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ABSTRACT

The Oriente Basin is a back-arc basin located east of the Ecuadorian Andes in South America. Evidence suggests
that during the Cretaceous period, the basin’s margins received a terrigenous shallow marine sedimentation. Due
to regional variations in accommodation and depositional controlling factors near a shoreline, the sedimentary
environments in the fluvial-marine transitional zones exhibit considerable variability. In this study, we analyzed
the sedimentological characteristics of the M1 Sandstone Formation unit (~83 Ma-72 Ma), which comprises a set
of ancient estuarine deposits preserved in the northern part of the basin. We quantified the impact of mixed
hydrodynamic processes on the distribution of tidal-dominated estuarine facies and discussed the development
conditions and evolutionary processes of an estuarine formation under the background of persistent trans-
gression. Core, well log, and seismic data provide evidence for reconstructing the tidal-dominated estuarine
environment. In the core section, we identified 14 lithofacies and 7 major facies association types. The frequent
occurrence of sedimentary structures associated with tidal currents indicates that tidal processes extensively
reworked the deposits. The spatial distribution trends of facies associations reveal the evolution of mixed hy-
drodynamic conditions dominated by tidal processes in the estuary and allow us to divide the M1 Sandstone
Formation into four depositional periods: the initial development, rapid development, decline, and the post-
infilling open coast tidal flat development periods. Furthermore, through a systematic analysis of hydrody-
namic conditions and sediment distributions, we identified multiple depositional centers in the tidal-dominated
estuary influenced by different hydrodynamic processes. These correspond to the upstream fluvial-dominated
tidal point bar depositional region, the middle mixed-energy depositional interaction zone, and the down-
stream tidal-dominated tidal sand bar depositional region. In these regions, the substantial accumulation of
sandy deposits, represented by tidal sand bars, reflects the high accommodation space characteristic of tidal-
dominated estuaries. Our findings indicate that the slow subsidence of a broad and gently sloping coastal
topography, stable material transport, and sea level change dominated by marine transgression ensured the
necessary accommodation for the development of the estuary in the M1 Sandstone Formation. The sedimento-
logical study of the M1 Sandstone Formation provides a case for understanding the sedimentary evolution in
fluvial-marine transitional zones.

1. Introduction

coastal regions significantly influenced by tides. When river and marine
waters converge at an estuary, the cumulative effects of fluvial, tidal,

Tidal-dominated estuaries are highly dynamic depositional settings and wave currents create gradients of environmental characteristics,
exhibiting erosional geomorphological features, widely developed in such as water salinity and turbidity, along the perpendicular direction of
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a shoreline (Boyd et al., 2006; Dalrymple et al., 2011; Jay et al., 2015).
This sedimentary process, driven by various hydrodynamic conditions,
is known as a mixed hydrodynamic process and directly affects the
distribution of materials in clastic coastal zones (Wells et al., 2007;
Yoshida et al., 2007; Fenies et al., 2010; Ainsworth et al., 2011; Dasht-
gard and La Croix, 2015). In the classification of clastic coastal systems,
tidal-dominated estuaries represent a tidal-dominated end-member
environment, where tidal processes play a more critical role in the
transport and reworking of sediments (Boyd et al., 1992; Collins et al.,
2021; Wehrmann, 2014). Sedimentological and tidal dynamics studies
indicate that tidal energy is enhanced when passing through a region of
estuarine mouth due to constrictive geomorphology, as a result of tidal
resonance and increased tidal prisms (Sztano and De Boer, 1995; Dal-
rymple et al., 2011; Burchard et al., 2018). This phenomenon of tidal
enhancement is more pronounced during a marine transgressive stage
(Tessier et al., 2012a). As tidal currents propagate further upstream,
tidal energy gradually dissipates due to factors such as bed friction and
fluvial action, eventually diminishing near the tidal limit (Wang et al.,
2002). Notably, the intensity of tidal influence varies across different
depositional regions within a tide-dominated estuary, reflected in the
variations in grain size, sedimentary structures, and facies associations
(Dalrymple and Choi, 2007; Coughenour et al., 2009a; Dashtgard et al.,
2012). Moreover, as a bidirectional flow, the hydrodynamic intensity
and flow direction of tidal currents change periodically with flood and
ebb tide processes, unlike river and wave currents (Longhitano et al.,
2012). This periodicity of tidal currents can be preserved in specific
sedimentary structures, where it is fully recorded, such as tidal rhyth-
mites with alternating sand-mud layers and bidirectional cross-bedding
reflecting alternating flow directions (Visser, 1980; Smith, 1988; Tessier
and Gigot, 1989; Stupples and Plater, 2007; Longhitano, 2011). Addi-
tionally, these rock records offer valuable insights into identifying tidal
processes, understanding the formation of ancient estuarine deposits,
and reconstructing estuarine environmental evolution (Aldinucci et al.,
2007; Tessier et al., 2010; Dalrymple et al., 2015; Gingras and Zonne-
veld, 2015; Jablonski and Dalrymple, 2016; Souza et al., 2023).
Furthermore, a sequence stratigraphic theory indicates that in high-
energy coastal zones with marine transgression context and relatively
weak sediment supply, estuarine systems with undercompensated geo-
morphology are likely to form (Allen et al., 1980; Gregoire et al., 2017;
Phillips et al., 2020a,b; Peng et al., 2022). The evolution of estuarine
systems is inherited from incised valley systems formed by previous
fluvial erosion of a substrate or from eroded areas of delta plains (Plint
and Wadsworth, 2003; Dalrymple and Choi, 2007; Zhang et al., 2014a;
Wang et al., 2019). Estuaries typically develop during transgressive
stages, where continuous rise in the relative sea level keeps the estuary
in an undercompensated state, allowing sand and mud deposits from
rivers and the sea to be fully captured and preserved (Yoshida et al.,
2001; Feldman et al., 2008; Tessier B. et al., 2010; Li et al., 2018). As a
result, estuaries, despite their relatively short lifecycles compared to
other environments, form sizeable and well-preserved sandy reservoirs.
The input of sediment from both land and sea, along with a rate of
sea-level fluctuations, fundamentally determines the overall sedimen-
tary scale of an estuary (Van Den Berg et al., 2007). However, at various
stages of estuarine evolution, differences in local hydrodynamic energy
distribution directly impact the spatial distribution patterns of sand and
mud components (Dalrymple et al., 1991; Hayes and FitzGerald, 2013;
Todd et al., 2014). Tessier (2012) compared a series of modern sedi-
mentary cases of tidal-dominated estuaries, highlighting significant di-
versity in the geometric shapes and relative proportions of facies in their
sedimentary fill characteristics. Therefore, when studying the sedi-
mentation and evolution of estuarine environments, it is essential to
gather extensive evidence, including hydrodynamic conditions, relative
sea-level changes, and sediment supply (Chaumillon et al., 2010; Tessier
et al., 2012a). Especially in the study of ancient estuarine deposits, the
limited rock records and the lack of hydrodynamic data, such as water
depth and flow velocity, lead to multiple interpretations of the
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environment.

