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Abstract

Topset-to-forest rollover trajectories and their relation to sediment- and sand-budget partitioning into deep-lake areas are
far from being well understood, as compared with their marine counterparts of shelf edges. Two quantitatively distinctive
topset-to-forest rollover trajectories and clinothem-stacking patterns were recognized in the Oligocene Qikou Sag of the
Bohai Bay Basin and are quantified in terms of trajectory angles (T,), topset thickness (7)), forest thickness (7}), bottomset
thickness (7}), and clinothem-set relief (R,). Rising topset-to-forest trajectories have positive T, of 0.15°-0.51° (averaging
0.35°). Ranges in T, Ty, T}, and R, of their associated progradational and aggradational clinothem sets are, respectively,
32.4-58.7 m (averaging 42.7 m), 76.9—176.2 m (averaging 148.3 m), O m, and 167.8-320.8 m (averaging 272.9 m). Falling
topset-to-forest rollover trajectories, in contrast, have negative T, of —0.12° to —0.02° (averaging —0.06°). Ranges in T,
T;, Ty, and R, of their associated progradational and downstepping clinothem sets are, respectively, 0 m, 266.0-395.7 m
(averaging 333.4 m), 441.1-542.5 m (averaging 464.1), and 874.9-922.6 m (averaging 892.5 m). These two topset-to-forest
rollover trajectories and clinothem-stacking patterns are closely linked to two distinctive patterns of sediment- and sand-
volume partitioning into deep-lake areas, which are quantified in terms of T, T}, and differential sediment aggradation of
topset segments and forest-to-bottomset compartments (A/A,). Rising topset-to-forest rollover trajectories and associated
progradational and aggradational clinothem sets are characterized by aggradational topsets (reported as T, of 32.4-58.7 m),
a lack of time-equivalent bottomsets, and A/A, of 0.22-0.87 (averaging 0.33), and are fronted by mud-dominated deposi-
tional deposits, with sporadic occurrence of thinner and regionally localized forest sands. They are, therefore, inefficient at
delivering terrestrial sediments or sands into deep-lake settings. Falling topset-to-forest rollover trajectories and associated
progradational and downstepping clinothem sets, in contrast, are characterized by toplap, erosional terminations but aggra-
dational bottomsets (reported as 7}, of 266.0-473.4 m), and A/A, of 0, and are fronted by sand-rich depositional deposits,
with widespread occurrence of thicker and regionally extensive time-equivalent deep-lake bottomset sands. They are, thus,
efficient at delivering terrestrial sediments or sands into deep-lake settings. Topset-to-forest rollover trajectories and associ-
ated clinothem-stacking patterns are thus reliable predictors of sediment- and sand-volume partitioning into deep-lake areas,
assisting greatly in developing a more dynamic stratigraphy.
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a flat-lying shelf (i.e., topset domain) dominated by waves
and shelf currents from the steeper slope (i.e., forest domain)
and gentle basin-floor reaches (i.e., bottomset domain) domi-
nated by sediment gravity-flow processes (i.e., Helland-
Hansen and Hampson 2009; Henriksen et al. 2009; Wild
et al. 2009; Jones et al. 2013; Laugier and Plink-Bjorklund
2016; Gong et al. 2019a). Topset-to-forest rollover points
in lacustrine basins are defined as the gradient changes at
the passages at the passage between topsets and forests (i.e.,
Patruno and Helland-Hansen 2018; Gamberi et al., 2020;
Trincardi et al. 2020). The application of trajectory analysis
to shelf edges and topset-to-forest rollover points results in
two important concepts in sequence stratigraphy and basin
analysis, namely shelf-edge trajectories (Helland-Hansen
and Hampson, 2009) and topset-to-forest rollover trajecto-
ries (Sztané et al. 2013; Patruno and Helland-Hansen 2018;
Gong et al. 2019b). Shelf-edge trajectories in marine basins
and topset-to-forest rollover trajectories in lacustrine basins
describe the lateral and vertical migration of shelf edges and
topset-to-forest rollover points without any preconception
of the controls on their development and are key to recon-
structing scenarios of accommodation and sediment supply
(Catuneanu et al. 2009, 2011; Helland-Hansen and Hampson
2009; Gong et al. 2015, 2016; Cosgrove et al. 2018; Pau-
mard et al. 2018, 2020). A comparison of flat shelf-edge tra-
jectories versus flattish topset-to-forest rollover trajectories
suggests that relatively thick versus thin or absent bottom-
sets occur in the marine and lacustrine settings, respectively
(Sztand et al. 2013; Gong et al. 2019b). In the past 20 year
or so, concepts of shelf-edge trajectories have been widely
used to investigate stratigraphy and sedimentology of deep-
water siliciclastic systems in marine basins. They have been
the subject of increasingly intense studies in recent years
and have been proved to be useful predictors of the rela-
tive amounts of sediments or sands passed to deep-water
areas, which constitute over 15% of siliciclastic hydrocarbon
reservoirs and are important exploration targets worldwide
(e.g., Helland-Hansen and Hampson 2009; Henriksen et al.
2009; Gong et al. 2016; Pellegrini et al. 2020). For exam-
ple, flat to slightly falling shelf-edge trajectories are widely
considered as the proxy for delivering significant volumes
of coarse clastics into the deep sea (Gong et al. 2015, 2016;
Cosgrove et al. 2018; Paumard et al. 2018; Pellegrini et al.
2017, 2020). Despite significant improvements in our under-
standing of marine shelf-edge trajectories and their relation
to sand- and sediment-volume partitioning into deepwater,
possible relationships between lacustrine topset-to-forest
rollover trajectories and relative amounts of sediments and
sands passed to deep-lake floors remain to be formulated and
tested (e.g., Sztano et al. 2013; Gong et al. 2019b).

