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rAbstract N

Deep-marine and deep-lacustrine reservoirs have been targets for conventional and unconventional oil and gas
exploration and development for decades. Thickening-upward cycles in the deep-marine Carboniferous Ross
Sandstone Formation outcrops in western Ireland and the deep-lacustrine Triassic Yanchang Formation outcrops in
southeast Ordos Basin have been investigated and correlated in this study. Typical thickening-upward cycles
consisting of, from bottom to top: (1) laminated shales/shales with interbedded siltstone beds; (2) interbedded
sandstones/siltstones and mudstones; (3) structureless massive sandstones, are well recognized in these outcrops
and are interpreted as turbidite lobes. A continuously prograding lobe-element model is proposed to explain the
repeated stacking of thickening-upward cycles. Thickening-upward cycles developed within deep-marine and deep-
lacustrine environments are highly comparable in many aspects, such as sedimentary structures, sheet-like
geometries and amalgamation features. A frequent and strong degree of amalgamation is developed within the
massive sandstone at the top of each thickening-upward cycle, suggesting a layer-by-layer depositional manner.
Field observations and comparison with deep-marine counterparts support the occurrence of turbidity flows in the
Yanchang Formation, Ordos Basin.

Keywords: Thickening-upward cycle, Deep-marine turbidite, Deep-lacustrine turbidite, Yangchang Formation, Ordos
Basin, Kilbaha Bay

1 Introduction

Deposits resulting from deep-marine gravity flows can be
identified into a “thickening-upward cycle (TUC hereinafter)”
pattern in a vertical profile (Mutti and Normark 1987; Mac-
donald et al. 2011; Grundvag et al. 2014), with an upward
transition of shales to interbedded shale-sand to thick
massive sandstones. TUC depicts a general vertical trend but
does not suggest every overlying bed is thicker than its
underlying bed. Since first observed and discussed by Mutti
(1974), such thickening-upward cycles have been
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continuously observed in many deep-marine turbidite suc-
cessions around the globe. TUC is observed in both outcrops
and cores. Widely studied examples include the Pleistocene
fans in Kutai Basin (Saller et al. 2008), the Permian Skoor-
steenberg Formation in Karoo Basin (Prelat et al. 2009), the
Cretaceous fans in Magallanes Basin (Bernhardt et al. 2011),
the Carboniferous Ross Sandstone Formation in Clare Basin
(Macdonald et al. 2011; Pyles et al. 2014), the Paleogene Wil-
cox Formation in the Gulf of Mexico (Kane and Ponten
2012), and the Eocene Central Basin of Spitsbergen (Grund-
vag et al. 2014).

Since the 1990s, deep-lacustrine gravity flow depos-
ition has attracted attention from both academia and in-
dustry. Gravity flows in the deep-lacustrine environment
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can lead to deposition of sediments with similar sedi-
mentological characteristics as the deep-marine counter-
part (Mulder et al. 2003; Meiburg and Kneller 2010).
Depositional elements of deep-lacustrine deposition in-
clude slump, channel, levee and lobes (Zhang and Scholz
2015), which are similar to the well-acknowledged deep-
marine deposition (e.g. Posamentier and Kolla 2003).
Published studies on gravity flows in terrestrial lakes in-
clude Malawi Lake (Scholz et al. 1990; Soreghan et al.
1999), Reconcavo Lake (Bruhn 1999), Baikal Lake (Nel-
son et al. 1999), Tahoe Lake (Osleger et al. 2009), Kivu
Lake and Albert Depression (Zhang and Scholz 2015).
Meanwhile, a tremendous amount of petroleum has
been exploited from clastic reservoirs accumulated by
deep-lacustrine gravity flows in China. Published exam-
ples include Songliao Basin (Feng et al. 2010), Bohai Bay
Basin (Zhang 2004; Li et al. 2014), Ordos Basin (Zou
et al. 2012) and Junggar Basin (Song et al. 2015). In the
Ordos Basin, a single deep-lacustrine gravity flow reser-
voir in the Triassic Yanchang Formation has an area of
more than 3000 km? with the estimated geological re-
serve of more than 1 x 10% tons (Zou et al. 2012). In the
Songliao Basin, deep-lacustrine turbidite lobes can ex-
tend 70 km in length, with an area of more than 2100
km? (Feng et al. 2010), suggesting that despite the much
shallower depth than deep-sea, gravity flows in deep-
lakes can form depositional bodies of similar size.