While studies on modern estuaries offer more direct sedimentolog-
ical evidence, preserved estuarine deposits in ancient strata are equally
valuable. The Oriente Basin is one of the major hydrocarbon-bearing
basins in South America (White et al., 1995; Jaillard et al., 1997; Baby
et al., 2004). During the Cretaceous period, this basin underwent several
large-scale marine transgressions (Vallejo et al., 2021). Among these,
the M1 Sandstone Formation is a well-preserved clastic deposit from the
Campanian period of the Late Cretaceous, with sand bodies concen-
trated in the eastern part of the basin (Jaillard et al., 2005; Vallejo et al.,
2017). The clastic components reflect significant paleogeographic
changes and coastal fluctuations over a span of up to 200 km near an
ancient shoreline (Vallejo et al., 2021). Due to regional variations in
accommodation and depositional controlling factors near the shoreline,
the M1 Sandstone Formation has the potential for developing estuarine
systems (Barragan et al., 2004).

In this study, we examine a set of ancient clastic deposits preserved in
the M1 Sandstone segment in the northern part of the Oriente basin.
These deposits show strong tidal influence and contain sedimentary
indicators of an estuarine environment. The objectives of this study
include: (i) identifying the lithofacies types of the tidal-dominated es-
tuary and clarifying the characteristics of facies associations using core
and well log data; (ii) exploring the mixed hydrodynamic processes in
the tidal-dominated estuary and their relationship with sediment dis-
tributions; (iii) proposing a facies model of the tidal-dominated estuary
under mixed hydrodynamic processes; and (iv) reconstructing a paleo-
geographic development model for the M1 Sandstone Formation and
discussing the impacts of tectonic activities, sea-level changes, and
sediment supply on the evolution of the estuarine environment within
the context of a broad and gentle shoreline.

2. Geological setting
2.1. Tectonic and sedimentary characteristics

The Oriente Basin is situated in the northwestern part of South
America, between the Andes orogen and the Guiana Shield (Fig. 1A),
forming part of the Andean back-arc basin system (Gombojav and
Winkler, 2008; Baby et al., 2013). Drilling records reveal that this basin
has accumulated approximately 5000 m of Mesozoic to Cenozoic sedi-
ment layers (Baby et al., 2004). Its formation traces back to the late
Triassic rift expansion era, around 202 million years ago, evidenced by
early marine sediment accumulation (Spikings et al., 2015). During
Middle Jurassic to Middle Late Jurassic (~180 Ma-157 Ma), the basin
began to experience tectonic instability and an extensional tectonic
regime, influenced by localized southeastward subduction. This phase
began with the development of the calc-alkaline magmatic arc in the
Colombian segment, whose formation mechanism corresponds to the
influence of Tethyan subduction as proposed in the ‘Tethys-controlled
evolution’ model (Jaillard et al., 1990). As extension continued and a
basement paleo-high formed, Oriente basin developed into two back-arc
sub-basins, corresponding to the gradual subsidence deposits of the
Sacha-Shushufindi  Corridor and the semi-grabens of the
Capiron-Tiputini system, which established the basin’s initial tectonic
arrangement (Horton, 2018; Zamora and Gil, 2018; Spikings and
Simpson, 2014; Spikings et al., 2019). During Middle Late Jurassic to
Early Cretaceous (~157 Ma-140 Ma), the basin space underwent mod-
ifications heavily driven by the Pacific northeastward subduction. The
western margin of the basin recorded igneous intrusions formed by
magmatic activity near the Cordillera Mountains. (Pratt et al., 2005).
Meanwhile, the continued back-arc extension and marine transgression
during this period contributed to the deposition of the Chapiza Group
(Romeuf et al., 1995).

In the Early Cretaceous (~140 Ma-125 Ma), the collision of
allochthonous terranes along the Northern South American plate margin
led to the formation of an unconformity surface and paleotopographic
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Fig. 1. (A) The location of the Oriente Basin, Ecuador, and paleogeographic map of the Napo Formation, showing the marine-fluvial transitional area, oil fields and
blocks, and palaeoceanographic reconstructions for the Late Cretaceous (Campanian, ~80 Ma ago) in South America (modified from White et al., 1995; Estupinan
et al., 2010; Scotese, 2021). (B) Lithostratigraphic chart for Cretaceous strata of the Oriente Basin with sea-level change curve and tectonic phase curve (modified
from Jaillard and Soler, 1996). (C) Transverse cross section of the Oriente basin showing the general structure and main sandstone formation (modified from Yang

et al., 2017). See Fig. 1A for cross-section location.

depressions at the base of the Cretaceous strata. After that, the Oriente
Basin transitioned into a mild subsidence phase during the late Early
Cretaceous to Late Cretaceous (~125 Ma-72 Ma). Eastward from the
basin’s center, sedimentary layers progressively taper, interfacing with
the Gondwana shield (Baby et al., 2004). The basin’s material inputs
were chiefly derived from the erosion of ancient sediments in eastern
Gondwana (Ruiz et al., 2007a,b; Martin-Gombojav and Winkler, 2008;
Vallejo et al., 2017; Gutiérrez et al., 2019). Due to its proximity to the
continental margin’s shallow sea, the strata incorporate marine mud and
carbonate rock components, along with high-energy, hydrodynamically
modified sandy sediments of continental origin (Barragan et al., 2005).
The deposits from this era were relatively stable and continuous,
reflecting the expansion of the accommodation, influenced by both the
basin’s subsidence and sea-level fluctuations. Towards the end of Late
Cretaceous (~72 Ma), tectonic events associated with the accretion of
oceanic terranes caused the uplift of Ecuadorian active margin, resulting

in a series of sedimentary hiatuses, marking the gradual evolution of the
Oriente Basin into a foreland evolution (Baby et al., 1999; Barragan and
Baby, 2004; Jaillard, 2022).

