyon
gradually increase with little fluctuation (Figures 6(a)
and 6(b)). However, between 17.71 and 20km, a
concave-up section of the thalweg profile at approxi-
mately 4.01° was observed (Figures 6(a) and 6(b)). The
width and depth of the CFC decreased significantly to
1.1km and 85m, respectively (Figures 6(a) and 6(b)).
The knickpoint of the steep slope at 20km is knickpoint
1 (K1), which is the boundary between the head segment
and middle segment, after which point the thalweg slope
becomes steep and the depth of the canyon increases rap-
idly (Figures 5(e) and 6(c)).
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FIGURE 4: Sedimentary palaecogeographic map of KT-II in the study area (modified after Zhang [46]). Additionally, topographic map
showing the geomorphology of the canyon, the locations of wells used in this study (the green dots) and the measuring lines, and the
areas of the head, middle, and lower segments of the canyon. The black dotted lines illustrate the positions of Figures 6(c), 7, and 12.

The middle segment, which is the widest segment on
average, is slightly S-shaped in plan view and has an overall
SW-NE orientation with a sinuosity of 1.12°. From 20 to
27.4km, the CFC trends NW and then changes abruptly to
NE at 27.4 km. Within the initial part of the middle segment
(20-20.7 km), the thalweg slope is the steepest of the entire
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study area, at approximately 17.69°, and the depth (from
80m to 230m deep) and width (from 1.1km to 2.26km
wide) of the CFC increase rapidly in a short distance, similar
to a “waterfall” in the canyon. Throughout the adjacent part
downslope of the CFC (20.7-32.3km), with the thalweg
slope at approximately 1.95°, constant increases in the depth
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FIGURE 5: (a-d) Seismic profiles of the head segment (a, b), middle segment (c), and lower segment (d) (green dotted lines in Figure 4) of the
canyon, showing the morphological features of the canyon in different segments. The head segment is the narrowest, the middle segment is
the widest, and the lower segment is the deepest. See the text in Section 4.1 for detailed descriptions. The relationship between reverse faults
and the canyon is shown. (e) Seismic profiles along the canyon thalweg (red line in Figure 4), showing that the canyon is generally a gentle
ramp. Two knickpoints with abrupt morphologic changes subdivide the canyon into three segments. (f) Vertical seismic profile (red dotted
line in Figure 4) across the study area, showing the distribution of canyons and carbonate platforms.

and width of the canyon are observed (Figures 6(a) and
6(b)). In the first 6.7 km of this part, the width increases rap-
idly (from 2.26km to 5.12km wide), reaching a width of
5.12km at 27.4km, while in the following 4.9 km, the depth
increases rapidly (from 175m to 360 m deep), reaching a
depth of 360m at 32.3km of the CFC (Figures 6(a) and
6(b)). Similar to the head segment, a concave-up section of
the thalweg longitudinal profile at approximately 2.92° is
also observed between 32.25 and 35.8km. The depth (from
260m to 185m deep) and width (from 2.93km to 1.92km
wide) of the CFC decrease rapidly throughout the remaining
part of the middle segment (Figures 6(a) and 6(b)). The ver-
tex of this concave-up section at 35.8km is knickpoint 2
(K2), marking the boundary between the middle segment
and the lower segment (Figures 5(e) and 6(c)).

In the lower segment, the canyon is S-shaped in plan
view with the gentlest thalweg slope and highest sinuosity
of 1.17° among the three segments (Figure 6(c)). In the
downstream direction from 35.8km to 46.5km, it trends
NW and then changes abruptly to NNE at 46.5km, with
an overall SE-NW orientation of this segment (Figures 6(a)
and 6(b)). Between 35.8 and 36.4km, another “waterfall”
with a steep thalweg slope of approximately 15.66° is
observed. Similar to the middle segment, the CFC depth
(from 185m to 355m deep) increases rapidly in this short
section (Figures 6(a) and 6(b)). Throughout the remaining
part of the lower segment, from 36.4 km to the end of the can-
yon in the study area, overall increases in the depth (from
355m to 415m deep) and width (from 1.78km to 3.45km
wide) of the CFC are present (Figures 6(a) and 6(b)).
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FIGURE 6: Measurement results of the quantification of the studied CFC geomorphology. The CFC thalweg in the first measuring line, which
is in the southwestern-most corner of the study area, is referred to as the origin of the X-axis (see the supplementary Figure_6_data.pdf). (a)
Vertically exaggerated plot displaying changes in the thalweg slope gradient and in the CFC depth along the mapped length of the studied
canyon. (b) Vertically exaggerated plot showing changes in the CFC width along the mapped length of the studied canyon. (c) 3D view of the
studied CFC, focusing on the change in the canyon depth and width among the three segments of the canyon (see the location in Figure 4).

