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Abstract

Submarine or sub-lacustrine lobe deposits are important reservoirs, but the fan fringe deposits form heterogeneities within
deep water fan deposits. Fan fringe facies records the complex sediment gravity flow types. By understanding of the bed
types and flow mechanisms, we can identify the fan fringe deposit, which aids in the reconstruction of deep water fan and
reservoir evaluations. The Jiucaiyuanzi and Dalongkou sections in the West Bogda Mountains preserve well-exposed 536-m
and 171-m thick successions, respectively, of a deep water lacustrine depositional system from the Middle Permian Lucaogou
Formation. Bed types of the Lucaogou Formation include high-density turbidite, low-density turbidite, incomplete Bouma-
type turbidite, hybrid event beds, and slump deposits. The Lucaogou Formation is interpreted here as a fan fringe facies
due to the thin bed thickness that characterize turbidites and hybrid event beds, as well as the predominance of the isolated
sheet architecture. Previous studies suggest that these deposits were considered as deposited in a deep water setting due to
the absence of wave-related structures. The presence of abundant mud clasts in massive medium-coarse grained sandstone
beds reflects the significant erosional capability and interactions between high-density turbidity currents and lake floor. The
fan fringe facies here contains amalgamated and thick-bedded homolithic facies (~30%) and thin-bedded heterolithic facies
(~70%). The examination of the bed type is of wider significance for facies prediction and reservoir heterogeneity in the
sub-lacustrine fan fringe facies.

Keywords Fan fringe - High-density turbidite - Low-density turbidite - Hybrid event bed - Lucaogou Formation - Junggar
basin

1 Introduction

Mass-flow processes deposit submarine fans, which cor-
respond to distinct constructional sediment bodies on the
sea floor that develop seaward of a major sediment point
source (Normark 1978; Walker 1978; Reading and Richards
1994). Important components of the submarine fan include
the submarine channels, channel-lobe transition zones, and
submarine lobes. Submarine lobes, specifically, can consti-
tute the bulk of the volume of a submarine fan (Normark
1978; Pickering 1981a, b; Piper and Normark 1983). Lobes
are often incised by channels in the proximal area, the depos-
its of which are characterized by thick-bedded channel fills
and sheets (Fildani and Normark 2004). Besides thick tur-
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bidites in the proximal lobe (lobe axis and off-axis), hybrid
event beds, with a thick division in terms of the high-density
turbidite (i.e., the H1 division in Haughton et al. (2009)),
also occur in the proximal position (Ito 2008; Patacci et al.
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2014; Mueller et al. 2017). When compared with axial and
proximal components, the fan fringe (lobe fringe and distal
fringe) is an important albeit comparably overlooked paleo-
environmental setting. Sheet deposits, which are composed
of thin-bedded turbidites, can be considered as fan fringe
deposits (Mutti 1977). However, relatively few studies have
examined the detailed bed types and flow mechanism of fan
fringe deposits (Davis et al. 2009; Kane and Pontén 2012;
Fonnesu et al. 2018; Pierce et al. 2018). The fan fringe and
its deposits are more heterogeneous than sandier proximal-
and mid-submarine fans (Haughton et al. 2003; Spychala
et al. 2017a, b; Brooks et al. 2018). If we are to understand
reservoir heterogeneity of a fan fringe deposit, we must
examine its sedimentary sequence and bed type.

In contrast to many well-documented sub-marine fan
fringe deposits, there is much less information about the
sub-lacustrine ones. Lacustrine sediment gravity flow depos-
its are probably different from marine ones, because marine
environments are characterized by larger-scale depositional
systems, deeper water, and a longer runout distance (Yang
et al. 2019). Most sub-lacustrine fan deposits were inter-
preted mostly as debrites or/and turbidites, including the
well-known Eocene Dongying depression and the Upper
Triassic turbidites in the Ordos Basin (Zou et al. 2012; Liu
et al. 2017; Yang et al. 2017, 2019). This raises the following
questions. Do hybrid event beds exist in the sub-lacustrine
fan fringe facies? What are bed types and transport mecha-
nisms of sub-lacustrine fan fringe facies?

The Middle Permian Lucaogou Formation in the Junggar
Basin of NW China was selected in this study, because it
represents a sub-lacustrine fan fringe facies, and the depos-
its of which reveal the bed types, sedimentary sequences,
and sedimentary processes of a fan fringe setting. Previous
studies on the Lucaogou Formation have mainly focused on
reservoir characteristics (Wu et al. 2016; Zhao et al. 2017,
Su et al. 2018) and the tight oil potential (Kuang et al. 2012;
Gao et al. 2016; Cao et al. 2016, 2017; Luo et al. 2018).
However, few studies focus on bed-scale investigations and
the sedimentary processes that allow the formation of these
beds. This study describes the bed types and depositional
architectures of deep water sub-lacustrine fan fringe deposits
from the Lucaogou Formation. Bed type studies here have
implications for sediment transport in a fan fringe setting
and reservoir heterogeneities of the deep water lake deposits.
The aims of the study are to (1) document the bed types and
interpret the flow mechanism of the Lucaogou Formation;
(2) describe the depositional architecture of the Lucaogou
Formation and understand why the Lucaogou Formation is
considered as a fan fringe facies, and (3) discuss the hetero-
geneities in fan fringe facies of the Lucaogou Formation.
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2 Geological setting of Southern Junggar
Basin