The Cretaceous rocks in the Oriente Basin comprise a series of multi-
phase, staged transgression-regression cycles, deposited from the Albian
to the Maastrichtian stages (Fig. 1B) (Jaillard et al., 1997; Baby et al.,
2004). During the Albian period, compressional and contractional
deformation from the direction of Peru led the basin into a subsidence
phase, providing continuously increasing accommodation space for
sediment accumulation (Baby et al., 2004; Horton, 2018; Chen et al.,
2019; Spikings et al., 2019). The coupling of subsidence rates and
sea-level changes ensured a high consistency between facies evolution
and water depth within the strata. Additionally, limited sediment supply
during this period resulted in relatively well-preserved deposits, which
can be divided into the primarily terrestrial fluvial deposits of the Hollin
Formation (approximately 120 Ma-100 Ma), the multi-phase marine and
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coastal clastic deposits of the Napo Formation (approximately 100
Ma-72 Ma), and the progradational delta deposits of the Tena Base
Formation (approximately 72 Ma-66 Ma) (Jaillard et al., 1997; Baby
et al., 2004; Gutiérrez et al., 2019). This sequence includes at least six
third-order sequences, each containing characteristic sandstone layers,
including, from bottom to top, the Hollin Formation, the T Sandstone, U
Sandstone, M2 Sandstone, and M1 Sandstone of the Napo Formation, as
well as the Basel Tena Sandstone (Jaillard et al., 1997; Baby et al., 2004;
Vallejo C. et al., 2021). The target interval of this study is the M1
Sandstone Formation (~83 Ma-72 Ma), which corresponds to the final
third-order transgression-regression cycle within the Napo Formation.
Previous studies indicate that sea levels remained relatively high
during the Cretaceous period, reaching the peak during the Cen-
omanian. (McDonough and Cross, 1991; Vellekoop et al., 2017; Aguir-
re-Urreta et al., 2019). Fluctuations in relative sea level caused each
third-order sequence within the Napo Group to develope nearly four
distinct types of sedimentary deposits: transgressive sandstone, bio-
clastic limestone, laminated shale, and laminated limestone (Jaillard
et al., 1996; Baby et al., 2004). The prevalence of these rock types in-
dicates that regional sedimentary conditions were predominantly
dictated by shifts in relative sea levels (Marzouk and Youssef, 2008; Ye,
2014). Evidence from this era suggests that the basin was covered by a
continental margin-sea that connected the northern and southern re-
gions. The basin’s eastern margin, with its relatively gentle slope,
allowed marine influences to permeate the shoreline-adjacent sediments
(Louterbach et al., 2014; Spikings et al., 2019; Vallejo C. et al., 2021).
During periods of rapid transgression, the basin experienced a low
sedimentation rate, leaving the accommodation only partially filled by
marine sediments (Zuniga et al., 2021a). This resulted in the influx of
relatively high-energy nearshore sandy deposits and shallow marine
bioclastic limestones into the basin, transported by marine water
erosion, and forming erosional contacts with older strata. As the sea
level continued to rise, thick layers of marine mudstone and limestone
successively and stably overlaid the earlier high-energy shallow marine
deposits. This alternation pattern signifies a transition from open marine
environments to a moderate energy, and restricted low-energy deposi-
tional periods with limited water circulation (Jaillard et al., 1996).

2.2. M1 sandstone formation

The study area is located in the eastern slope zone of the Oriente
Basin, near the central part of the basin (Fig. 1A). The focal point of this
study is the M1 Sandstone segment, a significant stratigraphic unit from
the late Cretaceous Campanian stage (~83 Ma-72 Ma), with depths
reaching up to 3500 m (Baby et al., 2004). Although the M1 Sandstone
segment spans a mere 30 m in thickness, its significance as the primary
hydrocarbon reservoir within the Napo Group remains undiminished
(Zhongzhen et al., 2021a,b). Owing to the persistent compressive forces
exerted by the western thrust faults (~90 Ma-), the M1 sandstone layer
is predominantly situated in the basin’s eastern region (Fig. 1C), but is
also present in the western part (Jaillard et al., 1997).Consequently, the
study area is likely aligned with the most distal sand deposition zone of
the M1 sandstone segment (Baby et al., 2004; Vallejo et al., 2017).

Based on detailed biostratigraphic and sedimentological studies, the
M1 Sandstone Formation is a lens deposits of sandstone formed during a
minor marine transgression, and it exhibits erosional contacts with both
the underlying Upper Napo Shale and the overlying Lower Tena For-
mation (Jaillard et al., 1997). In contrast to the sedimentary evidence
suggesting river-dominated or tidal-influenced river deposits in low-
stand systems tracts, as observed in the lower T and U Sandstone For-
mations of the Napo Group (Shanmugam, 2000; Vallejo C. et al., 2021;
Zuniga et al., 2021b), such indications are notably scarce in the M1
Sandstone Formation within the study area. The restricted scope of the
study zone might still hold vestiges of earlier river fill upstream, possibly
aresult of intensified erosion from wave or tidal forces during periods of
marine transgression, coupled with a paucity of fluvial sediment
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sources. This absence of residual river deposition is mirrored in some
contemporary tide-influenced sedimentation environments, such as the
Qiantang estuary (Lin et al., 2005; Zhang et al., 2014b) and the South
Alligator estuary (Woodroffe et al., 1989). Given its proximity to shallow
seas along the continental margin, the study area’s sedimentary patterns
are intricately shaped by a blend of tidal currents, fluvial currents, and
wave currents, as well as local micro-structures. This complexity sug-
gests the possibility of diverse depositional environments within the
strata, potentially encompassing both fluvial and deltaic settings (Tang
et al., 2019; Vallejo et al., 2017, 2021).

3. Data and methods

In this study, our dataset primarily includes core, well logging, and
seismic data. The core samples serve as the most logical and effective
evidence for guiding the reconstruction of ancient environments. Our
analysis focuses on 13 coring wells in the T Block (Fig. 2A), where a total
of 244 m of core was meticulously observed. This involved detailed
descriptions of lithology, sedimentary structures, grain size, and other
features to identify lithofacies types and explain environments, as shown
in Table 1. We established an interpretation scheme based on petro-
logical characteristics and facies markers, which provided a preliminary
reconstruction of the paleoenvironment of the M1 sandstone segment in
the central part of the Oriente Basin’s Napo Formation.

To further reveal the variability in depositional processes, we
adopted the method of quantifying mixed-process variability, proposed
by Rossi et al. (2017). This approach involves analyzing variations in
lithofacies associations among different well sections. The crux of this
method is correlating the frequency of specific depositional structures
with corresponding depositional processes (such as those of rivers, tides,
and mono-directional waves). This is achieved through a statistical
analysis of published literature that documents the genesis of sedimen-
tary structures in multiple basins. The result is a combination of prob-
abilities that quantitatively characterizes these complex processes. This
innovative method is particularly useful in transitional systems for
quantitatively analyzing mixed hydrodynamic conditions. It is valuable
for assessing variations in hydrodynamic environments or in guiding
predictions about environmental evolution based on sedimentary
structures preserved in rocks (Peng et al., 2018; Lin and Bhattacharya,
2020).

In the study area, we utilized data from 540 wells (Fig. 2A), each
equipped with complete well logging curves. These wells exhibit an
irregular distribution, with a notable concentration in oil fields like D
field and F field. We amassed a comprehensive collection of well logging
curve data, encompassing gamma (GR), acoustic (DT), and density
(DEN) curves (Fig. 2B). Our goal was to elucidate the distribution
characteristics of sedimentary facies throughout the area. To achieve
this, we compared the well logging response characteristics of different
facies associations, using typical core well facies feature as a benchmark.
We also established key sections to analyze the distribution of sedi-
mentary facies in various directions. Based on these findings, we
distinguished the boundary values of sand and mud deposits using
response values of GR curves. This approach enabled us to interpret the
lithology of the target intervals throughout the entire well, uncovering
the spatial variation patterns of sand and mud components. Concur-
rently, we utilized porosity and permeability data from 493 core plug
samples collected from coring intervals.