Although TUC was described in many deep-marine
turbidite successions, its origin as to whether it’s an indi-
cator of turbidite deposition remains unknown. Some re-
searchers suggested that TUC was the product of deep-
marine turbidite progradation or compensational stack-
ing (e.g. Mattern 2002; Grundvag et al. 2014), while
others argued that thickening-upward of individual beds
in deep-marine turbidites can be subjectively defined
and hence cannot be used as criteria for the identifica-
tion of submarine-fan environments (e.g. Chen and His-
cott 1999). Furthermore, studies on TUCs in deep-
lacustrine gravity deposition are scarce, consequently,
the complex interplay of sandy debris flows, hyperpycnal
flows and turbidity flows in deep-lacustrine environment
requires further work (Zou et al. 2012; Li et al. 2016;
Shanmugam 2016; Yang et al. 2017). Therefore, the ob-
jectives of this study are to (1) explore the occurrence of
TUC in deep-marine and deep-lacustrine deposition; (2)
compare the TUC formed in deep-marine and deep-
lacustrine deposition; (3) investigate the origin of TUC
in deepwater environment; and, (4) discuss the deposi-
tional mechanism of deep-lacustrine gravity flows.

2 Data and methods

The Carboniferous Ross Sandstone Formation in Clare
Basin crops out in Kilbaha Bay, western Ireland, has
been widely studied and deemed as classic deep-marine
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turbidite sedimentation outcrops (Pyles 2008). This unit
was herein chosen in this study for analyzing the TUC
in deep-marine turbidites (Fig. 1). Namurian deposition
of the Clare Basin consists of basal deepwater shales (the
Clare Shale Formation), followed by turbidite sand-rich
submarine fan deposits (the Ross Sandstone Formation),
unstable muddy delta—slope deposits (the Gull Island
Formation), and fluvial-deltaic shelf margin cyclothems
(up to five). The Ross Sandstone Formation is mainly
composed of fine-grained sandstones, subordinate lami-
nated shales, and slump/slide deposits of mixed lith-
ology. Turbidite deposits exposed in Kilbaha Bay
generally show an east-west strike, where previous re-
searchers demonstrated that the palaeoflow was gener-
ally from south to north (e.g. Lien et al. 2003; Pyles
2008). This implies that the continuous outcrops are lo-
cated perpendicular with respect to the sediment supply
direction, which permits a detailed bed-to-bed correl-
ation. Based on 10 sedimentary logs each covering 10—
40 m continuous deposits, the bed-to-bed correlation
was carefully walked through and examined.

The Triassic Yanchang Formation in Ordos Basin ex-
posed in Shaanxi Province was chosen to study the TUC
in deep-lacustrine turbidites (Fig. 2). Deep-lacustrine
sandstone facies within the Yanchang Formation were
widely reported (e.g. Zou et al. 2012; Li et al. 2015). The
Yanchang Formation unconformably covers the under-
lying Zhifang Formation and is in turn unconformably
overlain by the Jurassic Fuxian Formation (Fig. 2). This
unit is traditionally divided into ten oil members, ran-
ging from Chang 1 to Chang 10 (Fig. 2c).

The deposition of the Chang 7 oil member is associated
with the maximum water level in the lake. In this member,
gravity flow deposits comprise thick sandstones and shales
(Zou et al. 2012; Fu et al. 2013), which have become im-
portant targets for conventional and unconventional oil
and gas exploration and development (e.g. tight sandstone
and shale; Zou et al. 2012). Nine outcrop logs were
measured at three different outcrop localities including
Shijiachuan, Yangmahe of Zichang County, Yan'an City,
and Yaoqu of Yao County, Tongchuan City (Fig. 2b).

3 Results

3.1 Thickening-upward cycles in deep-marine
environment

Within the Ross Sandstone Formation exposed at the
Kilhaba Bay, thickening-upward cycles can be recognized
continuously in a vertical profile (Figs. 3, 4). From bot-
tom to top, a typical thickening-upward cycle (TUC) in-
cludes three intervals (Fig. 3a): Interval 1 — Laminated
shales/shales with fine-grained siltstone beds (Fig. 3b).
Horizontal laminations are generally developed within
this interval. Interval 2 — Interbedded thin sandstones/
siltstones and mudstones, where climbing ripples/
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Fig. 1 a Map of Ireland and location of Kilbaha Bay in western Ireland; b Geological map of Kibaha Bay and location of outcrop logs (modified
after Pyles 2008); ¢ Satellite map showing the outcrops where outcrop logs were measured

parallel lamination often develop within the sandy part
(Fig. 3c). Interval 3 — Structureless massive sandstones
(Fig. 3d) with a strong degree of amalgamation (Chapin
et al. 1994; Zhang et al. 2017a). Load structures often
occur at the base (Fig. 3e). This last interval can be as
thick as about 3-4m comprising a seemingly single
thick sandstone bed which is transitioned laterally into
several thinner sandstone beds interbedded with shales
(de-amalgamation). Overall, such a thickening-upward
cycle is 0.5-7.0 m thick and can laterally extend several
hundreds of meters to a few kilometers. A unique sedi-
mentary structure occurring within the deep-marine
thickening-upward cycles is the “megaflute” (see Lien
et al. 2003), which generally occurs at the top of the
thick massive sandstone bed but is “repaired” by the
basal shales of the next thickening-upward cycle. Mega-
flutes can erode into the underlying beds more than 2 m.