2.1 Tectonic setting

Intracontinental orogenic belts (Tianshan) and their sur-
rounding flexural basins (the Tarim and Junggar basins)
typify the tectonic settings of central Asia. To the north of
the Tarim Basin, the Junggar Basin is a relatively small com-
posite terrane that was welded to the Tarim Basin during
the Devonian and Carboniferous (Charvet et al. 2007). The
basin architecture is composed of a stacked accumulation
of Cambrian to Permian rocks that were formed via vol-
canic arcs, accretionary prisms, oceanic crust obduction, and
later granite intrusion (Xiao et al. 2002; Cocks and Torsvik
2013). The composition of the Carboniferous sandstone in
the southern Junggar Basin indicates arc volcanism (Car-
roll et al. 1995). In the Permian rocks, the increased quartz
and potassium feldspar in the sandstones could potentially
indicate the extinction of volcanic arcs and the erosion of the
Tianshan granite intrusions (Carroll et al. 1995). At the end
of the early Permian, the West Bogda Trough was closed,
and an island arc formed via the subduction of the Tarim
Plate (Wang et al. 2018). The Bogda island arc is considered
to be the sediment source of the Lucaogou Formation in
Southern Junggar Basin (Wang et al. 2018). The deposi-
tion of the Lucaogou Formation occurred at middle paleo-
latitudes (i.e., 39°—43°N) (Nie et al. 1993).

2.2 Paleozoic stratigraphy in the southern Junggar
Basin and study area

The oldest reported rocks exposed in the southern Junggar
Basin are from Lower to Middle Carboniferous andesitic
volcaniclastics that occur in deep marine settings, which
are characterized by the features of sediment gravity flow
deposits (Carroll et al. 1990). In Upper Carboniferous units,
a regressive sequence with a thickness of 800 m, composed
of carbonates and volcaniclastic turbidites, overlies the deep
water facies.

The Permian in the southern Junggar Basin is com-
posed of lacustrine and fluvial mudstones, siltstones, and
fine-grained sandstones (thicker than 2000 m). The Middle
and Upper Permian comprises over 1000 m of organic-rich
lacustrine deposits (Carroll 1998). These deposits record an
overall evolution from relatively shallow evaporative lakes to
relatively deep lakes with the fluvial system (Carroll 1998).

At the front of Bogda Mountain, the Lucaogou Forma-
tion consists of laminated dark gray mudstone, with an
approximate thickness of 900 m, and no evidence of suba-
erial exposure (Carroll 1998). The average total organic
carbon content (TOC) of the Lucaogou laminated facies is



Petroleum Science (2021) 18:339-361

341

approximately 4.3% (52=26.2 mg/g), and thus the Luca-
ogou is among the thickest and richest petroleum source
rocks in the world (Carroll et al. 1992). Biomarker analysis
indicates a saline to brackish depositional environment and
low to moderate terrestrial organic matter input (Carroll
et al. 1998). Oil shale collected from the southern Junggar
contains sufficient hydrogen-rich organic matter (Kerogen
Type I and II) to indicate that the shale was deposited in a
clastic and algal-dominated environment (Tao et al. 2012).
Fine laminae throughout the majority of the Lucaogou For-
mation in the Southern Junggar Basin and an absence of bur-
rowing trace fossils and storm wave-related structures (i.e.,
hummocky and swaley cross-bedding) have been interpreted
as deposited under anoxic conditions in water depths below
the storm wave base and thereby a deep water setting (Car-
roll et al. 1998). Thus, organic matter particles that accu-
mulated on the lake floor through a vertical settling regime
were preserved under an anoxic and deep-lake environment
(Carroll et al. 1998; Tao et al. 2012). Based on the wind
fetch and wave size, estimates for the depth of Lucaogou
Lake are in the range of several hundred meters (Carroll
et al. 1992, 1998).

The measured sections presented in this study are located
in the southern Junggar Basin (Figs. 1, 2). The Lucaogou
Formation is a lacustrine deposit which comprises sand-
stone, siltstone, and claystone (Figs. 2, 3). The thickness of
the Lucaogou Formation in the Jiucaiyuanzi and Dalongkou
sections is 530 m and 170 m, respectively (Fig. 3). The dis-
tance between two sections is ~ 35 km. The Bogda island arc
is considered to be the sediment source of the Lucaogou For-
mation in Southern Junggar Basin (Wang et al. 2018). The
direction of sediment supply of Lucaogou Formation is to
the north in Junggar Basin or to the northeast in northwest-
ern Turpan Basin (Carroll et al. 1995; Wang et al. 2018). The
large difference in the thickness between the two sections
is a consequence of thrust faults presented in the southern
Junggar Basin (Carroll et al. 1992, 1995).

3 Methodology and terminology
3.1 Synthetic example

The stratigraphic thickness, color, sedimentary texture,
and sedimentary structure of the Jiucaiyuanzi section
and Dalongkou section in the Lucaogou Formation were
examined and measured at areas of adequate exposure
along river beds in the southern Junggar Basin, NW
China (Figs. 1, 3). Strata with approximate thicknesses
of 700 m were measured throughout two modern river
valleys (Figs. 1, 3). This study is based on detailed bed-
scale descriptions. We used a hand lens and grain-size
comparator to measure grain size in the field. Besides

the background laminated mudstone, a total of 385 beds
were measured and examined (Table 1). The typical sedi-
mentary logs associated with the grain size features were
drawn to provide evidence of the sedimentary facies types.