Additionally, our seismic data encompasses several major oil fields
within the study area (Fig. 2C)., featuring a vertical and horizontal
spacing of 12.5 m. The primary frequency of the target layer is
approximately 45Hz. The seismic root mean square (RMS) amplitude
attributes were used as a supplement to guide the planar distribution of
sediments. By integrating sand body thickness data at well locations, we
successfully characterized the planar distribution features of the sand
bodies within the study area.
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Fig. 2. (A) Location map showing wells cored and logged, seismic data and oilfields within the T Block (Study Area). (B) Example of sedimentological features in well
data: logging data for Well C01, showing the logging types, lithological interpretation, and sedimentary facies interpretation. (C) The M1 Sandstone Formation on a
seismic profile with three gramma ray measurements on three wells. See Fig. 2A for seismic-profile location.

4. Results
4.1. Sedimentary facies associations

Core samples reveal sediments that retain evidence of tidal or fluvial
reworking to some extent. Here, we discuss in detail the sedimentary
characteristics and genesis of these sediments.

By analyzing the features of core samples, we identified fourteen
facies’ types (Fig. 3), described their petrological characteristics, and
provided interpretations of their depositional origins, summarized in
Table 1. Based on the stacking patterns and genetic relationships of these
facies (F), we identified seven facies associations (FA) (Fig. 4). The
criteria include: 1) facies contact relationships; 2) trends in grain size
and sedimentary structures; 3) sedimentological principles, such as
changes in hydrodynamic conditions and succession relationships. This
scheme applies to all core wells in the T block. The occurrence of these
facies and facies association patterns reflects the variation in sedimen-
tary processes within the study area. The following sections provide
detailed descriptions of these facies associations.

4.1.1. Tidal channel (FA1)

Description: This facies association is mainly composed of facies 4, 5,
6,13, and 14 (Fig. 5). The thickness of this facies ranges from 1 to 1.5 m.
Lithological changes are rapid, with the base dominated by coarser
sandstones and gravelly sandstones, which are poorly sorted. Upward, it
transitions into fine-grained sandy and muddy deposits, exhibiting an
overall normal grading. The diameter of the gravels can reach up to 1.5
cm, suspended within the sandy components to form thin gravel layers,
possibly indicating lag deposits within the tidal channel. Facies

Association 1 has an erosional contact with the underlying facies.,
showing trough cross-beddings with indistinct laminae boundaries and
particles with a certain degree of orientation. The bedding types in FA1
gradually shift upward to parallel or horizontal bedding, and in some
cored intervals, alternating grain sizes correspond to tidal flow
influences.

Interpretation: This facies association is interpreted as a tidal chan-
nel. Lag deposits, cross-bedding, and normal grading are basic indicators
of a tidal channel. The presence of coarse-grained components and cross-
beddings indicates strong water energy, while unconsolidated medium
to coarse sandstones suggest rapid sediment accumulation. Within FA1,
further differentiation between developing tidal channels and terminal
migrating tidal channels can be made. The former has coarser grain sizes
and more significant tidal influence, indicated by suspended gravel in-
terlayers and tidal rhythmites, likely located near the estuary mouth or
intertidal zone (Elliott, 1986). The latter is finer grained, with fewer
bidirectional flow indicators, often reflected by epsilon cross-beddings
indicating unidirectional flow. The continuous mudstone deposits in
facies 13 and the well-developed asymmetric climbing ripple cross-
beddings suggest deposition in weak hydrodynamic conditions with a
single dominant flow direction. Core observations reveal alternating
brown-black colors in the muddy and silty deposits. Although direct
evidence is limited, this color alternation may be related to periodic
exposure, which is consistent with formation in a muddy intertidal zone.
As water energy further decreases, bedding types change from climbing
ripple lamination to horizontal bedding.

4.1.2. Tidal Sand bar (FA2)
Description: This facies association mainly consists of facies 2, 3, 4,



S. Zhu et al. Marine and Petroleum Geology 170 (2024) 107125
Table 1
Characteristics of the lithofacies in the M1 Sandstone (modified from Zhu et al., 2024, Facies Code referred to Zhu et al., 2024, Fig. 2).
Facies Name Facies Composition Sedimentary features and bioturbation Interpretation
Code

Sandstone with wavy 1Sw Dark-gray colored, fine- to middle-grained contains symmetrical crests and troughs. The wavy lamination can be formed by the
lamination, weak quartz sandstone as the main body and And each individual crest or trough is migration of straight ripples. The presence of
bioturbation white colored fine to upper fine-grained stacked together with each layer slightly distinct ripple marks indicates an association

sandstone as interface, featuring some offset. An integral influence of bioturbation  with the intertidal sand flat facies. This
extent of crypto bioturbation. appears on the components, as evidencedby ~ phenomenon typically formed in open tidal
indistinct interface. flat areas, influenced by the ebb and flood
flow of tides (Jo and Choi, 2016).

Sandstone with low-angle 2 Sl-i Fine- to middle-grained quartz sandstone Low-angle cross-beddings, with angles The high energy of the water body is
planar cross-beddings, with the appearance of reactivation ranging from 30 to 40° between sets of indicated by the variations in the direction of
intraclasts surfaces, resulting in layers with varying laminae. In some locations, bidirectional (i.  the bedding, reflecting frequent changes in

angles of orientation. Planolites intermix e., herringbone) cross-stratification can be the dominant flow direction. The uneven
with the sandy components observed. The presence of bioturbation has  distribution of oil saturation suggests the
resulted in indistinct layer boundaries. influence of subtle bioturbation. The
bioturbation of microorganisms modified
the fuzzy internal structure and consistency
of the original sediment.

Sandstone with 3 Sh Dark-gray colored, fine- to middle-grained Hummocky cross-beddings are storm- Hummocky cross-beddings mean the
hummocky cross- quartz sandstone with hummocky cross- generated. Only the crests are visible as the ~ appearance of occasional storm beds. This
stratification, minor beddings. Some infilling components, like indicators. However, the interface is fuzzy type of stratification is deposited in locations
intraclasts Planolites, are observed. and unclear resulted by crypto bioturbation.  influenced by storm waves.

Sandstone with 4 Sp White-colored, very fine-grained sandstone  The development of horizontal bedding is The facies refer to the deposition that occurs
horizontal lamination with extremely low porosity and on the top of a section of Facies 2 withalack  during phases of reduced or minimal

permeability, and relatively thin bed of evidence of bioturbation. And the sedimentation in the process of tidal bar
thickness. horizontal bedding with gray color variesin ~ sedimentation. It represents the time
the density of development. intervals when sedimentation and flow slow
down or temporarily cease, leading to the
accumulation of sediments in the tidal bar.