A thickening-upward cycle is characterized by an up-
ward increase in grain size and therefore it is also called

“coarsening-upward cycle”, and by an upward increase
in the frequency of appearance of sedimentary struc-
tures, such as wavy lamination, parallel lamination, load
structures, dish structures and flame structures. Notably,
it is characterized by an upward increase of sand/mud
ratio and sandstone amalgamation (Zhang et al. 2017a),
suggesting a more proximal location with a turbidity
flow during deposition, and much higher flow velocity
and higher turbulence. Megaflutes implying erosion and
flow bypass which are often developed within the upper
part of a thickening-upward cycle, occasionally form
within the middle Interval 2 with interbedded sand-
stones and mudstones, and are absent within the basal
interval. This also implies the overall increasing flow en-
ergy within a thickening-upward cycle.

The distribution and mechanism for the formation of
thickening-upward cycles and megaflutes in the Ross
Sandstone Formation were widely debated. Explanations
range from turbidite channel-wing model (Elliott 2000),
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Fig. 2 a Map of China (modified according to the standard map GS(2016)2923 available on the official website of National Geomatics Center of China)
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spill-over lobes at bends of sinuous turbidity channels
(Lien et al. 2003), aggrading lobes with scours at chan-
nel-lobe transition zones (Chapin et al. 1994; Pyles
2008), to prograding lobe-elements with scours at prox-
imity to channels (MacDonald et al. 2011). In the
current study, deposits arranged in thickening-upward
cycles are interpreted as turbidite lobes, based on sedi-
mentary structures, laterally extensive sheet-like geom-
etry, repeated presence of thickening-upward cycles and
megaflute surfaces in channel-lobe transition zones.
Despite different interpretations, thickening-upward cy-
cles have continued to be recognized in the Ross Sand-
stone (Fig. 4). For the 16.6 m-thick sedimentary Log 9
(Fig. 1), 13 thickening-upward cycles are continuously
stacked with thickness of each cycle ranging from 1 m to
7 m (Fig. 4). In other nine sedimentary logs, such TUC
also stacks in a continuous manner, except when
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turbidite channel appears with strong erosional surfaces
and abundant mud-clasts, which typically displays a ver-
tically thinning-upward pattern.

3.2 Thickening-upward cycles in deep-lacustrine
environment

Gravity flow deposits of the Yanchang Formation ex-
posed in Shijiachuan, Yangmahe, and Yaoqu areas are
generally less than 1km wide due to local topography
and vegetation cover. They are not as well exposed as
the Ross Sandstone Formation in Kilbaha Bay (> 10 km),
making detailed bed-to-bed lateral tracing difficult. Typ-
ical sedimentary structures within Chang 7 oil member
sandstones are mainly flame structures and load casts,
flute casts and other sole marks (Fig. 5a), parallel lam-
inae, climbing ripples and horizontal laminae. Bouma se-
quences and normal grading can be recognized (Fig. 5b).

Fig. 3 a A typical thickening-upward cycle (TUC) in the Ross Sandstone Formation, Kilbaha Bay, including: b Interval 1 — Laminated shales/shales

with fine-grained siltstone beds; ¢ Interval 2 — Interbedded thin sandstones/siltstones and mudstones; and, d Interval 3 — Structureless massive
sandstones with strong degree of amalgamation; e Load structure at base of a thick sandstone bed. White arrow in d shows its location. Note
the 0.25 m yellow ruler for scale
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Mud clasts (up to 50 cm in diameter) are developed, espe-
cially within the basal part of massive sandstones (“mud-
coated intraclast” as in Li et al. 2016), suggesting gravity
flow deposition. Within the massive sandstones, amalgam-
ation surfaces are widely developed based on the observa-
tion that shale layers with stable thickness pinch out
abruptly (Fig. 5c). This particular phenomenon is similar
to amalgamations observed in deep-marine turbidites in
terms of sizes and shapes, suggesting the layer-by-layer
deposition mechanism of such massive sandstones. In fact,
such massive sandstones are reported as being stacked
and composed of multiple thin sandstones that can reach
thickness greater than 10 m and lateral extension larger
than several kilometers (e.g. Zou et al. 2012), and therefore
forming favorable reservoirs.