4.2. Seismic Facies and Depositional Interpretations
Associated with the CFC. Six kinds of seismic facies associ-
ated with the CFC were identified based on the external
geometry and internal configuration and texture, such as
the amplitude, frequency, and continuity of seismic reflec-
tion (Figures 7-9 and Table 1). Seismic facies were then cal-
ibrated and tied to different depositional elements based on
the well logs and lithological data collected from several
exploration wells (Figures 8 and 9).

Seismic facies 1 is interpreted as canyon fill deposits. The
lithological data and gamma ray (GR) log from well A indi-
cate mainly thick limestone with thin-bedded argillaceous
limestone and marlite (Figure 9(a)). Seismic facies 2 is inter-
preted as platform slope deposits. The lithological data and
logs from well A reveal three coarsening-upward succes-
sions, each composed of lower argillaceous limestone and
marlite and upper limestone (Figure 9(a)). Seismic facies 3
is interpreted as aggrading carbonate platform deposits
(Figures 9(b) and 9(e)-9(i)). The associated deposits are
commonly sheet-like, and internal reflectors are parallel

and straight to slightly wavy. According to the well logs
and lithological data from well B, this seismic facies is pure
thick limestone. Bachtel et al. [55] reported similar facies
and deposits in the carbonate platform offshore Indonesia.
Seismic facies 4 is a progradational carbonate platform
(Figures 9(c) and 9(g)-9(k)). These are prograding platform
clinoforms associated with the platform margin, reef flat,
and platform interior facies indicated by offlapping reflec-
tions. Referring to the well logs and lithological data from
well C, the main lithology is limestone with a thin layer of
lime mudstone. Seismic facies 5 is a delta front deposit, as
has been verified by the results from seismic-well ties. The
GR value in well C is relatively high, reflecting the muddy
sedimentary background, in which the thin box- or funnel-
shaped GR log represents fine sand or silty sand deposition
(Figures 9(c), 9(1), and 9(m)). Seismic facies 6 is composed
of muddy shelf deposits. According to well D, the GR log
is straight with high values, and the lithofacies is mainly
mudstone with thin layers of fine sand or siltstone
(Figure 9(d)).
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amplitudes. See the position in (a) (purple dotted line). (d, e) Several gullies of the carbonate platform in the seismic profiles on both
sides of the CFC’s head segment show weak amplitudes and chaotic features with concave shapes, which are narrower and shallower

than the channels. See the position in (a) (red and blue dotted lines).
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F1GURE 8: 3D distribution chart of six seismic facies in different locations around the studied CFC. Descriptions of the seismic facies are in

the text and in Table 1.

4.3. Sequence Stratigraphic Correlation between the CFC and
Platform. The current study integrates seismic and well data
to investigate the sequence stratigraphic correlation between
canyon infillings and platform deposition according to
sequence stratigraphy, with the chronostratigraphic
approach, which emphasizes studying rock units bounded
by time lines [56].

To determine the relationship between the carbonate
platform and the CFC, the carbonate platform strata were
correlated and contrasted with the canyon infill deposits
on a second-order sequence scale considering seismic reso-
lution (Figures 5(c) and 5(d)). According to the results of
the sequence stratigraphic study of the wells and seismic-
well ties, the studied KT-II strata, which are mainly
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FIGURE 9: Seismic profiles showing six seismic facies found in the studied CFC and proximal strata. (a-d) Six seismic facies. (e-g) Core
photographs of the aggrading carbonate platform (seismic facies 3 in (b)) of well B, mainly grey limestone. (h-k) Thin section
photographs of carbonate platform facies in KT-II. (I, m) Thin section photographs of Visean delta foresets. (h) Sparry algal
foraminiferal limestone of the aggrading platform (seismic facies 3 in (b)) in well B. (i) Sparry foraminiferal oolitic limestone of the
aggrading platform (seismic facies 3 in (b)) in well B. (j) Sparry clastic limestone of the progradational platform (seismic facies 4 in (c))
in well C. (k) Sparry foraminiferal limestone of the progradational platform (seismic facies 4 in (c)) in well C. (1) Fine-grained feldspar
lithic sandstone of delta foresets (seismic facies 5 in (c)) in well C. (m) Medium-grained feldspathic quartz sandstone of delta foresets

(seismic facies 4 in (c)) in well C.
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TaBLE 1: Seismic reflection feature table of six seismic facies found in the studied CFC and proximal strata.