The present study employs three-dimensional (3D) seis-
mic, borehole, and acoustic impedance data from the Qikou
Sag of the Bohai Bay Basin to: (1) quantify Oligocene

topset-to-forest rollover trajectories and their associated
clinothem-stacking patterns; (2) investigate sediment- and
sand-budgets partitioning into deep-lake floors; (3) explore
relationships between topset-to-forest rollover trajectories
and relative amounts of sediments or sands passed to deep-
lake areas.

2 Geological settings of the study area

The study area of the present study is from the Qikou Sag
of the Huanghua Depression, which is located in the central
part of the Bohai Bay Basin (blue shaded box in Fig. 1a).
Huanghua depression underwent a complex tectonic evolu-
tion during the Cenozoic, including the NWW-NNE exten-
sion caused by the mantle heat activity and the dextral strike
slip induced by the NNE dextral strike-slip fracturing (Wang
et al. 2003; Li et al. 2009; Huang et al. 2008, 2012). It is
bounded to the east by the Shaleitian uplift, to the west by
the Cangxian uplift, to the north by the Yanshan fold belt,
and to the south by the Chenning uplift (Fig. 1b). It is elon-
gated and parallel to the Cangdong fault in the axial direc-
tion (Fig. 1b). Qikou Sag is composed of Chenbei step-fault
belts, Qikou main sag, and four main Sub-sags (i.e., Beit-
ang, Bangian, Qibei, and Qinan Sub-sags), thereby showing
a complex paleogeomorphology (Figs. 1, 2) (e.g., Huang
et al. 2012; Feng et al. 2016). Trajectories of topset-to-forest
rollover points and their relation to the delivery of terrestrial
sediments and sands into deep-water bottomsets of the Qibei
Sub-sag of the Huanghua Depression is the focus of the pre-
sent study. Qibei Sub-sag is a half graben and is bounded by
the Qikou main sag to the east, by the Yangsanmu Uplift to
the west, by the Binhai fault to the north, and by the Nanda-
gang fault to the south (Figs. 1, 2).

Tectonically, the Qikou Sub-sag underwent two main tec-
tonic evolutionary stages, including a Paleogene rifting stage
and a Neogene to Quaternary post-rifting stage (e.g., Huang
et al. 2012; Feng et al. 2016) (Fig. 2). Paleogene syn-rift and
Neogene to Quaternary post-rift stages, respectively, experi-
enced a high tectonic subsidence rate of up to 300 m/Ma and
a low tectonic subsidence rate of down to less than 40 m/Ma
(Huang et al. 2012). Accordingly, the fill of the Qikou Sub-
sag can be divided into two main supersequences, includ-
ing a syn-rift and post-rift supersequences (e.g., Huang
et al. 2012; Jiang and Liu 2015) (Fig. 3). Paleocene syn-
rift supersequence is composed of Shahejie and Dongying
Formations, and is bounded at its base by the basin-wide
unconformity of T6 dated at 42 Ma (e.g., Huang et al. 2012;
Jiang and Liu 2015) (Fig. 3). Neogene to Quaternary post-
rift supersequence consist of Guantao and Minghuazhen
Formations and is bounded at its base by the basin-wide
unconformity of T2 dated at 24 Ma (e.g., Huang et al. 2012;
Jiang and Liu 2015; Feng et al. 2016; Jiang et al. 2020)
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Fig.1 a Schematic map showing the geographical location and context of the study areas of the present research (i.e., the Qikou Sag of the
Huanghua Depression). b Schematic maps showing tectonostratigraphic features of the Qikou Sag of the Huanghua Depression and major depo-
sitional facies developed during the deposition of Ed," Member of the Dongying Formation