Thickening-upward cycles are well recognized within
gravity flow deposits of the Yanchang Formation at all
the three studied outcrops in southeast of Ordos Basin.
In Shijiachuan area, a recently opened quarry allows the

observation of fresh outcrops of the Yanchang Forma-
tion. Four thickening-upward cycles with thickness ran-
ging from 0.5m to 2.0m are stacked in a continuous
way (Fig. 6a). Sandstones are mainly fine-grained. The
thickness of a single massive sandstone bed can reach 3 m.
In the 2 m-thick TUC 3 (Fig. 6a), several sandstone amal-
gamation surfaces can be clearly observed within the
massive sandstone at its upper part, implying a strong de-
gree of erosion when the sands were deposited. Mean-
while, all the bases of sandstone beds and shale beds are
flat and parallel and can extend laterally for a distance of
at least of 800 m without apparent signs of pinch out
(based on observation in the quarry), suggesting that these
are deep-lacustrine lobes, in contrast to deep-lacustrine
channels characterized by irregular bed bases and irregular
erosional surfaces. The lateral extension of channels is
generally less than 500 m (Feng et al. 2010).

In Yaoqu area, Yao County of Tongchuan City, five
thickening-upward cycles are recognized with thickness
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Fig. 5 Field photographs of sedimentary structures in the Yanchang Formation, Ordos Basin. a Sole marks at the base of a thick sandstone bed at
Shijiachuan outcrop; b Bouma sequence at Yangmahe outcrop. Ta: Massive sandstone showing normal grading, Th: Parallel lamination, Tc: Wavy
lamination, Te: Deep-lacustrine shales, Td was absent; ¢ Bed amalgamation within thick sandstones at Yaoqu outcrop

ranging from 0.9 m to 3.5 m (Fig. 6b). The succession is
dominated by yellow-grey fine-grained sandstones and
black-grey shales. Deep-lacustrine channel deposits show
clear erosional surfaces (red dashed lines in Fig. 6b) that
erode into TUC 3. This channel is characterized by an
overall thinning-upward pattern, with thick sand-
stones characterized by irregular erosional surfaces

and abundant mud clasts transiting upward into in-
terbedded thin sandstone/siltstones and mudstones.
Unlike the other two outcrops of the Yanchang For-
mation discussed in this study, successions featured
by low sand/mud ratio interbedding sandstone/silt-
stones and mudstones are recognized in this outcrop
(overlying TUC 5). Sandstone beds in this outcrop
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Fig. 6 Outcrop photos showing stacking of continuous thickening-upward cycles in the Yanchang Formation, Ordos Basin. a Four thickening-
upward cycles with apparent sandstone bed amalgamation at Shijiachuan outcrop; b Stacking of five thickening-upward cycles (0.9-3.5 m thick)
and one channel (3m thick) at Yaoqu outcrop, black dashed lines show boundaries of each thickening-upward cycle; ¢ Stacking of five

are generally thin (<0.2m). This outcrop does not
display any specific vertical thickening- or thinning-
upward pattern and is interpreted as overbank de-
posits or a distal part of deep-lacustrine lobes.
Within these five thickening-upward cycles (Fig. 6b),
typical gravity flow deposits showing complete
Bouma sequences and load structures are recognized,
together with abundant sandstone amalgamations.
They are interpreted as deep-lacustrine turbidite lobe
deposits.

In Yangmahe area, five thickening-upward cycles are
recognized with thickness ranging from 0.5m to 3.5m
(Fig. 6¢). Within each TUC, the overall thickening-

upward pattern is obvious, amalgamation surfaces
are frequently developed. Sandstone beds are 0.3—
2.5m thick with tabular top surfaces and bases.
Parallel laminations, wavy laminations are developed
within sandstones, and load casts are developed at
sandstone bases. Mudstones are relatively thin
(0.05-0.20 m), and are disposed parallel with re-
spect to sandstone beds and can maintain their
thickness for more than 1km. Near this outcrop, a
deep-lacustrine channel which is inferred to be de-
veloped at the top of the upper TUC 5 is also ob-
served, showing entirely different sedimentary
characteristics, such as irregular bed bases and rip-
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up mud clasts. This channel is discussed in detail
in the following section.

4 Discussion

4.1 Interpretation of deep-lacustrine turbidite lobes

4.1.1 Terminology of turbidity flows and turbidite lobes
Since the 1970s, based on rheology and dominant clast-
support mechanism, sediment gravity flows have been
generally classified into turbidity flow, liquified flow,
grain flow, debris flow and mud flow (e.g. Middleton
and Hampton 1973; Lowe 1982). Notably, turbidity flows
are further classified into “high-density turbidity flow”
and “low-density turbidity flow”. Their resulting deposits
shows vastly different sedimentary characteristics (e.g.
Lowe 1982). Meanwhile, other terms such as “subaque-
ous sediment density flow” are also widely used (e.g. Tal-
ling et al. 2012, 2015). Up to the present, few studies
have defined specific density values for different gravity
flows. An exception is Pratson et al. (2000) who claimed
that debris flows typically range in density between
1200 kg/m?® and 2000 kg/m?>, turbidity flow has a density
of 1111 kg/m? assuming a bulk concentration of 5%, and
seawater has density of 1030 kg/m?, while “10% of con-
centration is the maximum a turbidity current can
reach” (Pratson et al. 2000). However, to distinguish
types of gravity flows based on density may be difficult,
since (1) it is difficult to directly measure the flow dens-
ity during deposition; (2) density is possibly changed by
salinity, temperature and pressure of water (Feng 2019).
Detailed discussion on defining types of gravity flows is
beyond the scope of the current study. Instead, the
widely used term “turbidity flow” and resulting “turbid-
ite” are applied throughout this study.