Massive conglomeratic 5 SGm- Dark-gray colored, conglomeratic coarse- Less well-defined bedding with abundance High-energy traction processes and fine
sandstone with i and middle-grained quartz sandstone with of sandy intraclasts, many of which are facies are eroded into sandy intraclasts. The
intraclasts mudclasts, pyrite nodules, and fragments of  oriented according to the lamination. Some  abundance of intraclasts (many of which are

amber. Poorly sorted and subrounded. conglomeratic components have large layer-oriented) indicates the strength of
diameters up to 2 cm, floating within the tractional forces. And the conglomeratic
sandy components. components with floating condition reflect a
span of water flow velocity increasing. And
the gravels generally appear at the base, as
channel lag deposits, corresponding to
erosional features.

Sandstone with climbing- 6 Scr-i Gray-white medium-grained sandstone and  Alternating grain size components appear Partial of the climbing-ripple lamination is
ripple cross-lamination white fine-grained sandstone coexist, with and gradually thin out laterally. Fine- corresponding to the erosional surface,
with mudclasts varying amounts of intraclasts present grained quartz interbeds with ripple including elongated muddy intraclasts. The

internally. The content of muddy intraclasts ~ bedding is accompanied with large-size occurrence of locally developed alternating
varies significantly across different grain elongated muddy intraclasts. Medium- grain size components in sandy interbeds
sizes. grained sandstone contain less thick, muddy  reflects the tidal influence under the
intraclasts. hydrodynamic erosion of rivers. The scale of
these interbeds can indicate the degree of
tidal impact.

Sandstone with trough 7 St Medium to coarse-grained sandstone, light Trough structure, and some core samples The coarse grain size, uneven injection, and
cross-lamination brown(influenced by hydrocarbon exhibit an unconsolidated state and scouring characteristics indicate strong
(unidirectional) injection), or grayish-white colored. fragmentation. hydrodynamic conditions, and the

unconsolidated characteristics reflect the
rapid deposition of sandy sediments.

Sand/shale 81 A higher proportion of sandy content than This sand/shale-interlaminated/ These sand/shale-interlaminated rock are
interlaminated/ the mud content. The sandstone is interbedded feature is composed of thick, called “tidalites” (Coughenour et al., 2009b).
interbedded, ratio 3:1 predominantly gray, white in color, while sandy component and thin, muddy The lamina sets with alternating

the mudstone is gray-black. The sediment component(~2 mm). It exhibits typical tidal ~ granulometries are inclined heterolithic
sorting is relatively good. And mudstone bedding characteristics, with the stratification (IHS) that suggest tidal
forms double mud drapes development of mud laminae and some soft-  influence. The more sand component is
sediment deformation structures. contained, the stronger and longer lasting
the tidal currents are, corresponding to
uneven intensity of the flood and ebb
currents.

Sand/shale 912-b The overall sand content is comparable to This sand/shale-interlaminated/ Mud and sand fractions are present in a 1:1
interlaminated/ the mud content, with gray-white interbedded feature belongs to a typical ratio, reflecting the balanced characteristics
interbedded, ratio 1:1, sandstone and gray-black mudstone. The tidal heterolithic rock, with 50% sand of tidal fluctuations in the intertidal zone.
and weak bioturbated sediment is poorly sorted and subrounded, component and 50% mud component. The Tidal fluctuations lie at the boundary

with the bioturbation of biogenic burrows, sandstone forms lenticular bedding, with between transporting sand and mud, making

like Skolithos. less lateral consistency than facies 8. it a typical feature of the intertidal zone (
Webb et al., 2015). The slack water period
and the tidal flow period have comparable
durations.

Sand/shale with 10 13-b Grayish-white sandstone and grayish-black ~ Sand content is low, while the mud content  The sediment is primarily composed of mud,

lenticular lamination,

mudstone, exhibiting bad sorting resulted

is high. Wavy lamination and abundant
mud drapes. It shows signs of fracturing,

and the presence of double mud layers and
tidal rhythmites indicates the presence of a

(continued on next page)
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Facies Name Facies Composition Sedimentary features and bioturbation Interpretation
Code
ratio 1:3, and strong by intensely bioturbated processes, like fragmented structures, and abundant mud flat in the upper intertidal zone. As the
bioturbated Chondrites and indistinct bioturbation. bioturbation. The sand content has the flow energy weakening gradually, the more
poorest lateral continuity. biological activity occurs.

Sandstone with flaser 11 14-b White-colored, medium to fine-grained Flaser bedding, interbedded with The sorting is good, with some locations
lamination and weak quartz sandstone with a small amount of heterolithic facies, bioturbated with affected by bioturbation. The presence of
bioturbation elongated muddy clasts and localized Planolites, with syn-sedimentary indistinct gray bands suggests subtle

presence of carbonaceous and micaceous deformation structures and synaeresis lamination. The absence of muddy

fragments, and Planolites. cracks components reflects the strong
hydrodynamic conditions in the subtidal
zone.

Sand/shale 12 15-i Grayish-white sandstone and grayish-black  Crinkled lamination (soft-sediment Crinkled lamination are likely associated
interlaminated/ mudstone are comprised of soft-sediment deformation) is observed, along with the with storm activity and bioturbation.
interbedded, crinkled deformation. The relative content of sandy presence of water escape structures. The However, the most plausible explanation is
lamination, and and muddy components varies significantly ~ folds exhibit significant differences in their  the influence of tidal hydrodynamics.
intraclasts vertically, and there is a noticeable morphology, scale, and continuity. Sudden increases in flow strength caused by

variation in bed thickness. bore currents can resuspend sediment and
disturb previously deposited sediments,
typically observed in tidal channel areas and
tidal flat near river/channel mouths (
Chanson, 2011; Tessier et al., 2017).

Clayed siltstone with 13 Secr  The lithology consists of mudstone and Oxidation and reduction colors can be Fine grain size reflects a sustained low-
epsilon cross-bedding siltstone, with colors ranging from reddish- ~ observed in the silt and mud content, energy hydrodynamic condition, while the
and horizontal bedding brown to dark gray. There are also light possibly due to the differences in elemental ~ presence of unidirectional climbing ripple

gray fine-grained sandstones with minor content.The sedimentary layers exhibit lamination indicates the dominance of
amounts of mudstone and siltstone asymmetric ripple lamination, single-directional flow, controlled by the
components. characterized by the presence of distinct suspension and flocculation of clay particles.
foreset structures. Considering the sedimentary structures and
the fine-grained silty/muddy component, it
indicates an environment in the upper part
of the tidal zone.
Massive shale with 14 Fm Black mudstone, containing carbonaceous Blocky bedding, with the development of Blocky bedding of clay means the setting

carbonaceous clasts debris. Compared with laminated marine

mudstone, facies 14 is more homogeneous.

fragmented fractures.

exhibits a slow and stable sedimentation
rate. And the presence of carbonaceous
debris indicates the plants growing on the
supratidal zone.

and 6 (Fig. 5). The thickness is considerable, reaching up to 5-6 m. The
lithology is primarily medium to fine sandstone, with slightly coarser
grains at the base, and the logging curve generally presents a box shape.
Internal structures are mainly composed of trough cross-beddings (wave
influence?), bidirectional low-angle cross-beddings (tidal influence),
and parallel bedding. These sandy deposits exhibit good porosity and
permeability, and core observations indicate that they are oil saturated.
Occasionally, facies 4, fine sandstone with horizontal bedding (Fig. 3d),
is present, displaying tidal rhythmites, with a thickness of 5-10 cm and
extremely low porosity and permeability.