We present the results from our fieldwork and organize
the data relative to the lithofacies/lithofacies associations.
We first describe our field observations with respect to
each lithofacies/lithofacies association, followed by our
interpretation of these descriptions. In the Lucaogou For-
mation, there are three types of lithofacies associations:
turbidites, hybrid event beds, and slumps.

Fan fringe (setting) is used here as a geographic
description, as well as a paleo-environmental term. Thus,
the fan fringe facies refers to sediments or sedimentary
rocks that accumulated in the fan fringe setting. In the fan
fringe facies, the lobe and inter-lobe deposits can be distin-
guished based on bed amalgamation, bed thickness, lithol-
ogy (mud- or sand-dominated), and sedimentary structures
(Prélat et al. 2009; Spychala et al. 2017b, 2017a, b).

4 Bed types of the deep water system
in the Lucaogou Formation

4.1 Turbidite beds

4.1.1 Abundant graded or ungraded massive sandstone
and space planar laminated sandstone

4.1.1.1 Description Massive sandstone, with bed thick-
nesses varying from 2 cm to 1 m, has a sharp base (Fig. 4a—
d). The light yellow or yellowish-brown, massive sandstone
units can be normally graded (Fig. 4a), ranging from coarse
to fine-grained sandstone. Some structureless units are
graded (Fig. 4b—d). Mud clasts are commonly present in
massive intervals, with a diameter ranging from several cen-
timeters to a few decimeters (Fig. 4c, d). The mud clasts that
occur along discrete horizons within the deposit (Fig. 4c,
d) planar laminated deposits with coarsening- and fining-
upward intervals, albeit not with distinct layer boundary
(which forms the base of the beds), were observed (Fig. 4e).

Occasionally, faults in the Jiucaiyuanzi Valley region
terminate upward beneath the overlying planar laminated
sandstone and are restricted to the single turbidite event
bed (Fig. 5). Some faults are even confined within two
laminae (Fig. 5). Unit thickness changes across the fault,
i.e., hanging-wall thickening and footwall thinning, are
characteristic (Fig. 5).

4.1.1.2 Interpretation Massive sandstone (graded or not)

can be left by gradual aggradation beneath high-density tur-
bidity currents (Kneller and Branney 1995) or deposited by
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Fig. 1 Geological setting and characteristics of the southern Junggar Basin, showing the stratigraphy distribution in the study area is shown.

Measured sections are the Dalongkou section and Jiucaiyuanzi section

laminar debris flows (Talling et al. 2013). The absence of
bedforms within the massive sandstone suggests en masse
deposition (Talling et al. 2012) or hindered settling that
potentially results from high near-bed sediment concentra-
tions (Baas et al. 2011).

The massive sandstone intervals exhibit a low matrix mud
content (e.g., Fig. 4b—d) and are prevalent in coarse-grained
and thicker beds that tend to occur in proximal components
(Talling et al. 2012). Massive sandstone with discrete hori-
zons of mud clasts potentially indicates deposition from

@ Springer

traction carpets via progressive aggradation (Sohn 1997).
The low matrix mud content and horizons of mud clasts of
the massive sandstone here can rule out debris flow sedi-
mentation (Talling et al. 2013). Sustained traction carpet
also produces spaced planar lamination with coarsening
and fining-upward intervals, albeit without a layer bound-
ary, when the grain size of the supplied sediment varied with
time (Hiscott 1994; Sohn 1997). Such stratified deposits
are found in proximal settings (see Fig. 22 in Sumner et al.
2012). High-density turbidity currents likely form under
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Fig.2 Paleography of the Lucaogou Formation. The extent of Lucaogou Lake is based on Carroll and Bohacs (2001)

conditions of such higher near-bed concentrations, which
leads to damping of turbulence.

Synsedimentary faults occur within one turbidite bed
(Fig. 5) and thus formed during the deposition of a single
flow. The pre-faulted sequence is the sedimentary package
deposited prior to extension. The synfaulted sequence is
composed of sediments deposited during extension (Fossen
2016). The post-faulted sequence represents sedimentation
after the cessation of extension. These sequences with syn-
sedimentary faults can more easily form due to an instability
of the sediment (e.g., on a slope) coupled with the shearing
of a still overriding flow (c.f. Butler et al. 2015), as opposed
to an external force, such as an earthquake.

4.1.2 Appreciable ripple cross-laminated siltstone
and laminated mudstone

4.1.2.1 Description Ripple cross-laminated, light yellow,
or yellowish-brown siltstone and laminated mudstone are
commonly observed in the deep water system of the Luca-
ogou Formation (Fig. 6). Ripple cross-laminated intervals
are typically thin and range from a few mm to 4 cm in

thickness (Fig. 6a—d). Laminated mudstone typically over-
lies ripple cross-laminated intervals (Fig. 6a—d). The thick-
ness of a single laminated mudstone bed is less than 20 cm.
Besides current ripples, long thin bedforms with a height of
1-5 mm and length of 70-150 mm are commonly observed
in mud-dominated successions (Fig. 6e-h). Most long-thin
bedforms here are encased in siltstone or mudstone (e.g.,
Fig. 6h).