According to the widely cited research of Mutti and
Normark (1987), the main characteristics of ancient
deep-marine turbidite lobe deposits include tabular, par-
allel and laterally extensive beds, with specific character-
istics such as grading structure and Bouma sequences,
resulting in sandstone packages organized into super-
posed thickening-upward sequences, where many indi-
vidual sandstone beds are amalgamated.

Deposits of the Yanchang Formation exposed at these
three locations are interpreted as deep-lacustrine turbid-
ite lobes, based on (1) typical sedimentary elements (i.e.
graded beds, sole marks at bed bases, Bouma sequences)
that resulted from turbidity flows; (2) sheet-like geom-
etry inferred from laterally extensive sandstones and
mudstones with flat, parallel bases; (3) repeated presence
of thickening-upward cycles; (4) frequent amalgamation
surfaces within massive sandstones implying a layer-by-
layer deposition; and, (5) resemblance with deep-marine
turbidite lobes described above and difference with
deep-lacustrine channel-fill deposits. Such difference
leads to an accumulation of sediment gravity flows (i.e.
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turbidite lobe and turbidite channel) within a deep-
lacustrine environment.

4.1.2 Sandstone bed amalgamation

Sandstone amalgamation depicts the phenomenon that
overlying sandstone beds are directly in contact with the
underlying sandstone beds. The mud-prone barriers are
absent, which could have resulted from erosion, pinch-
out or non-deposition. This phenomenon has been rec-
ognized and reported in both fluvial and deepwater envi-
ronments (e.g. Chapin et al.1994; Mattern 2002; Zhang
et al. 2017a). Sandstone bed amalgamations are of sedi-
mentary significance in terms of predicting sedimentary
environment and sandstone stacking pattern. Within a
single turbulent flow with a lobate-like geometry, the
flow energy decreases from the center to the fringe with
a radial pattern. This decelerating feature of sediment-
laden flow has been discussed earlier and interpreted as
“jet flow” (Hoyal et al. 2003) and/or “quasi-steady hyper-
pycnal flow” (Zavala et al. 2006). Based on the laboratory
experiment, Hoyal et al. (2003) identified three zones
(Fig. 7), from proximal to distal, characterized by bypass,
bed load, and suspension, respectively. Based on detailed
outcrop characterization, Zavala et al. (2006) recognized
three phases of a hyperpycnal flow, also from proximal
to distal, including accelerating phase (AP), erosion-
plus-bypass phase (EP), and deceleration phase (DP).

Despite different interpretations of flow mechanisms,
all these studies suggested that the flow energy, grain
size, erosive capacity, and sand/mud ratio decrease
downflow (Fig. 7b). Consequently, thick massive sand-
stones with laterally extensive amalgamations are depos-
ited at more proximal region. Several thin sandstone—
mudstone interbeds transiting gradually or abruptly into
single massive sandstone, form the most obvious amal-
gamation within deep-marine turbidite lobes. In con-
trast, more distal flows lead to the deposition of
interbedded thin sandstone beds and thick mudstone
beds, during which, both sand/mud ratio and degree of
amalgamation decrease. Such amalgamations are widely
recognized within deep-marine turbidite lobes and deep-
lacustrine lobes as discussed in the previous section.
Within deep-lacustrine lobes where amalgamations
occur, the shale layers are abruptly eroded away, yet
when examining them laterally, they are generally exten-
sive and have a stable tabular shape, which suggests that
they were deposited in a layer-by-layer manner, rather
than “freezing” en masse (Zou et al. 2012).

Within a thickening-upward cycle, the degree of amal-
gamation also increases upward in the upper part of a
TUC; a high degree of amalgamation occurs, resulting in
an amalgamated massive sandstone that can reach a
thickness higher than 3 m. No amalgamation occurs in
the basal shale-dominated part, whereas the degree of
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amalgamation in the middle part of a TUC is moderate.
Such an upward increase in the degree of amalgamation
makes the thickening-upward pattern more obvious. Al-
though no megaflute is observed within deep-lacustrine
lobes, the fact that megaflutes only appear in the upper
part of a deep-marine thickening-upward cycle also sup-
ports the mechanism of prograding.