Seismic facies R(.eﬂectl.on Reﬂ(?ctl(.)n Frequency Amplitude External Interpretation
orientation continuity geometry
1 Chaotic, subparallel ~ Moderate to low ~ Moderate to low  Moderate to low  U-shaped Canyon fills
2 Parallel High High High Sheet Carbonate p lat.form
slope deposits
3 Parallel, High Low to moderate ~ Moderate to low Sheet Aggrading
subparallel carbonate platform
4 Inclined Moderate Low to moderate ~ Moderate to low Wedge Progradational
carbonate platform
Inclined High High to moderate  High to moderate Wedge Delta foreset
Parallel, subparallel ~ High to moderate High Moderate Sheet Shelf deposits

composed of canyon fill and carbonate platform deposits,
consist of two second-order sequences, Ssl1 and Ss2. Each
of the second-order sequences includes a lowstand system
tract (LST) and a transgressive system tract (TST) in the
lower part and a highstand system tract (HST) in the upper
part, separated by the maximum flooding surface.

4.3.1. Characteristics of Sequence Boundaries in the Well. The
KT-II carbonate sequences developed on the shallow marine
carbonate platform adjacent to the Ural trough in the east
and are mainly composed of carbonate shoal deposits in
the study area (Figures 2 and 4). The lithology is basically
sparry grain limestone, followed by packstones and marl
[46, 48]. The GR curve is flat with low values, indicating a
low shale content and pure carbonate (Figure 9(b)).
Although the KT-II strata are relatively pure limestone over-
all, the KT-II deposit, which is separated by the second-
order sequence boundary, i.e., the unconformity between
Bashkirian and Moskovian strata, has changed obviously.

According to the lithology of well A, which was drilled
into the CFC, the canyon deposits can be divided into two
second-order sequences, Ssl and Ss2, which are separated
by SB1. The lithology of Ssl is mainly sparry limestone, so
the GR curve is straight with a thick box shape. For an
increase in the shale content upwards above the sequence
boundary, the shape of the logging curves changes obviously,
the GR value increases, and the DT value decreases [46, 48]
(Figure 10). The main lithology of Ss2 changes into sparry
bioclastic limestone, alga-gobbet limestone and mudstone,
and muddy micrite limestone [46, 48] (Figure 10). In Ss2,
there are three system tracts, and the coarsening-upward
HST succession is predominant (Figure 10).

4.3.2. Seismic Sequence Stratigraphic Correlation. Based on
the analysis of the sequence division, well correlation, and
seismic-well ties of well A drilled into the CFC and other
multiple exploration wells in the study area, the sequence
boundary was found via several representative seismic lines
first and then traced throughout the entire study area.

The carbonate platform of KT-II, showing low-
frequency and weak-amplitude reflections (seismic facies
3), is in conformable contact with the underlying middle
Visean clastic deposition (seismic facies 5 and 6) (Figures 5
and 8). Canyon fill deposits, which are overlain by platform

slope deposits (seismic facies 2), exhibit medium-weak
amplitudes and chaotic or subparallel reflections (seismic
facies 1) truncated with the surrounding middle Visean clas-
tic deposits (seismic facies 5 and 6), forming a U-shaped
canyon basal unconformity (Figure 5).

The sequence boundary is located in the interiors of
open platform deposits with intermittent and weak reflec-
tions (Figure 5(c)). According to the seismic-well tie analysis
between seismic data and well A, the only well in the study
area drilled into the CFC, the shale contents of Ss2 carbonate
deposits, which are above sequence boundary SBI1, are
higher compared to those of Ss1 (Figure 10). The CFC was
nearly completely filled during Ss1 deposition. The canyon
infillings and platform deposits of Ss1 both have low ampli-
tudes and moderate- to low-continuity reflections with can-
yon infillings that are more chaotic (Figures 5 and 9(a)).