(Fig. 3). Paleogene and Neogene successions of the Qikou
Sub-sag can be divided into four second-order and 17 third-
order sequences (e.g., Wu et al. 2010; Huang et al. 2012;
Jiang et al. 2020) (Fig. 3). Oligocene Dongying Formation in
the Qikou Sub-sag is composed of four 3 order sequences,
namely SQEd;, SQEd,, SQEd,", and SQEd,V (Jiang and
Liu 2015) (Fig. 3). Seismically well-imaged topset-to-for-
est rollover trajectories and their associated clinothem sets
were developed within SQEd, (i.e., Ed," Member of the
Dongying Formation) and SQEd," (i.e., the lower part of
the 1st Member of the Dongying Formation) (Figs. 3, 4, 5).
These topset-to-forest rollover trajectories, clinothem sets,
and their relation to sediment- and sand-budget partitioning
into deep-lake floors are the focus of the present study.

@ Springer

3 Database and methodology
3.1 3D seismicreflection data

The primary datasets utilized in the present study are 3500
km? 3D seismic data, tied to borehole information (see Fig. 2
for a perspective view of the 3D seismic cube), both of which
were acquired and provided by the PetroChina Dagang Oil-
field from the Qikou Sag. 3D seismic data used in this study
(polygon with red outline in Fig. 1b) have a bin size spacing
of 25 m (in-line) by 25 m (cross-line) and a sampling inter-
val of 4 ms. They have been processed using the pre-stack
hybrid migration algorithm and have a dominant frequency
of 15-30 Hz, yielding a vertical resolution of 16.6-33.3 m
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Fig.2 3D perspective view of the structure map of the basal bounding surface of the Ed," Member of the Dongying Formation draped on seis-
mic volume utilized in this study showing the main tectonostratigraphic features of the study area. Also shown are regional map-view locations
of wells, seismic transects shown in Figs. 4 and 5, acoustic impedance profile of Fig. 10, and well-log stratigraphic correlation sections presented

in Figs. 11 and 12

(A/4) and a detection limit of 2.6-5.3 m (4/25). 3D seismic
data were displayed using SEG negative standard polarity,
where a positive reflection coefficient corresponds to an
increase in acoustic impedance and is represented by a posi-
tive reflection event. They are displayed using a red-white-
black color bar, where the low-impedance reservoir top is dis-
played as a peak (black in color). 3D seismic data were tied
to 13 wells (see Fig. 2 for their map-view locations), each of
which has lithologies, biostratigraphy data, and high-quality
well-logging curves, including gamma ray (GR), acoustic
(AC), spontaneous-potential (SP), and density.

Post-stack seismic inversion is the use of the acoustic
information from seismic data such as the velocity, imped-
ance, and amplitude to extract geological information of
subsurface layers such as lithology, density, porosity, com-
paction, etc. (Pendrel 2006). This method yields more accu-
rate interpretations of the lithology distribution and can be
employed to predict lithological properties away from the
well control (Pendrel 2006). The sonic and density logs,
check shots, and formation markers obtained from wells
K14, QB22, B22, B23X1, B42, F21, G52, GS74-1, BS22,
BS16X1, B21, BHS8, and BH25X1 (see their map-view loca-
tions in Fig. 2), together with a 2D seismic transect cross

these eight wells, were carefully processed and used for the
post-stack seismic inversion. Well-log data were also uti-
lized for seismic-well tie and age constraints, after which
ages and geological significance of key seismic reflection
surfaces and seismic facies recognized in the Qibei Sub-sag
were determined.

3.2 Seismic interpretation and quantification

Topset-to-forest rollover points are defined as an impor-
tant zone of gradient changes which separates a flat-lying
topset domain dominated by river or deltaic processes
from the steep slope forest domain and gentle basin-floor
bottomset domain dominated collectively by gravity-
driven processes. Topset-to-forest rollover trajectories
were mapped and determined by linking successive
topset-to-forest rollover points as indicated by colored
dots in Figs. 4, 5 and 6. Similar to shelf edges, topset-to-
forest rollover points were recognized and picked on seis-
mic lines on the basis of two main principles, namely a
significant gradient increasing and a significant clinothem
thickening (Helland-Hansenn and Hampson 2009; Hen-
riksen et al. 2009; Laugier and Plink-Bjorklund 2016).
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Fig.3 The lithological and sequence stratigraphic chart of the Qikou Sag in the Huanghua Depression of the Bohai Bay Basin (partly compiled
from Jiang et al., 2020). Note that SQEd, (i.e., Edznd Member of the Dongying Formation) and SQEdlL (i.e., the lower part of the 1st Member of
the Dongying Formation) are the study interval of interest of the present study

The restoration of the palaeo-horizontal surfaces in the
Qikou Sub-sag was implemented to remove the post-Oli-
gocene deformation and differential compaction-related
subsidence by flattening the utilized seismic cube to the
basin-wide unconformity of T2 dated at 24 Ma (Figs. 4,
5). Oligocene Qikou topset-to-forest rollover trajectories
and their associated clinothem sets are quantified by their
trajectory angles (7,) and clinothem-set reliefs (R,).