4.1.2.2 Interpretation Ripple cross-laminated intervals
indicate fully turbulent conditions (Allen 1963, 1968; Sou-
thard 1991; Baas et al. 2011). Dilute or low-density turbid-
ity currents exhibit this type of near-bed, fully turbulent
suspension (Baas et al. 2011). The laminated mudstone
described here (Fig. 6a—d) with laminations of <2 mm,
conforms to the Te-1 division (i.e., the top division of the
Bouma sequence) as proposed by Piper (1978). Specifically,
the Te-1 division is deposited incrementally from dilute tur-
bidity current (Stow and Bowen 1980). The ripple cross-
laminated division overlain by laminated mudstone (Te-1),
as illustrated here, suggests that the succession is formed
by waning dilute flow (e.g., Fig. 6a—d; Talling et al. 2012).
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«Fig.3 Detailed measured sections of the Lucaogou Formation in the
Jiucaiyuanzi section and Dalongkou section, Southern Junggar Basin
(see Fig. 1 for locations). The Lucaogou Formation from the Jiucai-
yuanzi section and Dalongkou section consists of sandstone, siltstone,
and claystone. Some amalgamated beds and isolated beds can be
observed

4.1.3 Other turbidite bed types

4.1.3.1 Description In addition to the turbidite bed types
described in Sects. 4.1.1 and 4.1.2, two other bed types
were observed. The two bed types include normal graded,
massive sandstone, fine-scale planar laminated sandstone,
cross-laminated sandstone from base up (Fig. 7a), or mas-
sive sandstone, spaced planar laminated sandstone, climb-
ing-ripple cross-laminated sandstone to fine-scale planar
laminated sandstone from the base to the top (Fig. 7b). In
Fig. 7a, the normal graded type is coarse tail grading, which
shows a gradual upward decrease in the size of the coarsest
grains (see graded division in Fig. 7a). Fine planar lamina-
tions are mainly less than 3 mm, while spaced laminations
range from 5 mm to 3 cm in thickness.

Occasionally, a single grain size break occurs within
the overall fining upward sequence (Fig. 7b). The overly-
ing interval typically corresponds to ripple cross-laminated
sandstone, while the underlying component comprises
massive and spaced planar laminated sandstone. Small mud
clasts are present along the grain size boundary, and ero-
sional truncations (scour and fill structures) can be identified
along the break. Abrupt upward reductions in grain size can
be observed (Fig. 7b).

A train of asymmetric folds was commonly observed on
top of the fine-scale planar bedded beds and beneath another
turbidite bed (Fig. 8).

4.1.3.2 Interpretation High-density turbidity can produce
spaced planar lamination and fine planar lamination (see
planar laminations in Fig. 7a, b that correspond to Tb-2
and Tb-3 (i.e., the Tb division of the Bouma sequence)

Table 1 Beds measured at Jiucaiyuanzi section and Dalongkou section

reported in Talling et al. 2012). Coarse-tail graded sand-
stone and fine planar lamination mainly reflect supercritical
flow conditions (Postma et al. 2009; Postma and Cartigny
2014), whereas the cross-laminations reflect dilute current
and subcritical flow conditions (Allen 1963, 1968; Postma
and Cartigny 2014). Thus, the coarse-tail graded sandstone
to fine-scale planar laminated sandstone to cross-laminated
sandstone sequence probably indicates a waning turbidity
current.

The massive sandstone to spaced planar laminated sand-
stone to climbing-ripple cross-laminated sandstone and
fine-scale planar laminated sandstone succession (Fig. 7b)
reflects an overall decrease in the flow density. Climbing rip-
ples, which require bedload transport and concurrent rapid
suspended load fallout (Jobe et al. 2012), indicate rapid sedi-
ment deposition (Allen 1991).

The grain size break described above does not record bed
amalgamation from multiple flows and is only significant
within one single flow deposit (Fig. 7b). The concentration
gradient within the flow is significant in terms of the for-
mation of the grain size break type (Jobe et al. 2012). To
interpret this phenomenon, Gladstone and Sparks (2002)
proposed a high suspended concentration basal zone over-
lain by an upper low concentration zone. Experiments
suggest that hiatuses occurred during the formation of the
break (Sumner et al. 2012). Below the break, the deposits
can be attributed to a high sedimentation rate, while the rate
is significantly lower above the break (Sumner et al. 2012;
Stevenson et al. 2015). The change in the deposition rate is
potentially related to a change that occurred in the settling
regime (Kneller and McCaffrey 2003).

The asymmetric folds in Fig. 8 are interpreted as being
formed by shear stress that was exerted by the overlying
turbidity current. Continued passage of the turbidity current
should erode the deformed bed (Butler et al. 2015).