4.1.3 Deep-lacustrine turbidite channels

Deep-lacustrine turbidite channel-fill deposits are ex-
posed in both Yangmahe and Yaoqu areas. However, be-
cause of the inaccessibility to the Yaoqu area, only the
turbidite channels exposed in Yangmahe, near the out-
crop shown in Fig. 6c¢, are discussed here. The channel
deposits are filled by yellow-grey fine-grained sandstones
and grey shales (Fig. 8). Multiple erosional surfaces can
be recognized, including small-scale irregular sandstone
bases but with little erosion and large-scale erosional
surfaces eroding underlying units. Sandstones are 0.1-
1.0m thick with irregular base and abrupt lithological
pinch-out, and sedimentary structures such as dish
structures, parallel laminations, and wavy laminations
are developed. Rip-up mud clasts parallel with beddings
are widely distributed, suggesting strong erosion of
channelized turbidity flows into underlying mudstones.
In a vertical profile, the channel has a concave-upward
geometry and a thinning-upward pattern, with a ~0.5m
massive sandstone bed transiting into thin interbedded
sandstones/siltstones and draping shales. Laterally, al-
though covered by vegetation, the channel width is in-
ferred to be less than 400 m. The channel deposits in
Yangmahe area have some similar characteristics with
the turbidite channel deposits reported in deep-
lacustrine Songliao Basin (e.g. Feng et al. 2010) and
deep-lacustrine Bohai Bay Basin (e.g. Chen et al. 2009).
However, they differ from those deep-lacustrine turbidite
lobe deposits described above, in terms of their dimen-
sion, bed geometry, vertical stacking pattern, and, wide
distribution of mud clasts.

In summary, the interpretation of deep-lacustrine tur-
bidite lobes in this study is supported by (1) similarities
with deep-marine turbidite lobes including typical gravity-
flow sedimentary structures, sheet-like geometry, amal-
gamations within massive sandstone beds, and most not-
ably, the repeatedly stacked thickening-upward cycles; and
(2) difference from deep-lacustrine turbidite channel-fills.

4.2 Origin of thickening-upward cycles

A thickening-upward cycle depicts a systematic thicken-
ing of beds upward on a 1D profile and is recognized
both in deep-marine and deep-lacustrine environments.
“Compensational stacking” (Mutti and Sonnino 1981),
which suggests later deposition tends to “avoid” the
highs and “favor” the lows created by older lobes, has

Page 11 of 16

been considered to account for the formation of TUC
(Mutti and Sonnino 1981). Compensational stacking de-
veloped at various scales of lobe deposition, from beds to
lobe complexes, has been widely reported (e.g. Mutti and
Sonnino 1981; Gervais et al. 2006; Deptuck et al. 2008; Pre-
lat et al. 2009; Straub and Pyles 2012; Pyles et al. 2014;
Zhang et al. 2015). However, compensational stacking
might not necessarily lead to ubiquitously repeated
thickening-upward cycles. Using statistical analysis, some
researchers argued that no consistent vertical pattern exists
for turbidites (e.g. Hiscott 1981; Chen and Hiscott 1999).
Instead, Macdonald et al. (2011) proposed a continual pro-
gradation lobe element deposition model for the Ross
Sandstone Formation, to interpret the repeated thickening-
upward cycles and the associated “megaflutes” (see Mac-
donald et al. 2011 for a detailed discussion). Such a lobe
element progradation mechanism has been supported and
cited by many researchers (e.g. Mutti and Normark 1987;
Shanmugam and Moiola 1988; Mattern 2002; Grundvag
et al. 2014; Pyles et al. 2014). This study also favors this in-
terpretation. The degree of amalgamation increases upward
along with the increasing grain size and larger bed thick-
ness, suggesting that flow energy increases at-a-point. This
can result from a progressively enhanced flow volume and
energy, while turbidity flow progrades downward.

At a specific point, when an up-dip turbidity flow was
initiated (t;, Fig. 9a), the arrival of the most distal fringes
of turbidity flow results in the deposition of laminated
shales (Fig. 10e). Distal fringe is mud-dominated due to
the limited flow energy which is insufficient to generate
erosion and thus accumulate laminated shales with no
erosional features nor amalgamations. As the turbidity
flow progrades, shales with thin interbedded sandstones/
siltstones are deposited, while the sand/mud ratio is still
low. With further progradation, the medial part of the
turbidity flow (t,, Fig. 9b) characterized by higher sedi-
ment concentration and higher flow energy results in
the deposition of interbedded sandstones and shales/silt-
stones, and the sand/mud ratio increases (Fig. 10d).
Wavy laminations, parallel laminations are developed, also
with local bed amalgamations. The deposition of thick
massive sandstones with a high degree of amalgamation
implies that the proximal part of turbidity flow (ts, Fig. 9¢)
has the highest sediment concentration and flow energy.