@ Springer
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T, = arctan <Zx> ¢))
where dx is the forward rollover-point progradation and dy
is the vertical rollover-point aggradation. R, is reported as
a single value, as measured from a distance of 5 km from
the respective topset-to-forest rollover point. The latter
method of R, is similar to that used by Pyles et al. (2011) to

quantitatively compare different types of regional stacking



Petroleum Science (2021) 18:712-727

77

X

LN el
Hanging'horizon!(T2/dated at-24!Ma}0 msec)

R

NS A

R“‘\v e

- AR I
N\ \ X \\..‘ o
“'\\\

%

A '.I"n' Ay i)
RN v

i
NN A e
A

W R

P vy "
.‘” \’0 ) zh.ﬂ*"“\l"‘ T
" 20 [
R o
it I"M;
i

Fig.4 Depositional dip-oriented seismic transects from the Qibei Sub-sag (see Fig. 2 for regional map-view locations) showing the occurrence
of two phases of topset-to-forest rollover-point growth. The shown seismic lines were flattened by the unconformity of T2 dated at 24 Ma, in
order to restore paleohorizontals and original patterns of the documented topset-to-forest rollover trajectories

patterns and to that employed by Villamil et al. (1998) to
relate paleongological patterns to longitudinal profiles in
northern Gulf of Mexico.

The relative amounts of terrestrial sands passed to deep-
lake floors can be roughly estimated by thicknesses and
distributions of sandy deposits developed on bottomsets
of individual clinothem sets. Three main important rules
are employed in this study to quantify relative amounts of
terrestrial sediments passed to deep-lake floors. Stratal ter-
minations (i.e., topset, toplap, and downlap terminations)
are symptomatic of sediment- and sand-budget partitioning
into deep-lake floors. Depositional topsets are suggestive of
the storage of great volumes of clastic detritus onto topsets,
with little volumes of terrestrial sediments passed to lake-
floor bottomsets, whereas erosional toplap and bottomset
downlap terminations are indicative of the delivery of great
volumes of clastic detritus into lake-floor bottomsets, with
little volumes of terrestrial sediments delivered onto topsets
(Gong et al. 2015, 2016; Cosgrove et al. 2018; Paumard et al.
2018, 2020, among others). Secondly, the relative volume
of clastic detritus delivered onto shallow-water topset com-
partments of individual clinothem sets can be roughly esti-
mated by topset thickness of individual clinothem sets (T),
while relative volume of clastic detritus passed to deep-water

compartments of individual clinothem sets can be roughly
quantified by forest and bottomset thicknesses of individual
clinothem sets (7, and T, respectively) (e.g., Gong et al.
2015; Paumard et al. 2018; Liu et al. 2020). Thirdly, the rela-
tive volume of clastic detritus delivered onto shallow-water
topset and deep-water compartments of individual clinothem
sets can be roughly estimated by the differential sediment
aggradation of topset segments and forest-to-bottomset
deep-lake compartments (A /A ). A/A4, a measure developed
herein denotes the ratio between the amounts of terrestrial
sediments delivered on the topsets (A,) (i.e., shallow-water
sedimentation) to that of forests and bottomsets (A,) (i.e.,
deep-water sedimentation). Smaller A /A values refer to
the domination of forest and bottomset (deepwater) deposi-
tion, whereas higher A /A, values refer to the domination of
shallow-water topset deposition (see also Gong et al. 2015;
Paumard et al. 2018).

4 Quantification of Qibei topset-to-forest
rollover trajectories

The studied lacustrine successions are divided into two

phases that record the sequential evolution of the Dongy-
ing Formation in the Qibei Sub-sag (i.e., SQEd, and

@ Springer
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SQEd,"), each of which contains quantitatively and graph-
ically distinctive topset-to-forest rollover trajectories and
clinothem-set stacking patterns, as discussed below.
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(upper and lower panels, respectively)