Above the sequence boundary, the open platform
deposits are layered deposits with high continuity and paral-
lel seismic reflections (seismic facies 3) (Figures 5 and 9(b)),
while towards the CFC, the high-continuity prograding car-
bonate platform with higher amplitude (seismic facies 4)
(Figures 5 and 9(c)), resulting from the sedimentary envi-
ronment change and increasing shale content, downlaps
onto the canyon fill deposits of Ss1.

The RMS map between SB1 and the basal surface of KT-
II shows some linear low-amplitude reflections, which are
small gullies located in the head segment and one channel
each in the middle segment and lower segment in Ss1, deliv-
ering sediments into the CFC (Figures 7 and 11(a)). These
channels can also be distinguished as dark-coloured linear
features in the flattened horizontal coherence slice at 100 m
below SB1 (Figure 12(a)).

However, in Ss2, obvious shifts in the position of the plat-
form margin occurred due to westward progradation, which
shows large-scale linear low-amplitude reflections in the
RMS map between the top surface of KT-II and SBl
(Figure 11(b)). These are channels perpendicular to the slope
originating close to the platform edge, which are transported
and filled with coarse carbonate debris derived from the plat-
form (Figure 11(b)). The progradation of the platform shows
grey-coloured coherence patterns with convex-westward
plan-form geometries, as visible in plan view (Figure 12(b)).
The development of clinoform geometries crossed the canyon
fillings, and the platform margin expanded (Figure 12(b)).
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5. Discussion

5.1. Canyon Origin. The canyons reported worldwide are
now grouped into three main types: slope-confined canyons
(also named blind canyons or headless canyons), whose
heads terminate on the slope, and canyons that incise the
shelf, which connect with and without a major river system
[13, 21, 51]. According to this, the CFC can most likely be

defined as a blind canyon. The formation of blind canyons
has been explained by fluid seepage-induced slope failure
[57], a combination of slope failure and retrogressive erosion
[13, 16, 51], and the interplay of downslope processes and
along-slope currents [58] that have been recently reported.
Although some slope-parallel negative bedforms, such as
moat channels, are mainly caused by bottom currents and
some canyons and channels are also controlled by along-
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RMS amplitude

FIGURE 11: (a) RMS amplitude map between SB1 and the basal surface of KT-II. A series of small gullies are located in the head segment of
the CFC, and two channels are located in the middle and lower segments, with low RMS amplitude values. (b) RMS amplitude map between
SB1 and the top surface of KT-II. Some large-scale channels perpendicular to the slope originating close to the platform edge are dominated

by low RMS values. See the position in Figure 2.

slope sedimentary processes in addition to downslope grav-
ity processes [35, 36, 59-61], there is now no obvious evi-
dence that the CFC has a direct connection with fluvial
systems and bottom currents, so the most likely formation
mechanism of the CFC is upslope erosion through headward
retrogressive mass failures.

Due to the collision of the Kazakh and European plates,
the Uralian orogeny began to develop in the early-mid-
Visean and early Carboniferous, on the eastern flank of the
Precaspian Basin [38, 41], and the eastern margin of the Pre-
caspian Basin was gradually compressed and uplifted, which
had an important impact on the palaecogeomorphology of
the study area. The structure of KT-II was modified by later
tectonic activities, and the cast method [62, 63] was used to
restore the palaeogeomorphology before the deposition of
the CFC with two selected reference interfaces: the top of
the MKT and the bottom of the canyon and bottom of
KT-II (Figure 13). For minor erosion in the 3D seismic sur-
vey, the resultant cast map can be used to interpret the rela-
tive relief of the palacogeomorphology before the deposition
of the CFC.

A confined elongated negative relief parallel to the fol-
lowing KT-II carbonate platform was formed between the
uplifts due to the compressional orogeny (Figure 13). Geo-
morphic factors have a very important influence on the
development and evolution of the canyon [18-21, 64],
and the canyon was easily formed in the area limited by

the uplifts on both sides. In addition, the uplift in the middle
of the 3D survey remained topographically high enough to
provide proper environments conducive for shallow-water
carbonate platform production. For instance, carbonate fac-
tories developed on submerged structural highs in the Isili
Basin [30]. For the low sea level in late Visean and the con-
fined geomorphology, the CFC was initiated to form the
canyon origin, which favoured the funnelling of sediments
originating from the platform [14, 65]. Subsequently, or
contemporaneously with upslope headward retreat and
incision, turbidity currents promoted the formation of the
canyon [40, 66].