High flow velocity leads to fast amalgamations while
fine-grained muds are elutriated. Consequently, fine-
grained particles within the turbidity flow cannot settle,
resulting in deposition of highly amalgamated, thick,
massive sandstones with nearly 100% sand fraction
(Fig. 10c). At the proximal part, the flow energy is so
high that it can erode the underlying soft, muddy sub-
strates, forming typical sedimentary structures such as
sole marks. Irregular scours and floating mud clasts are
occasionally developed. The highest bypass intensity and
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erosional energy occur within the channelized turbidity
flow, near up-dip feeder channel mouth. Consequently,
bypass features like megaflutes and large-scale erosional
surfaces are developed (Fig. 10a), with shallow channel
typically showing thinning-upward pattern developing at
the top of the lobe (Fig. 8a; Fig. 9¢). A thickening-upward
cycle is therefore formed. Finally, turbidity flow avulsion
takes place (t, Fig. 9¢), and suspended fine-grained shales
are deposited due to sedimentation hiatus. When another
turbidity flow is initiated, another thickening-upward cycle
will be formed. It is interpreted that this forming mechan-
ism can be applied to explain the origin of both deep-
marine and deep-lacustrine turbidites.

Prelat et al. (2009) proposed a hierarchical organization
of deep-marine turbidites from beds, to lobe elements, to
lobes, and to lobe complexes. The thickening-upward
cycle discussed in the current study generally takes place
at a lobe element scale. Towards the distal part of a lobe
element, beds can be locally disorganized, and the

thickening-upward trend may become less apparent at a
lobe scale, then a full range of bed thickness stacking pat-
terns (thickening upward, thinning upward and the mix-
ture of both) could occur, perhaps resulted from complex
stacking of different lobe elements.

4.3 Implication for deep-lacustrine depositional models
4.3.1 Comparison to deep-marine turbidite model

At least two depositional elements resulted from deep-
lacustrine gravity flows are recognized: (1) turbidite
lobes and (2) turbidite channels. Although slumps are
not recognized in the current study, many slumps have
been reported within the Yanchang Formation (e.g. Zou
et al. 2012). Meanwhile, the classification of depositional
elements occurring in the Ross Sandstone Formation is
widely agreed by different researchers (e.g. Chapin et al.
1994; Elliott 2000; Lien et al. 2003; Pyles 2008), and can
be grouped into three main types: laterally extensive
sheet-like lobes, shallow channels with associated levees,
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Fig. 10 Schematic depositional model of deepwater turbidite lobe and representative field-photos. a Photos showing a cross-section at channel-
mouth, megaflutes erode into substrate and are covered by water. A high degree of sandstone amalgamation is inferred since single thick
sandstone bed laterally transits into several thinner beds. Dashed lines in the log show amalgamation surfaces; b Schematic depositional model
of a deepwater turbidite lobe, along transport direction, with representative photos showing cross-sections at ¢ Proximal; d Medial; and, e

and fine-grained units including condensed shales, local
abandonment shales, slides and slumps. Depositional ele-
ments developed within deep-marine and deep-lacustrine
environments can be well correlated, suggesting that their
depositional mechanisms are similar and comparable.

4.3.2 Comparison to other deep-lacustrine depositional
models

To date, the deep-lacustrine turbidite fan model, which
is similar to the deep-marine turbidite fan model as pro-
posed by Walker (1978) with channels and lobes, has
been widely applied to help petroleum exploration and
development in China’s main lacustrine basins, such as:
Songliao Basin (e.g. Feng et al. 2010), Bohai Bay Basin
(e.g. Zhang 2004; Chen et al. 2009; Li et al. 2014), Jung-
gar Basin (e.g. Song et al. 2015), and Ordos Basin (e.g.
Chen et al. 2006; Wang et al. 2006; Liu et al. 2015).
However, unlike other Chinese lacustrine basins, argu-
ments still exist on the origin of gravity flow deposition

in the Ordos Basin. The gravity flow deposition in the
Ordos Basin was interpreted as sandy debrites (e.g. Zou
et al. 2012; Fu et al. 2013; Li et al. 2015), turbidites (e.g.
Liu et al. 2015), hyperpycnites (e.g. Yang et al. 2015,
2017), or a mixture of these.