4.1 Phase l: rising topset-to-forest rollover
trajectories

The first population of topset-to-forest rollover points con-
tains rollover points that display an overall slightly rising
trajectory tendency (Figs. 4, 5), referred to herein as slightly
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rising topset-to-forest rollover trajectories. Slightly rising
topset-to-forest rollover points are indicated by blue dots
in Figs. 4 and 5. Figure 6a and b suggests that this popu-
lation of topset-to-forest rollover points to be statistically
distinctive from the second population of topset-to-forest
rollover points as described below. Ranges in dx, dy, and
T, of slightly rising topset-to-forest rollover trajectories
are, respectively, 23.9-67.4 m (averaging 45 m), 5.8-9.5 km
(averaging 7.6 km), and 0.15°-0.51° (averaging 0.35°),
respectively (blue dots in Fig. 6a and b). Slightly rising
topset-to-forest rollover trajectories were also reorganized
in the late Miocene Pannon Lake (Sztané et al. 2013; Gong
et al. 2019b), suggesting that they may be a common phe-
nomenon in lacustrine basins worldwide (Figs. 4, 5, 7).

4.2 Phase ll: falling topset-to-forest rollover
trajectories

The second population of topset-to-forest rollover growth
contains rollover points that display an overall slightly fall-
ing trajectory trend (Figs. 4, 5), referred to herein as slightly
falling topset-to-forest rollover trajectories. Slightly falling

topset-to-forest rollover points are indicated by orange dots
in Figs. 2, 3 and 4. Figure 6a and b suggests that this popula-
tion of topset-to-forest rollover points to be statistically dis-
tinctive from slightly rising topset-to-forest rollover points as
described above. Ranges in dx, dy, and T, of slightly falling
topset-to-forest rollover trajectories are, respectively, —2.2
to —21.4 m (averaging — 10.2 m), 7.1-11.7 km (averaging
9.4 km), and —0.12° to —0.02° (averaging —0.06°), respec-
tively (orange dots in Fig. 6a, b). Slightly falling topset-
to-forest rollover trajectories were also reorganized in the
late Miocene Pannon Lake (Sztan6 et al. 2013; Gong et al.
2019b), suggesting that they may be a common phenomenon
in lacustrine basins worldwide (Figs. 4, 5, 7).

5 Quantification of Qibei
clinothem-stacking patterns

Each of the above two regimes of topset-to-forest rollo-
ver trajectories records a specific clinothem-stacking pat-
tern (represented by T, Ty, T, R, and A/A,) as discussed
below (Figs. 8, 9).

Hanging-horizon-(T2-dated-at-24-Ma;-0-msec)

NE o

Topsets

Base level rise

Progradational and aggradational stacking patterns

Not to scale

Progradational and downstepping stacking patterns

Not to scale

Fig. 7 Dip-oriented seismic transect and its accompanying line drawings deciphering architectural styles and growth patterns of the documented
topset-to-forest rollover points and associated clinothem sets. Please refer to the section titled “quantification of Qibei topset-to-forest rollover
trajectories” for the difference in kinematics of rising and falling topset-to-forest rollover trajectories. To illustrate architectural styles and growth
patterns of clinothem sets rather than their geometries, panels b and ¢ of this figure are not to scale
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5.1 Phase I: progradational and aggradational
clinothem sets

Clinothem sets in the chronologically older phase of the
study interval of interests are characterized by the lower
R. and a lack of time-equivalent bottomsets (Fig. 8a) and
are accompanied by slightly rising topset-to-forest rollo-
ver trajectories (Figs. 4, 5, 7a). Architecturally, they dis-
play a combination of progradational and aggradational
stacking patterns (Figs. 4, 5, 7a, b), referred to herein as
progradational and aggradational clinothem sets. Pro-
gradational and aggradational clinothem sets are made
up of successive sigmoidal progradational packages that
exhibit a parallelism of upper stratal segments (topsets)
[reported as T, of 32.4-58.7 m (averaging 42.7 m) and
T of 76.9-176.2 m (averaging 148.3 m)] (Figs. 4, 5, 7a,
b, 8a). They are dramatically different from their pro-
gradational and downstepping counterparts by a lack of
regionally extensive aggradational bottomsets (reported as
T,=0) (Figs. 4, 5, 7a, b). Seismic-well tie verifies that pro-
gradational and aggradational clinothem sets are bounded
at their base and top, respectively, by unconformities of
T31 and T32 (Figs. 4, 5, 7a). They were, therefore, devel-
oped during the deposition of the Ed,"® Member of Oli-
gocene Dongying Formation (Fig. 3). Ranges in R, and

¢ T, of progradational and aggradational clinothem sets (n=26)
oo T of progradational and aggradational clinothem sets (n=26)
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A /A4 of progradational and aggradational clinothem sets
are, respectively, 167.8-320.8 m (averaging 272.9) and
0.22-0.48 m (averaging 0.30) (Fig. 9a, b).