Interpretation: Based on the observed sedimentary thickness, sedi-
mentary structures, and grain size characteristics, this facies association
is interpreted as a tidal sand bar, which is one of the most important
deposits in estuarine setting. The continuous development of cross-
beddings reflects the strong hydrodynamic conditions in the deposi-
tional environment, and the occurrence of bidirectional cross-beddings
further indicates changes in the dominant hydrodynamic direction
during the tidal cycle. The transition between different types of bedding
is due to the varying hydrodynamic conditions during the growth of the
sand bar. As the thickness of the sand bar increases, the water depth over
the bar top changes continuously, leading to initially increasing and
then decreasing energy acting on the bar top. This may be one reason
why the internal bedding types transform from central cross-beddings to
parallel beddings upward. Additionally, changes in hydrodynamic
conditions are also reflected in the grain size of the sediments. The fine-
grained facies 4 observed within the sand bar corresponds to tidal
couplets formed during periods of weak hydrodynamic conditions be-
tween two phases of sand bar deposition. The presence of this sedi-
mentary structure, including fine-grained components and even
alternating sand-mud layers, interrupts the continuous cross-bedding
typically seen in tidal sand bars, reflecting the sediment sorting effect
of tidal action during phases of reduced hydrodynamic energy.

4.1.3. Intertidal muddy flat (FA3)

Description: This facies association mainly consists of facies 5, 10,
and 14 (Fig. 5). The thickness of this facies association ranges from 2 to
3 m. The lithology is primarily very fine-grained mudstone, with thin
sandy deposits (~1 cm) fully encased in muddy components, forming
tidal rhythmites characterized by lenticular bedding (F10). There is
clear evidence of bioturbation and biogenic burrows within these
muddy facies, disrupting the continuity of the bedding (Fig. 3i). In
addition to tidal rhythmites, massive mudstone (F14) deposits are of
comparable scale to facies 10. Occasionally, limited-scale intraforma-
tional clastic-bearing massive sandstone (F5) is observed between the
muddy facies. Unlike FA1, facies 5 in this association lacks gravel
components. Physical property tests indicate that this facies association
has more pronounced heterogeneity in porosity and permeability char-
acteristics compared to the sandy facies associations (FA1 and FA2),
with bioturbation likely playing a major controlling role. In bioturbated
facies, porosity can reach up to 20%, while the porosity of purely muddy
components is less than 10%.

Interpretation: The high proportion of muddy components in this
facies association reflects formation under relatively weak hydrody-
namic conditions. The presence of tidal rhythmites indicates tidal in-
fluence on the deposition of this facies association. Based on grain size
characteristics and sedimentary structures, this facies association
developed in the intertidal zone as mudflat deposits, where hydrody-
namic conditions were restricted to a low level. Due to the abundance of
muddy components, flame structures and cracks along the mud layers
can be observed in the core. These pieces of evidence indicate lower
water energy than facies 8 and 9, with reduced carrying capacity leading
to the deposition of suspended material. In general, the degree of bio-
turbation and the content of muddy components are closely related to
hydrodynamic strength. Environments with weaker hydrodynamics
typically have higher muddy sedimentation and stronger bioturbation.
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Fig. 3. Core photographs and corresponding sketches of typical lithofacies from M1 Sandstone formation, arranged in the order of facies codes in Table 1. All depths
represent core depths. (a) Dark-gray colored sandstone with wavy lamination, weak bioturbation. (b) Dark-gray colored sandstone with low-angle planar cross-
beddings, intraclasts, e.g. Planolites (P1). (c) Dark-gray colored sandstone hummocky cross-stratification, minor intraclasts. (d) White-colored sandstone with hor-
izontal or parallel lamination (PL) (e) Dark-gray colored massive conglomeratic sandstone with intraclasts, e.g. pyrite nodules (Pn) and floating gravel (FG). (f) Gray-
white sandstone with climbing-ripple cross-lamination with mudclasts (MC). (g) Sandstone with trough cross-lamination (unidirectional) indicating erosional surface
(ES). (h-1) Different types of tidal rhythmites with mud drapes (MD), lenticular bedding (LB), soft-sediment deformation (SD), and bioturbation, e.g. Skolithos (Sk),
Chondrites (Ch) and other indistinct bioturbation (Ib). (j) Clayed siltstone with epsilon cross-bedding (SC) and horizontal bedding. (k) Massive shale with carbo-

naceous clasts (Cc).

(Melnyk and Gingras, 2020). Therefore, the core evidence from inter-
tidal muddy flats exhibits different combinations of characteristics,
suggesting that these sediments may be distributed over a wider area
within the estuary. For example, in facies association FA3-1, the fre-
quency of bioturbation is slightly lower compared to FA3-2, and facies 5,
which reflects terminal tidal channels, appears (Fig. 5). In both cases of
FA3, the variation in bioturbation intensity and muddy content suggests
that FA3-1 may have developed in the intertidal zone closer to down-
stream zone of the estuary, where water energy is stronger. In contrast,
the higher proportion of muddy components and stronger bioturbation
in FA3-2 indicate that it developed in a more low-energy, upstream

intertidal zone.

4.1.4. Sandy intertidal flat (FA4)

Description: This facies association mainly consists of facies 6, 8, 9,
10, 11, 12, and 14 (Fig. 5), with a thickness of 6-8 m. Facies 6, 8, 9, 11,
and 12 are primarily composed of medium to coarse sandstones and fine
sandstones. The sedimentary structures in facies 8, 9, 11, and 12 are
related to tidal influences, including double mud drapes, wavy bedding,
lenticular bedding, and soft sediment deformation structures. Addi-
tionally, in facies 6, the development of cross-beddings is characterized
by cyclic changes from coarse to fine sediment components. In different
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Fig. 4. Estuarine facies associations including tidal channel (FA1), tidal sand bar (FA2), Intertidal muddy flat (FA3), Sandy intertidal flat (FA4), Supratidal flat (FA5),

Subtidal sand flat (FA6), and tidal point bar (FA7).

facies associations, tidal flat deposits with tidal rhythmites and tidal
channel deposits with cross-beddings are commonly developed,
frequently alternating. In the tidal flat facies, the proportion of sandy
components is higher, and evidence of bioturbation is difficult to
observe. Notably, in facies association 4-1, facies 12 exhibits soft sedi-
ment deformation, disrupting the original sand-mud inter-layered
structure of the tidal flat deposits. The porosity of the sediments ranges
from 25% to 30%, with indications of hydrocarbons.