As the slope gradient of the head segment was gentle, the
turbidity currents had the lowest erosional ability [67, 68], so
this part is obviously shallower than the middle segment and
lower segment due to the limited incision (Figure 6). In the
middle segment, the depth and width of the canyon appar-
ently increase. Owing to the steepest average slope gradient
and the existence of the “waterfall” at knickpoint 1, the ero-
sive currents had higher flow velocities and erosional ability.
At the start of the middle segment, with the gradual increase
in the canyon depth, the trend of the canyon changed
sharply from NNE to NW (Figures 4 and 6), which led to
turbidity currents flowing towards the canyon walls and
increasing lateral erosion; therefore, the curvature of the
middle segment increased. In the lower segment of the can-
yon, the velocities and erosive capacities of turbidity currents
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FIGURE 12: (a) Coherence slice along the surface 100 m below flattened SB1. The gullies and channels display a dark-coloured coherence
pattern, and the canyon fill deposits exhibit a grey-coloured coherence pattern. (b) Coherence slice along the surface, which is 100 m
shallower than flattened SB1. The progradation of the platform shows a grey-coloured coherence pattern with convex-westward plan-

form geometries, as visible in plan view. See the position in Figure 4.

would be the highest for the energy accumulation in the
upper two segments. Therefore, the lower segment is the
deepest with the highest sinuosity, although the slope gradi-
ent is the slowest (Figure 6).

Faults always play an important role in the formation
and evolution of a canyon [17, 69]. Due to the plate collision
of the eastern edge of the basin [37, 41, 42], reverse faults are
developed in the study area (Figures 5(a)-5(d)). The ESP
map shown at 50 m below the canyon bottom in plan view
and vertical seismic profiles across the CFC both show that
the canyon is bounded by two continuous reverse faults
(Figure 7(b)). For regional compression, fractures and small
faults are rich in the anticline between the two reverse faults,

which reduces the strength of the stratum and makes it more
vulnerable to weathering and denudation. Thus, faults are a
favourable factor for canyon formation. For the same reason,
the width of the canyon is closely related to faulting. Accord-
ing to the seismic profiles, the widest part of the middle seg-
ment has very developed underlying faults where the strata
were more easily eroded, so the middle segment is the widest
in the CFC (Figure 6). In addition, it is noteworthy that the
width and depth of the CFC decrease abruptly at the junc-
tion points between segments (Figure 6). This is attributed
to the fewer faults at these two knickpoints, which are shown
in both the coherence slice and seismic profile (Figures 5(e),
7, and 12). The seismic facies of knickpoints are the same as
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the uplifts.

those of the underlying early Visean strata (Figure 5(e)),
which have moderate amplitudes with high-continuity par-
allel reflections. The formation was difficult to erode due to
undeveloped fractures, thus forming these two knickpoints,
which are similar to two small crests dividing the CFC into
three segments.

5.2. Canyon Filling Processes. During the deposition of the
highstand system tract in Ss1, the carbonate platform grew
vertically, resulting in low-amplitude and high-continuity
parallel reflections (seismic facies 2) (Figure 5). When the
sea level rose to a highstand, the productivity of the carbon-
ate factory greatly increased with much carbonate deposi-
tion, especially in the carbonate platform interior, which
was mainly in the leeward direction and favoured carbonate
sedimentation [65, 70]. The slope instability increased for
the prior vertical accretion, which promoted the delivery of
carbonate debris downslope. Combined with sea level lower-
ing, the carbonate factory moved closer to the slope break of
the platform and destabilized sediments by increased pore-
water pressure [65, 71]. During this stage, the sediments of
the carbonate platform were transported mainly by channels
or small gullies on both sides of the platform (Figures 11(a)
and 12(a)). The original confined negative topography accu-
mulated sediments from the platform and served as a con-
duit to promote the formation and development of the
CEC [14, 65]. However, with the gradual increase in plat-
form productivity, increasingly more sediments were depos-
ited in the CFC and almost filled it (Figure 5).