5.2 Phase Il: progradational and downstepping
clinothem sets

Clinothem sets in chronologically younger phase of the
study interval of interests are accompanied by slightly fall-
ing topset-to-forest rollover trajectories (Figs. 4, 5, 7a).
Architecturally, they prograded and downstepped in the
basinward direction, displaying a diagnostic progradational
and downstepping stacking pattern, referred to herein as
progradational and downstepping clinothem sets (Figs. 4,
5, 7a, b). Progradational and downstepping clinothem sets
are characterized by oblique progradational clinoforms that
show toplap, erosional terminations at their uppermost level
in the proximal reaches (reported as 7,=0), but sigmoidal
clinoforms with very strong aggradation in the distal reaches
[reported as T; of 266.0-395.7 m (averaging 333.4 m) and
T, of 441.1-542.5 m (averaging 464.1 m)] (Figs. 4, 5, 7a,
b, 8a). They are dramatically different from their prograda-
tional and aggradational counterparts by the occurrence of
regionally extensive aggradational bottomsets that can be
traced for 10 s km throughout the Qibei Sub-sag (Figs. 4,

o
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Fig.8 Scatterplots of dx versus T, and dx versus T, (upper and lower panels, respectively)
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Fig.9 Scatterplots of T, against R, and T, against AJ/A, (upper and lower panels, respectively)
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5, 7a, b). Seismic-well tie verifies that progradational and
downstepping clinothem sets are bounded at their base and
top, respectively, by unconformities of T32 and T33 (Figs. 4,
5, 7a). Progradational and downstepping clinothem sets
were, therefore, developed during the deposition of the lower
part of Ed,* Member of Oligocene Dongying Formation
(Fig. 3). Ranges in R_ and A/A, of progradational and down-
stepping clinothem sets are, respectively, 8§74.89-922.6 m
(averaging 892.5) and 0 (Fig. 9a, b).

6 Relationships between topset-to-forest
rollover trajectories and sediment-volume
partitioning into deep-lake areas

The sediment-volume partitioning referred to herein involves
the relative amounts of terrestrial sediments passed to deep-
lake floors (represented by T, T}, and A/A,).

6.1 Rising topset-to-forest rollover trajectories
implying little amounts of sediments passed
to deep-lake areas

The chronologically older phase of topset-to-forest rollo-
ver growth is characterized by the higher values of T, of
32.4-58.7 m, with mean value of 42.7 m and a standard
deviation of + 5.6 m and by the higher values of A /A rang-
ing from 0.22-0.87, with mean value of 0.33 and a standard
deviation of +0.15 (Figs. 8a, 9b), as compared with falling
topset-to-forest rollover trajectories. T, and A/A, of pro-
gradational and aggradational clinothem sets with slightly
rising topset-to-forest rollover trajectories are much higher
than those of progradational and downstepping clinothem
sets. These observations, coupled with the fact that no seis-
mically resolvable bottomsets are seen to occur in front of
slightly rising topset-to-forest rollover trajectories (reported
as T,=0) (Figs. 4, 5, 7a, b, 8a), strongly suggest that the
storage of the bulk of the sediment-budget storage on the
topset compartments of individual progradational and aggra-
dational clinothem sets, without much bypass to deep-lake
areas beyond rollover points. It is, therefore, likely that
slightly rising topset-to-forest rollover trajectories imply the
delivery of very limited or no volumes of sediments into
deep-lake floors.

6.2 Falling topset-to-forest rollover trajectories
implying significant amounts of sediments
passed to deep-lake areas

The chronologically younger phase of topset-to-forest
rollover growth is characterized by higher values of T}
of 441.1-542.5 m, with mean value of 464.1 m and a

standard deviation of +20.2 m and by higher values of 7} of
266.0-473.4 m, with mean value of 352.6 m and a standard
deviation of +67.8 m (Fig. 8b). Ty and T, of progradational
and downstepping clinothem sets with slightly falling topset-
to-forest rollover trajectories are much higher than those of
progradational and aggradational clinothem sets, strongly
suggesting that the delivery of significant volumes of ter-
restrial sediments into deep-lake areas (Gong et al. 2015;
Paumard et al. 2018; Liu et al. 2020). The occurrence of
aggradational bottomsets in front of falling topset-to-forest
rollover trajectories suggests that sediment erosion, bypass,
and resultant delivery to deep-water areas are predomi-
nant during this phase of topset-to-forest rollover growth
(Figs. 4, 5, 7a, c¢) (see also Catuneanu et al. 2009, 2011;
Gong et al. 2015). These observations, coupled with the fact
that strongly aggradational bottomsets are seen to occur in
front of slightly falling topset-to-forest rollover trajectories
(reported as T, of 441.1-542.5 m, with a mean value of
T,=464.1 m) (Fig. 8b), suggest that the most of the sedi-
ment volumes supplied to the documented clinothem sets
were eventually partitioned down to deep-water areas by
progradational and downstepping clinothem sets with fall-
ing topset-to-forest rollover trajectories. It is, therefore,
likely that slightly falling topset-to-forest rollover trajecto-
ries imply near total bypass of sediment volumes to deep-
lake areas, with very limited topset storage of terrestrial
sediments.