Section Jiucaiyuanzi section Dalongkou section
Location E89°10'43.53", N43°52'58.85" E88°51'46.132", N43°57"21.63"
Beds studied 235 150
Turbidite beds ~150-160 beds (> 60% of the beds except for the back- ~100-110 beds (> 70% of the
ground mudstone) beds except for the back-
ground mudstone)
Hybrid event beds ~70-80 beds (30-35% of the beds except for the back- ~40-50 beds (25-30% of the

ground mudstone)

Slump deposits 3 slump deposits

Background mudstone (laminated mudstone) 80%

beds except for the back-
ground mudstone)

1 slump deposits
85%
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4.2 Hybrid event beds
4.2.1 Description

The hybrid event beds of the Lucaogou Formation vary in
thickness from 10 to 30 cm, with grain sizes up to medium-
grained sand (Fig. 9a, b). The hybrid event beds occur
less frequently than sandy turbidite beds, as described in
Sect. 4.1, which are characterized by three divisions (Fig. 9a,
b). The basal division is comprised of light yellow or yel-
lowish-brown, medium-grained sandstone. This sandstone
is essentially well-sorted and constitutes Ca 25-30% of
the event bed. The second division consists of a homog-
enous matrix of dark grey siltstone with or without large
rafted blocks (large blocks in Fig. 9a, and no large block
in Fig. 9b). The third division is composed of planar lami-
nated very fine-grained sandstone (Fig. 9a) that grades into
a homogeneous dark grey siltstone. Occasionally, planar
laminated sandstone in the third division is absent (Fig. 9b).

4.2.2 Interpretation

The full bed is interpreted to record the passage of the flow
that was initially turbulent (i.e., leaving massive basal clean
sandy divisions) and was followed by the onset of a flow in
which turbulence was highly damped via en masse deposi-
tion (linked debrite) (Fig. 9a, b; Haughton et al. 2003, 2009;
Southern et al. 2017; Fonnesu et al. 2018; Pierce et al. 2018;
Shan et al. 2019a, b). The hybrid event bed type can reflect
a more down-dip position where the debris flow component
has almost outrun a forerunning turbidity current (see HEBS
and HEBG in Pierce et al. 2018). Hybrid event beds, contain-
ing large rafted blocks in the H3 division (Fig. 9a), probably
indicate short-distance transport and transformation of fail-
ure due to loading of the adjacent slope or partial transfor-
mation from a debris flow (Haughton et al. 2003). Hybrid
event beds with separated mud clasts (Fig. 9b) probably
represent down-dip equivalents of beds with large blocks or
suggest erosional bulking of the turbidity current (Haughton
et al. 2003; Fonnesu et al. 2015, 2018).
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«Fig.6 Low-density turbidite. a Very thin-bedded turbidite. b Small
ripples can be observed in thin layer of siltstone. ¢ Thin-bedded tur-
bidite with ripple cross-laminated siltstone. d Ripple cross-laminated
siltstone. e Thin-medium-bedded mudstone interbedded with ripple
cross-laminated siltstone. f Thin-bedded dark grey mudstone inter-
bedded with cross-laminated siltstone. g Thin-bedded black mudstone
interbedded with thin-medium-bedded sandstone. h Thin-bedded
black mudstone interbedded with cross-laminated siltstone

4.3 Slump deposits
4.3.1 Description

The slump, which represents the dimensions of the avail-
able outcrop, extends for approximately 20 m and comprises
10-m-thick folded depositional beds (Fig. 10). Strata above
and below the slumped unit are parallel, which confirms
that the deformed unit between the two parallel units is a
slump (Figs. 10, 11a). The slump is separated from the over-
lying conformable strata via a concordant upper contact and
detached from the underlying layers by a flat-lying basal
decollement or detachment surface (Fig. 10).

4.3.2 Interpretation

Gregory (1969) proposed soft-sediment deformation for the
discrete nature of the deformation unit encompassed by the
undeformed units. The underlying strata were already con-
solidated, and no substrate was incorporated into the slump
given that the basal decollement surface was not locally
erosive and deposition underlying the decollement was not
deformed.

5 Depositional architecture in the Lucaogou
Formation

The Jiucaiyuanzi section and Dalongkou section have sand
contents of ~20% and ~ 15%, respectively. The successions
of the Lucaogou Formation are dominated by thin-bedded
turbidites (~70%) and subordinate thick-bedded amal-
gamated beds (~30%), which contain both turbidites and
hybrid event beds.

5.1 Amalgamated shallow channel fill and sheet

Amalgamated shallow channel fill and sheets can be identi-
fied in the Lucaogou Formation, which comprise 20-40%
of the Lucaogou Formation’s stratigraphy (Figs. 3 and
11a—c). The amalgamated sheets with no shallow channels
were observed in the Dalongkou section. In contrast, several
shallow channel fills in amalgamated beds can be identi-
fied in the Jiucaiyuanzi section (Fig. 11b, ¢). Amalgamated

architectures are sand-dominated with a thickness of 5—40 m,
which represents a lobe deposit that contains numerous lobe
elements (Figs. 11a, b, 12a). Thus, the thickness of the lobe
deposits ranges from 5 to 40 m. Thick amalgamated shal-
low channel fill/sheet consists of approximately 20 bed sets
(Fig. 11c), where the thickness of each bed set thickness
ranges from 1 to 4 m. A bed set is composed of 5-10 beds
(Fig. 11c). Tabular-like thin- to medium-bedded (most bed
thickness ranging from 0.1 to 0.5 m) turbidite beds comprise
the majority of the beds, with subordinate hybrid event beds.
Several scours observed in the amalgamated architectures
(Fig. 11c). Their dimensions can reach tens of meters in
width and a few meters in depth (Fig. 11c). The infill of
scour consists of thin-bedded siltstone and sandstone tur-
bidite beds.