Interpretation: The variations in grain size distribution and sedi-
mentary structures among these seven facies are related to the rapidly
changing hydrodynamic conditions of the intertidal zone, reflecting
differences in water energy distribution between different high tide-low

tide boundaries. The rapid changes in facies types effectively indicate
transitions between different hydrodynamic characteristics. Therefore,
considering both lithology and bedding structures, this facies associa-
tion is distinguished from facies association 3, which also belongs to the
intertidal zone, and is defined separately. These heterogeneous rocks,
primarily characterized by tidal rhythmites, have a higher proportion of
sandy components and clearer and more continuous bedding interfaces.
Facies 10, 9, 8, and 11 sequentially reflect the variation in hydrody-
namic energy from weak to strong. Additionally, facies 6, as evidence of
tidal channels, frequently alternates with tidal rhythmites of the inter-
tidal zone, making it reasonable to consider them together as indicators
of the intertidal zone and to define facies association 4. For instance, the
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Fig. 5. Facies associations patterns corresponding to the core data. Considering the various locations within the estuarine environment, 14 types of lithofacies can be
grouped into different subtypes related to various depositional processes, e.g. different flow intensity.

occurrence of facies 12, with soft sediment deformation, can be
explained as a product of tidal bore-effects, where enhanced water load
capacity typically occurs in low tidal flat areas. The degree of soft
sediment deformation is also related to the distance from the main tidal
channels of the estuary.

4.1.5. Supratidal flat (FA5)

Description: This facies association mainly consists of facies 10 and
14 (Fig. 5), with a thickness of 2-4 m. It is primarily a mud-dominated
sequence with a high content of muddy components. Facies 14, as an
indicator of the supratidal flat, is characterized by continuous mudstone
with no apparent sedimentary structures. In contrast to the intertidal
mudflat facies, carbonaceous detritus can be observed in the muddy
facies of this association. Facies 14 can laterally transition into facies 10,
with a slight increase in sandy components.

Interpretation: The supratidal flat is located above the mean high
tide level, where the influence of tidal currents is minimal. The presence
of structureless mudstone containing carbonaceous detritus indicates
that tidal influence has reached its limit in this tidal flat region. The
combination with facies 10 reflects the lateral transition from the
supratidal flat to the intertidal mudflat, with an increase in tidal
influence.

4.1.6. Subtidal Sand flat (FA6)

Description: This facies association mainly consists of facies 9, 10
and 11 (Fig. 5). The main lithology of this association is gray-white
medium to fine sandstone. Facies 11 develops flaser beddings and has
a large thickness, while facies 9 and 10 are characterized by lenticular

10

beddings, bioturbation structures, and mud drapes. The thickness of the
mud drapes ranges from 1 mm to 5 mm, and they contain yellow amber-
like detrital particles. Tidal rhythmites are developed, with rhythmic
characteristics showing alternating layers of medium-fine sandstone and
mudstone. Unlike the lenticular bedding shown in Fig. 3j and k, the
lithological boundaries in facies 9 and 10 of FA6 are straighter, and the
sandy components exhibit larger granular structures. Additionally,
Bioturbation characteristics are largely absent, with a lack of
bioturbation-induced chaotic features. The discontinuities in sandy
components are more likely attributed to tidal flow activity.

Interpretation: Over 90% of the components in this facies association
consists of sandy deposits. The presence of flaser bedding as the main
structure reflects a subtidal sand flat setting. Facies 9 and 10 is struc-
turally more complex than facies 11. However, under the influence of
strong currents in the subtidal zone, the characteristics of rhythmic
bedding differ significantly from those in the intertidal zone, showing a
higher proportion of sandy components overall and sandy clasts with
granular features. This could be related to periodic strong ebb tides
(Visser, 1980). Additionally, the mud laminae exhibit unevenly thick-
ness, interspersed between rapidly deposited lenticular layers. More-
over, the low-frequency biogenic features observed in FA6, which
decrease with increased sedimentation rate, reflects higher water energy
than that of the intertidal zone. Even under relatively weak hydrody-
namic conditions, the sediment grain size in the tidal bedding of this
facies association reaches 1-2 mm sandy clast, indicating a relatively
strong depositional hydrodynamic environment.
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4.1.7. Tidal point bar (FA7)

Description: This facies association mainly consists of facies 6, 7, 10,
and 14 (Fig. 5). The sediment types are primarily sandy components
with ripple bedding and parallel bedding, in erosional contact with
mudstone facies. The mud deposits are relatively thin, with no evidence
of bioturbation. The overall thickness of this association is about 3 m. A
single point bar is smaller in scale compared to a tidal sand bar, but
based on core observations, both tidal point bars and tidal sand bars are
multi-phase, with sand body thicknesses reaching up to 10 m. The
sediment grain size is generally medium to coarse sandstone, with a
vertical variation pattern of fine-coarse-fine grain size. The bedding
interfaces exhibit unidirectional oriented arrangement. Additionally, in
core observations, facies 6 shows abundant black mud clasts with their
long axes parallel to the bedding surface, with clasts reaching lengths of
3-4 cm and thicknesses generally less than 0.5 cm. Porosity and
permeability tests indicate that this facies association has higher
porosity and better reservoir properties compared to other facies
associations.

Interpretation: Tidal point bars are the main sand body type in the
upstream areas of estuarine environments. Besides this area, this facies
type generally also develops in the ebb-tidal channels on both sides of
tidal flats (Jo and Choi, 2016). These regions have stronger hydrody-
namics and are influenced by asymmetrical tidal flows, resulting in grain
size, and bedding direction characteristics that are distinct from tidal
sand bars. For instance, the grain size is predominantly sandy, but still
shows rhythmic characteristics corresponding to tidal cycles, indicating
that the depositional hydrodynamic environment of tidal point bars is
weaker than that of the main estuary. Unlike the more uniform coarse
sandy deposits of tidal sand bars, the sorting by ebb and flow tides be-
comes more pronounced as water flow strength decreases (Fietz et al.,
2024). Since tidal point bars develop near intertidal or supratidal zones,
the increased supply of mud components during deposition, combined
with strong water flow, results in discontinuous and elongated mud clast
deposits.

The presence of these facies types reflects the reworking of sediments
by tidal currents. Considering these facies associations, the depositional
period of the M1 Sandstone Formation, and the transgressive sequence
background of the basin, we conclude that the study area exhibits a
sedimentary development model characterized by a tidal-dominated
estuarine environment.

Table 2
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4.1.8. Logging features of facies associations

Through detailed core descriptions, we found that different facies
associations exhibit clear distinctions in terms of grain size, particle
arrangement, mud content, and thickness. The GR logging response
effectively records these differences (Table 2), specifically reflected in
the response values and curve shapes.