7 Relationships between topset-to-forest
rollover trajectories and sand-budget
partitioning into deep-lake areas

The sand-budget partitioning referred to herein involves the
relative amounts of terrestrial sands passed to deep-lake
floors (represented by the thickness and distribution of sandy
deposits developed in front of the documented topset-to-
forest rollover trajectories).

7.1 Rising topset-to-forest rollover trajectories
appear to be inefficient at delivering terrestrial
sands into deep-lake areas

Two lines of observations listed herein suggest that slightly
rising topset-to-forest rollover trajectories are closed linked
downdip to mud-dominated depositional deposits, with spo-
radic occurrence of sandy deposits, and are thus inefficient at
delivering terrestrial sands into deep-lake settings (Figs. 10,
11, 12). Firstly, acoustic impedance section of Fig. 10 illus-
trates that progradational and aggradational clinothem sets
with slightly rising topset-to-forest rollover trajectories
are fronted by successions with low acoustic impedance,
cool colors (i.e., blue and green), which are suggestive of

@ Springer



722

Petroleum Science (2021) 18:712-727

mud-dominated properties. Secondly, log-stratigraphic cor-
relation and composite sections of Figs. 11 and 12 show that
sandy deposits occurring in front of slightly rising topset-to-
forest rollover trajectories (i.e., light gray, fine-grained sand-
stones, and light gray siltstones) are localized and sporadic,
with thickness ranging from 1 to 10 m (averaging 2—4 m).
This conclusion is in accord with conclusions reached by
Gong et al. (2015), Pellegrini et al. (2017), and Paumard
et al. (2018), who have collectively suggested rising shelf-
edge trajectories with aggradational topsets are inefficient
at delivering coarse-grained terrestrial sands into deep-lake
areas.

7.2 Falling topset-to-forest rollover trajectories are
most efficient at delivering terrestrial sands
into deep-lake areas

Three lines of observations from the current database sug-
gest that slightly falling topset-to-forest rollover trajectories
are accompanied by sand-rich depositional deposits, with
widespread occurrence of sandy deposits occurring in front
of them, and are therefore most efficient at partitioning coarse-
grained clastic detritus into deep-lake areas (Figs. 10, 11, 12).

Firstly, progradational and downstepping clinothem sets with
slightly falling topset-to-forest rollover trajectories are imaged
themselves on the acoustic impedance section of Fig. 10 as
oblique, hot-color accumulations (i.e., yellow and red) denote
high acoustic impedance values (i.e., indicative of sand-prone
deposits). Secondly, sandy deposits occurring in front of suc-
cessions bounded by T32 and T33 are composed of light gray,
gray-white, or gray fine-grained sandstones with thickness
of 2-15 m (averaging 4—5 m) and gray siltstones with thick-
ness of 1-8 m (averaging 4-5 m) (Figs. 11, 12). As compared
with localized and sporadic sandy deposits developed in front
of slightly rising topset-to-forest rollover trajectories, they
are regionally extensive and widespread (Figs. 11, 12). It is,
therefore, likely that slightly falling topset-to-forest trajecto-
ries allowed significant volumes of terrestrial sands passed to
deep-lake areas. This hypothesis is consistent with conclusions
reached by Gong et al. (2015), Pellegrini et al. (2017), and
Paumard et al. (2018), who have collectively suggested fall-
ing shelf-edge trajectories with aggradational bottomsets are
efficient at delivering coarse-grained detritus into deep-water
reaches of strongly progradational shelf-margin clinothem sets
with descending shelf-edge trajectories.

Fig. 10 Acoustic impedance section across wells K14, B22, B23X1, B20X1, B48X1, BS22, and BS16X1 (see Fig. 2 for map-view locations of
the shown cross section and wells). Hot (yellow and orange) and cool (green and blue) colors represent sandy and muddy deposits, respectively
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«Fig. 11 Log-stratigraphic correlation and composite section across
wells K14, B22, B23X1, G22, BS22, BS16X1, and BHS8 (see Fig. 2
for map-view locations of the shown cross section and wells). Note
that sandy deposits occurring in younger succession bounded by T33
and T32 (i.e., progradational and downstepping clinothem sets with
slightly falling topset-to-forest rollover trajectories) are much thicker
and laterally more extensive than those bounded by T32 and T31 (i.e.,
progradational and aggradational clinothem sets with slightly rising
topset-to-forest rollover trajectories)