Previously reported amalgamated thick-bedded turbidites
(bed thickness ranging from 1 to 3 m) that fill sheet geom-
etries potentially formed in proximal lobe settings (Lowe
1982; Piper and Normark 1983; Prélat et al. 2009). The
bed thicknesses of these amalgamated beds typically range
from 0.1 to 0.5 m, much thinner than the bed thicknesses of
proximal the lobe facies. In amalgamated beds, some tabular
beds (sheets) are truncated by shallow channel bodies that
are filled with thick-bedded turbidites with a bed thickness
of 0.3-0.5 m (Fig. 11c). Amalgamated sheets/channels may
represent a distributive lobe system, with sandy stacked
sheet and shallow channel elements deposited mainly via
sandy and muddy turbidity currents, as well as hybrid flows
(Pierce et al. 2018). In the Jiucaiyuanzi section, several
shallow channel fills in the amalgamated beds, as shown
in Fig. 11c, may represent progradation of the lobe system,
which is likely a result of a lake-level drop or an increase in
sediment supply (Bernhardt et al. 2017). The shallow chan-
nels in the fan fringe setting indicate sediment bypass further
down dip toward the most distal area (Mueller et al. 2017).
The infill of scour has been interpreted as reworked fine-
grained tails of bypassing flows (Hofstra et al. 2015). The
scour tends to occur in zones of flow expansion, such as lobe
distributary channel termini (Macdonald et al. 2011). The
composite erosion surfaces (scours) in Fig. 11c potentially
indicate sediment bypass down system (Stevenson et al.
2015). The change in flow confinement and a local increase
in the gradient are possible reasons for the development of
the bypass surfaces or scours (Van der Merwe et al. 2014).

5.2 Isolated sheet

Isolated beds constitute the majority of the Lucaogou For-
mation. Isolated sand sheets are thin fine-grained sandy
turbidites characterized by a sheet-like geometry without
scour-and-fill, shallow isolated scours, or other large-scale
erosional surfaces (Fig. 12b—e). Individual fine-grained
sandstone or coarse siltstone is laterally continuous, which
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is based by a flat boundary (Fig. 12b—e). Sheet thickness
is a few tens of cm. Turbidites compose an isolated sheet
(Fig. 12b-e).

Thinner-bedded turbidites that fill unconfined sheets have
been interpreted as interlobe deposits, which were accumu-
lated in fan fringe or lobe-fringe settings (Pickering 1981b;
Carlson and Grotzinger 2001; Baylis and Pickering 2015).
Fan fringe-specific characteristics, such as a flat base, sheet
geometry, lateral continuity, and high proportion of mud-
stone and fine-grained turbidites, represent deposits in a low-
energy setting (So et al. 2013). Thick, laminated mudstone,
left by vertical settling from the lake water column, is con-
sidered as background sedimentation within a basin plain.

Decelerating turbidity currents that become unconfined
due to a loss of in the flow competence and capacity can
form sheet-like sandy deposits (Lowe 1982). Interlobes are
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characterized by an isolated sheet-like geometry and filled
with turbidites and hybrid event beds (Pickering 1981a, b;
Prélat et al. 2009; Pierce et al. 2018). Scour features or iso-
lated scours in isolated sheets do not indicate that the iso-
lated sheet succession accumulated in a depositional zone as
opposed (Van der Merwe et al. 2014; Stevenson et al. 2015).

6 Discussion

6.1 Bed types and flow mechanisms of fan fringe
facies in the Lucaogou Formation

Previous researches on the Lucaogou Formation have
focused on reservoir geology (Kuang et al. 2012; Gao et al.
2016; Wu et al. 2016; Zhao et al. 2017; Cao et al. 2016,
2017; Luo et al. 2018; Su et al. 2018). Thus, the bed type
and architecture study here represents an unreported aspect.

Three bed types were identified in this study, includ-
ing turbidite, hybrid event bed, and slump (Fig. 13). The
dominant turbidites and subordinate hybrid event beds, as
well as similar thin bedded architecture elements of the
Lucaogou Formation, indicate that the deposits represent
fan fringe facies (Fig. 13). Our study shows that the deep
lake succession in the Lucaogou Formation contains stacked
deposits emplaced by a number of flow types, including
high-density turbidity currents, low-density turbidity cur-
rents, and hybrid flows. No terrestrial plant debris or tree
trunks were observed in the turbidites or hybrid event beds,
which precludes a hyperpycnite origin (Zavala and Arcuri
2016). The distal turbidites and hybrid event beds described
here probably evolved from proximal slumps triggered by

Fig. 11 Depositional architecture in the Lucaogou Formation. The
Lucaogou Formation is dominated by amalgamated sheet/channel
and isolated sheets. a Lucaogou Formation Dalongkou section is
composed of amalgamated sheet/channel and isolated sheets as well
as some slump deposits. b Lucaogou Formation in Jiucaiyuanzi sec-
tion also comprises amalgamated sheet/channel and isolated sheets. ¢
Amalgamated beds in Jiucaiyuanzi section

unstable topography, storms, or earthquakes rather than
a hyperpycnal flow. Most turbidite beds and hybrid event
beds of the Lucaogou Formation vary in thickness from a
few centimeters to less than 50 cm (see 4 bed types of deep
water system in the Lucaogou Formation). The thin bed
thickness here is different from numerous thick turbidites
and hybrid event beds, with a thickness of > 1 m in the fan
fringe (Talling et al. 2004; Pierce et al. 2018), which likely
indicates the most distal deposit of the sub-lacustrine fan
(Kane and Pontén 2012).