The lower sea level of the lowstand system tract of Ss2
caused low productivity of the carbonate factory. When the
relative sea level rose to a highstand during the transgressive
and highstand system tracts, the productivity of the carbon-
ate factory greatly increased. The carbonate platform accel-
erated to expand laterally through progradation into the
former platform interior with downlap on the canyon fill
deposits (Figures 5, 11(b), and 12(b)). Platform progradation
and merging of separate platforms always occur by this kind
of lateral accretion. Similar occurrences have been docu-

mented in the middle Miocene prograding carbonate bank
margins of the Maldives [72] and the Miocene-Pliocene
Segitiga platform in Indonesia [55].

5.3. Evolutionary Stages of the CFC. Based on the above anal-
ysis, a schematic illustration of the depositional processes of
the CFC in the Carboniferous KT-II at the eastern edge of
the Precaspian Basin was established (Figure 14).

5.3.1. Incising Stage. Due to the collision of the Kazakh and
European plates, the confined elongated negative palacogeo-
morphology formed, and reverse faults developed in the study
area in the late Visean (Figures 5 and 13). The reverse faults
weakened the strength of the strata in the confined palaeogeo-
morphology. Combined with the low sea level of the LST of
Ss1, the canyon is formed by incision of the original negative
relief through headward retrogressive mass failures during
the incising stage (Figure 14(a)). The uplift provided proper
environments for shallow-water carbonate platform produc-
tion, so during this stage, the sediments from the platform
promoted the formation and development of the CFC.

5.3.2. Early Filling Stage. During this stage, for the rising sea
level of the TST and HST in Ssl, the productivity of the car-
bonate factory greatly increased, especially in the leeward
direction. Channels and gullies perpendicular to the canyon
walls delivered platform sediments into the CFC
(Figures 11(a) and 12(a)). First, the CFC was deepened,
and as more sediments were supplied, the CFC was nearly
filled at the end of this stage (Figure 14(b)).

5.3.3. Late Filling Stage. As the CFC was basically filled in the
former stage, the overall terrain was relatively flat in the plat-
form interior. Because the sea level almost kept rising during
the late filling stage of Ss2, the carbonate platform expanded
into the former platform interior through progradation
clinoforms (Figures 11(b) and 12(b)). After this stage, the
CFC was completely filled, and the negative relief was gone
(Figure 14(c)).
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FI1GURE 14: Depositional model summarizing the filling process and depositional architecture of the carbonate-filled canyon. There are three
evolution stages: (a) incising stage; (b) early filling stage, when the sediments mainly originated from the platform and were transported
through gullies and channels; and (c) late filling stage, during which the canyon was filled by platform progradation. See the text in

Section 5.3 for a detailed description.
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Overall, the palacogeomorphology and faults caused by
tectonic movement controlled the formation and geomor-
phic characteristics of the CFC, while variations in the
amount and sediment supply influenced by sea level change
controlled the infilling process of the CFC.

6. Conclusions

The CFC at the eastern edge of the Precaspian Basin showed
a N-S orientation and S-shaped geometry and was parallel to
the open carbonate platform of KT-II. The whole CFC was
divided into three segments by two knickpoints from south
to north for changes in the incision depth and width. For
the palaecogeomorphology and faults induced by regional
compressional movement, the CFC formed along the thal-
weg of a confined palaeotopographic feature during early
Carboniferous times.

Six kinds of seismic facies were identified in the canyon.
The sedimentary interpretations of CFC-related sediments
were carried out by combining logging and core data. This,
together with planar attribute analysis, such as RMS, leads
to distinguishing three stages of the evolution of the canyon:
the incising stage, the early filling stage, and the late filling
stage. During the incising stage, the confined negative relief
and reverse faults caused by tectonic activity, combined with
the low sea level, all contributed to the initiation of the CFC
and development through headward retrogressive mass fail-
ures. During the subsequent early filling stage, much carbon-
ate sediment was produced by the carbonate factory and
transported into the CFC by channels and gullies perpendic-
ular to the platform. The CFC was nearly filled by the end of
this stage. Finally, during the rising sea level and geomorphic
change, the canyon fillings were dominated by platform pro-
gradation in the late filling stage. In summary, tectonics con-
trolled the formation of the CFC, while sedimentary
processes contributed to its excavation and infilling.
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