8 Topset-to-forest rollover trajectories
as useful predictors of sediment-
and sand-volume partitioning
into deep-lake areas

Slightly falling topset-to-forest rollover trajectories with pos-
itive T, of 0.15°-0.51° (averaging 0.35°) lack time-equiva-
lent bottomsets or deep-lake sandy deposits, and tend to be
inefficient at delivering terrestrial sediments and sands into
deep-lake areas, thereby holding little or no potential for the
occurrence of coarse-grained, deep-lake sands on deep-lake
floors (Figs. 4, 5, 10, 11, 12). Slightly falling topset-to-forest
rollover trajectories with negative T, of —0.12° to —0.02°
(averaging — 0.06°) are linked to thicker and more extensive
time-equivalent bottomsets or deep-lake sandy facies and
appear to be efficient at transporting terrestrial sediments
and sands into deep-lake areas, and thereby holding great
potential for the presence of coarse-grained, deep-lake sands
on deep-lake floors (Figs. 4, 5, 10, 11, 12). T, under the
same sediment-supply conditions, tend to decrease linearly
with sand- and sediment-budget partitioning into deep-lake
settings and the potential for the presence of coarse-grained,
lake-floor sands. Topset-to-forest rollover trajectories are,
therefore, important for understanding sand distribution and
sediment-routing systems and for predicting the presence of
deep-lake sands. Observations and results from the current
study contribute the establishment of a predictive relation-
ship between topset-to-forest rollover trajectories and rela-
tive amounts of terrestrial sediments and sands passed to
deep-lake areas, helping to predict the occurrence of sand-
rich deposits in deep-lake areas.

@ Springer

9 Conclusions

This study uses new and existing metrics to quantify aspects
of topset-to-forest rollover trajectories (7.), and associated
clinothem-stacking patterns (7, T}, T, and R,), and differen-
tial sediment aggradation of topset segments and forest-to-
bottomset compartments (A/A,). This study has shown that
topset-to-forest rollover trajectories in lacustrine basins are
useful but underappreciated predictors of relative amounts
of terrestrial sediments and sands passed to deep-lake areas.

Two quantitatively distinctive topset-to-forest rollover
trajectories and clinothem-stacking patterns were recog-
nized: (1) slightly rising topset-to-forest rollover trajecto-
ries with 7, of 0.15°-0.51° (averaging 0.35°) and associ-
ated progradational and aggradational clinothem sets with
T, of 32.4-58.7 m (averaging 42.7 m), T; of 76.9-176.2 m
(averaging 148.3 m), T, of 0 m, and R, of 167.8-320.8 m
(averaging 272.9 m); and (2) slightly falling topset-to-forest
rollover trajectories with T, of —0.12° to —0.02° (averag-
ing —0.06°) and associated progradational and aggradational
clinothem sets with 7, of 0 m, T} of 266.0-395.7 m (averag-
ing 333.4 m), T, of 441.1-542.5 m (averaging 464.1), and
R, of 874.9-922.6 m (averaging 892.5 m).

Each of the above two regimes of topset-to-forest rollo-
ver trajectories and associated lake-scale clinothem-stacking
patterns are empirically related to distinctive styles of sedi-
ment- and sand-volume partitioning into deep-lake areas.
Rising topset-to-forest rollover trajectories with positive T,
have high values of AJ/A, of 0.22-0.87 (averaging 0.33) and
are fronted by a lack of time-equivalent bottomsets and by
mud-dominated forests, with sporadic occurrence of thinner
and regionally localized sandy deposits. They are, thus, inef-
ficient at delivering terrestrial sediments or sands into deep-
lake settings. Rising topset-to-forest rollover trajectories
with negative T, in contrast, have low values of A /A  of 0,
lack aggradational topsets, and are fronted by sand-rich for-
ests and bottomsets, with widespread occurrence of thicker
and regionally extensive time-equivalent deep-lake sandy
facies. They record near total bypass of sediment volumes
to deep-lake floors, with very limited or no topset storage
of sediment or sands. Topset-to-forest rollover trajectories
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«Fig. 12 Log-stratigraphic correlation and composite section across
wells QB22, B42, F21, G52, GS74-1, B21, and BH25X1 (see Fig. 2
for map-view locations of the shown cross section and wells). Note
again that sandy deposits in front of slightly falling topset-to-forest
rollover trajectories are much thicker and laterally more extensive
than those in front of slightly rising topset-to-forest rollover trajecto-
ries

with their trajectory angles increasing linearly with amounts
of deep-lake bottomset sandstones are, therefore, reliable
predictors of sediment- and sand-volume partitioning into
deep-lake areas, contributing to the development of a more
predictive and dynamic sequence stratigraphy.
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