Due to absence of wave ripples and storm-related struc-
tures (i.e., hummocky and swaley cross-bedding), the depos-
its here are interpreted as deposited in a setting below the
storm wave base, consistent with findings of Carroll et al.
(1998). Peters and Loss (2012) reported that the storm wave
base could be as deep as 200 m. As a result, we suggest that
the deposits here were considered as being deposited in a
deep lake setting, probably with a water depth of >200 m.

6.1.1 Turbidites and their flow mechanism in the Lucaogou
Formation

Abundant mud clasts are present in massive and medium-
coarse grained sandstone beds (Fig. 4c—e). The clasts reveal

Fig. 10 Slump deposits in the Lucaogou Formation. The slump is separated from overlying, conformable strata by a concordant upper contact,
and detached from underlying strata by a flat-lying basal decollement or detachment surface. The flat-lying detachment surface does not show

erosional feature, and the underlying strata is not deformed
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both a high erosional capability and frequent interactions
between high-density turbidity currents and the muddy lake
floor. Current studies suggest that dense flows tend to erode
substrates when reaching areas of unconfinement (Pohl et al.
2019). The fan fringe setting corresponds to the type of a set-
ting where the lobe distributary channels begin to disappear
and turbidity currents erode the substrate. The isolated sheet
and shallow sub-lacustrine channels here, with a width/depth
ratio of > 10, confirm the widening and disappearance of
the channels. Turbidity currents can experience significant
changes due to the incorporation of mud clasts in fan fringe
settings because the partial disaggregation of mud clasts can
potentially be a key to the suppression of turbulence and
modifications to the flow behavior (Haughton et al. 2009).
Mud clasts, however, were not observed in the low-density
turbidite in Lucaogou Formation, which is likely because
that low-density turbidity currents cannot erode substrates
due to their low concentrations.

The appreciable current ripple cross-laminated sandstone
observed in the fan fringe facies (low-density turbidite)
records flow dilution (Fig. 13), which represents the down-
dip equivalent of an up-dip high-concentrated flows due to
a decrease in the flow concentration with a flow runout. The
distal diluted trailing current tails can partition or runout
from the high-density turbidity current or hybrid sediment
gravity flows (Davis et al. 2009). More specifically, current
ripple laminated sandstones are typically observed in off-
axis and fringe settings (Hodgson 2009).

6.1.2 Hybrid event beds and their flow mechanism
in the Lucaogou Formation

Hybrid event beds are an important component of deep
water fan fringe facies (Talling et al. 2004; Haughton et al.
2009; Kane and Pontén 2012). Several origins have been
proposed to explain hybrid event beds, including (1) the par-
tial transformation from a debris flow and the generation of
a forerunner turbidity current (Haughton et al. 2003; Talling
et al. 2004); (2) sea-floor erosion and flow bulking (Talling
et al. 2004); (3) the loading of an adjacent slope and the
generation of a slump or debris flow (Pierce et al. 2018); and
(4) the deceleration of a transitional flow (Marr et al. 2001;
Kane and Pontén 2012).

The bed thickness of hybrid event beds in the Lucaogou
Formation is less than 50 cm. The hybrid event beds in the
Lucaogou Formation are characterized by nearly subequal
proportions of a massive lower sandstone and argillaceous
upper divisions or greater proportions of chaotic muddy
divisions (Fig. 9). Three- or four-division beds are typical.
The majority of the hybrid event beds (ca 70%) contain the
H3 division, with chaotic distributed cm-scale mud clasts
and without large blocks inside (Fig. 9b), while other hybrid
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event beds (ca 30%) are characterized by large blocks that
characterize the H3 division (Fig. 9a). The hybrid event beds
with large blocks are associated with amalgamated beds,
whereas hybrid event beds without large rafted blocks domi-
nate the isolated sheet architecture.

The thin-bedded character of the hybrid event beds con-
firms a fan margin setting (Pierce et al. 2018). Energetic
flows, capable of locally overloading and eroding the lake
floor, generated the large blocks, carrying them relatively
short distances before arresting (Fonnesu et al. 2018). The
hybrid event beds, with floating mud clasts and absent of
large blocks (Fig. 9b), were likely deposited by less ener-
getic flows and represent down-dip equivalent expressions
of hybrid event beds with large blocks. Erosional bulking
is proposed here to interpret hybrid event beds with large
blocks (Fonnesu et al. 2015, 2018). Rapid deceleration of the
hybrid flow and longitudinal transformation, due to lateral
hydrodynamic fractionation of clay and flaky particles, were
potentially responsible for the formation of hybrid event
beds without rafted blocks here (Haughton et al. 2003; Baas
et al. 2011; Pyles et al. 2013). In fan fringe settings, a greater
or sub-equal proportion of the debrite division indicates that
the sandy lower bed division (H1) begins to thin and the
linked debris flow component (H3) outran the forerunner
sandy turbidity current. Thus, hybrid event beds imply a
further down—dip position of the lobe and lobe fringe of the
main sandy fairway (Pierce et al. 2018).