For the Ordos Basin, many sedimentologists are in-
clined to the interpretation of sandy debrites, mainly
based on the widespread thick structureless massive
sandstones with floating mud fabrics (“mud-coated
intraclasts”) and an absence of channels (e.g. Zou et al.
2012; Li et al. 2016), whereas researchers have not paid
equal attention to deep-lacustrine channels within the
Yanchang Formation. However, deep-lacustrine channels
are developed in the Yanchang Formation, as in the
Yangmahe and Yaoqu outcrops discussed herein, and
elsewhere within the Ordos Basin (e.g. Chen et al. 2006;
Liu et al. 2015; Li et al. 2017). Highly concentrated
channelized flows have high velocity and erosional cap-
acity and thus can erode muddy substrates.
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Consequently, rip-up clasts and floating mud clasts are
ubiquitously distributed within the massive sandstones.
Besides, thick-bedded massive sandstones with planar
bases and great lateral extensions are the result of the
amalgamation of many thinner sandstones, as shown in
almost all outcrop photos in this study, suggesting a
layer-by-layer deposition. All these observations support
turbidity flows as the origin of sandstone beds.

4.3.3 Implication of hybrid event bed in deep-lacustrine
sedimentation

Slump-associated lithofacies and depositional elements
are extensively developed within the Yanchang Formation.
Stratigraphically, they are in direct contact with massive
sandstone facies and interbedded sandstones and shales.
This phenomenon also leads to an interpretation of sand-
stone deposits as sandy debrites. However, as sediments
are being transported into a deep-lake, possible gravity
flow transformations exist. Hyperpycnal flows can trans-
form into debris flows and turbidity flows, meanwhile, tur-
bidity flows and debris flows can be mutually transformed
(Zou et al. 2012; Yang et al. 2015). Consequently, deposits
originated from different types of gravity flows are dir-
ectly/progressively superimposed. A common case in the
Yanchang Formation is that a structureless massive sand-
stone bed lies directly beneath a muddy interval with shear
fabrics, outsized granules and deformed beddings. These
are typical “hybrid event beds” (Haughton et al. 2009),
having similar characteristics with many widely studied
deep-marine turbidite successions, in, such as, Karoo
Basin, North Sea, Gulf of Mexico, and Gottero Sandstone
(e.g. Hodgson et al. 2006; Haughton et al. 2009; Kane and
Ponten 2012; Marini et al. 2015; Fonnesu et al. 2018). It is
therefore advocated here that future work should pay
more attention to the “hybrid event” feature in deep-
lacustrine sedimentation.

4.4 Implication of deepwater deposits for exploration and
development

Deep-marine turbidites have been promising targets for
the petroleum industry for decades. Recently, thick
massive sandstones have become vital reservoirs for tight
oil and tight gas exploration and development in main
deep-lacustrine basins of China including Songliao Basin,
Bohai Bay Basin, Junggar Basin and Ordos Basin. Mean-
while, shales and shales with thin interbedded sandstones
and siltstones have become the target of shale oil and
shale gas exploration and development. Understanding
the coupled relationship between the massive sandstones,
and the interbedded shales with sandstones/siltstones is
therefore important. Compared to the interpretation of
sandy debrites, turbidites resulted from turbidity flows can
be better predicted in terms of organization patterns (as
demonstrated in this study) and quantitative dimension
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(e.g. Zhang et al. 2017b; Cullis et al. 2018). This could
benefit future exploration and development in deep-
marine and deep-lacustrine deposits, for both conven-
tional and unconventional reservoirs.

5 Conclusions

1) Thickening-upward cycles have been recognized
within the deep-marine Ross Sandstone Formation,
Clare Basin and the deep-lacustrine Yanchang For-
mation turbidite deposits, Ordos Basin, consisting
of, from bottom to top: (1) Laminated shales/shales
with fine-grained siltstone beds; (2) Interbedded
sandstones/siltstones and mudstones; (3) Structure-
less massive sandstone with a strong degree of
amalgamation and load structures at bases.

2) The Yanchang Formation deposits exposed at
Shijiachuan, Yangmahe, and Yaoqu areas are
interpreted as deep-lacustrine turbidite lobes, based on:
(1) Typical sedimentary structures resulted from turbid-
ity flows; (2) Laterally extensive sheet-like geometry; (3)
Repeated presence of thickening-upward cycles; (4) Fre-
quent amalgamation surfaces within massive sandstones
implying layer-by-layer deposition; (5) Similarity with
deep-marine turbidite lobes and difference with deep-
lacustrine channel-fill deposits.

3) The origin of thickening-upward cycles is interpreted
as related to continuous lobe element progradation.
At a specific point, successive prograding of muddy
distal part followed by a sandy, more proximal part,
will result in successive deposition of shales, interbed-
ded sandstones and shales, and massive sandstones.

4) Frequent amalgamations occur within deep-
lacustrine turbidites, suggesting a layer-by-layer de-
position. Mud-clasts with planar fabrics are recog-
nized at the basal part of turbidite channels,
implying they are not necessarily indicative of debris
flow. All these observations support that most
deep-lacustrine Ordos Basin deposits were accumu-
lated by turbidity flows.

Abbreviations
AP: Accelerating phase; DP: Deceleration phase; EP: Erosion-plus-bypass
phase; TUC: Thickening-upward cycle
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