Far-travelled hybrid flows tend to exhibit significant pro-
portions of transitional flow deposits (H2 division) such as
the Britannia Sandstone and Wilcox formations (Lowe and
Guy 2000; Kane and Pontén 2012). Contrary to an abun-
dant H2 division that exhibits a long runout, the absence of
banded beds (H2 division) in the Lucaogou Formation prob-
ably indicate that distal partitioning of the flow into cohesive
and turbulent component occurred over a small length scale
(Haughton et al. 2009; Fonnesu et al. 2015). Flows that par-
tition over short length scales in smaller submarine fans, i.e.,
size of less than 20 km, inhibit the occurrence of transitional
flow deposits (banded beds) (Haughton et al. 2009; Kane
and Pontén 2012). Thus the lack of H2 division here likely
indicates a short length scale in the small sub-lacustrine fan.

In the hybrid event beds, the debrite division (H3 divi-
sion) contains mudstone and sandstone fragments (up to the
decimeter scale) surrounded by a matrix. Thus, this division
is extremely heterogeneous.

6.1.3 Slump and its flow mechanism in the Lucaogou
Formation

The example in this study also underlines the importance of
syndepositional processes in the fan fringe settings includ-
ing slumps and brittle deformation (Figs. 5, 10). Slump and
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Fig. 12 Depositional architecture in the Lucaogou Formation. a Amalgamated sheets. b—e Isolated sheets. The bed thickness ranges from a few
cms to 40 cm. Most isolated sheets were filled with turbidites
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brittle deformation were potentially generated by high shear 6.2 Implication for heterogeneity in the fan fringe

stress, which was exerted by the turbidity currents or hybrid facies
flows. Deformation within the Lucaogou Formation suggests
that the lake floor on which it was deposited was unstable. Thin-bedded isolated beds represent the majority of the

event beds encountered in the Lucaogou Formation (Fig. 3).
Thin-bedded sand beds represent an interlobe deposit in the
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fan fringe facies (Fig. 14). The interlobe deposit (thin-bed-
ded beds) in the Lucaogou Formation accounts for ca 70% of
the fan fringe facies, which shows that the fan fringe deposit
is dominated by heterolithic facies. In comparison with the
lobe axis and lobe off-axis, the thin sandstone bed thickness
and the low sandstone amalgamation of the isolated beds
here in the Lucaogou Formation (fan fringe facies) result in
a worse reservoir quality. Thus, the fan fringe facies herein,
as well as based on the existing literature (Haughton et al.
2003; Spychala et al. 2017a, b), may not be an appropriate
target for energy exploration and exploitation.

The fan fringe deposits described herein contain both
homolithic facies (sandprone thick-bedded sand beds) and
heterolithic facies (thin—bedded sand beds interbedded
with silt beds) (Fig. 14). Although sandprone thick-bedded
beds contain 30% to 40% hybrid event beds in our study
and hybrid beds probably decrease the reservoir quality
(Spychala et al. 2017a, b), the thick-bedded beds here were
considered as homolithic facies, because homolithic facies
is defined based on bed amalgamation and bed thickness
(> 30 cm thick) (Etienne et al. 2012). Thick-bedded beds
represent amalgamated fan fringe elements (Fig. 14). If
thick-bedded and amalgamated beds comprise more than
50% of the hybrid event beds, it is best to evaluate the reser-
voir porosity and permeability before classifying it as homo-
lithic facies, because the hybrid bed probably significantly
decreases the reservoir quality. The flow type controls the
lobe bed formation and lobe element-scale heterogeneities
(Amy et al. 2009). Larger-scale heterogeneities (lobe scale)
depend on both flow types and external factors, includ-
ing sea-level change, sediment supply, and climate change
(Etienne et al. 2012; Spychala et al. 2017a).

7 Conclusion

Key findings on the character of the bed types in the Luca-
ogou Formation are as follows (summarized in Figs. 13, 14):

The Lucaogou Formation outcrop consists of low-
density turbidites, high-density turbidites, other turbidite
types, hybrid event beds, and slump deposits. High- and
low-density turbidites constitute the major bed types of the
Lucaogou Formation.

The hybrid event beds in the Lucaogou Formation
reflect the flow transformation through flow decelera-
tion and flow bulking, as well as increasing flow viscosity
and interaction between the depositing flow and muddy
lake floor.

Isolated sheets comprise the majority of the Lucaogou
Formation. Thin- to medium-bed thicknesses (mostly rang-
ing from 0.1 to 0.5 m) and sheet geometries suggest that
the Lucaogou Formation represents fan fringe deposits.
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These were formed mainly via turbidity currents and sup-
plemented by hybrid flows and slumps.

In amalgamated beds, erosion also occurs in fan fringe
settings due to the abundant mud clasts and scours in the
amalgamated architectures, which is likely due to the pro-
gradation of the lobe system.

The fan fringe deposit in the Lucaogou Formation com-
prises amalgamated, thick-bedded homolithic facies and
thin-bedded heterolithic facies. Heterolithic facies consti-
tutes the majority of the successions, which indicates that
the fan fringe deposit forms these heterogeneities.
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