4.2. Analysis of sedimentary distribution, scale, and source direction

All 540 wells penetrated the M1 Sandstone Formation. Sedimento-
logical descriptions indicate that the M1 Sandstone Formation primarily
consists of a sequence of coarse-grained sand bar sands, point bar sands,
and relatively fine-grained tidal flat deposits. This predominantly sandy
sedimentary sequence is stably overlying thick marine mudstone layers.
The maximum cumulative thickness of the sand bodies can reach up to
36 m (~108 feet). Using a GR response value of 80 DPI as the threshold
value, the logging response of 80 DPI is used to distinguish between
sandy and muddy sediments. Targeting the sand bodies within the M1
Sandstone Formation, the total thickness of the sand bodies across the
entire stratigraphic interval was projected onto a thickness plane map
for sediment scale statistics (Fig. 6A). The sand body envelope defined
by a thickness of 16 m can serve as the boundary of the main estuary. On
the RMS attribute plane map (Fig. 6B), this boundary is surrounded by
continuous, band-shaped low-value attribute areas corresponding to low
sand body thickness zones.

The shape of the contour lines exhibits a funnel-like geomorpho-
logical pattern, with the area within well control extending approxi-
mately 20 km in a southeast-northwest direction (Fig. 6A). The sediment
transportation within the estuary follows a southeast-northwest direc-
tion, consistent with the funnel-shaped mouth opening and sourced from
the southeast. By analyzing the logging facies characteristics of the
encountered wells, low attribute value regions near the enveloping line
are interpreted as fine-grained sediment accumulation areas developing
tidal flat facies. The region with sand body thickness greater than 16 m
constitutes 58.1%. The extensive accumulation of sandy sediments in-
dicates a stable sediment supply rate during the deposition period of the
M1 sandstone section. Overall, estuarine sediments are well-preserved,
including both marginal facies (tidal flats and runoff tidal channels)
and main estuary facies (sand bars and point bars).

The distribution of sand bodies in the M1 Sandstone Formation

Summary of the logging responses (logging facies) of the facies associations.

Facies Association Facies S Interpretation

Facies (Base to Top) Well-logging Pattern Logging Signature

Tidal Channel 1 Runoff channels
(FAD) 2 Abandoned tidal channels
1 ‘Tidal bars deposited in estuary mouth zone
Tidal Sand Bar
(FA2)

2 Wave current influenced tidal bar

Intertidal Muddy Flat
(FA3)

Intertidal Sandy Flat
(FA4)

Supratidal Flat
(FAS)

Subtidal Sand Flat
(FA6)

Tidal Point Bar
(FAT)

[ T

Intertidal muddy flat influenced by tidal currents
Intertidal muddy flat near the upstream zone
Bore current influenced flat adjacent tidal channels
Intertidal sandy flat near fluvial-donimated zone
Intertidal sandy flat near estuarine mouth zone
Intertidal muddy flat near the downstream zone

Intertidal muddy flat near the upstream zone

Subtidal sand flat dominated by tidal currents

Tidal point bar deposited in tidal channels or river
channels

Multiple Peak style

SGm,Sh or Se,Fh
Sw,Fh,Fe/Sie

S1Sp,thin Sh .
Thick trunk style, less
mud response (high
GR) between sand
Sw,St,Sl,thin Sh

Mainly high GR
response of mud

13.SGm
thin Fm,13
Sw,l4 Higher response of thin
Sw,12 or I3
Sw,I1,Fhor 12

grain size sand, mud
contain up

thin I1,13,thick Fm Almost high GR
thick Fm,I3 response of mud
thick Sf,thin 12 or Se Almost high GR
response of sand

Mean sand response
higher than FA2, mud
appearance increase

Fm, Sp, Sw, I3, Fm

11
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Fig. 6. (A) Isopach map of the M1 Sandstone formation covering the area of three major oilfields, D, F, and TW oilfields illustrating key paleo-sedimentary features
on the source direction, contour lines of sand bodies and tidal flow direction. The contour lines exhibit an expanding trend towards the northwest. The provenance
direction is from the southeast. (B) Root Mean Square (RMS) attribute map of the M1 Sandstone formation with the facies contours based on changes in attribute
values. The attribute values are consistent with the distribution trend of the sand thickness shown in Fig. 6A.

represents the cumulative trend of multiple depositional periods. This
trend varies along the axis of the estuary. In the relatively narrow up-
stream area, the distance between the two envelope lines is 1.9 km, and
the distribution of sandy sediments in this area is limited, with a total
thickness of less than 20 m. Core samples in this area are primarily of
point bar facies, with multiple depositional units indicating that fluvial
processes were the main hydrodynamic influence. In the central area
where the estuary width rapidly increases (approximately between wells
BO1 and AO01), the accommodation space for sediments increases, and
the lateral continuity of sand bodies decreases. Core profiles show
diverse facies association types in this area, including point bar facies
and tidal flat facies. Conversely, as the estuary extends downstream, the
width between the envelope lines can reach 7 km, related to the modi-
fication of estuary geomorphology by tidal action. In this area, the cu-
mulative thickness of sand bodies can reach 33 m, almost completely
covering the main estuary region. The sediments mainly consist of more
extensive and contiguous sand bar deposits, as observed in the core
profile of well BO3 (Fig. 7).

4.3. Stratigraphy and stratigraphic framework

Detailed core descriptions indicate that the spatial distribution of
deposit types within the M1 Sandstone is variable. According to the
vertical changes in facies types observed in cored wells (Fig. 7) and the
differences in logging features responses between adjacent wells (Fig. 8),
we have divided the M1 Sandstone Formation into four major deposi-
tional periods.

4.3.1. Indicators of depositional period Division

Within the M1 Sandstone Formation, multiple secondary cyclic
boundaries exist. These boundaries are related to regional relative sea-
level fluctuations, accompanied by changes in facies and facies associ-
ation types. The M1 Sandstone Formation is in erosional contact with
the underlying marine mudstone of the Napo Shale Formation (Fig. 7).
This lithological boundary is a regional marine flooding surface,
resulting from a rapid sea-level rise during the initial stages of deposi-
tion. This erosional boundary is stably distributed within the study area
and is comparable across the GR curve of all 540 wells. However, within
the M1 Sandstone Formation, the spatial distribution characteristics of
the tidal channel facies (FA1), tidal sand bar facies (FA2), tidal flat facies
(FA3-6), and tidal point bar facies (FA7) reflect regional variations in the
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dominant depositional controls during the sedimentation process. The
logging responses clearly distinguish changes in facies associations
(Table 2), including the erosional surfaces of tidal channel facies.
Therefore, vertical changes in depositional facies serve as critical evi-
dence for dividing the depositional periods.

Well A01, A04, A03, and BO1 are situated in the southern part of the
area bordered by two east-west faults (Fig. 7). In these wells, the vertical
sequences show the deposition of tidal point bar facies starting from the
bottom of the M1 Sandstone interval, with thickness increasing towards
the northwest. Conversely, in the upper parts of the core sections, the
main depositional sand body transitions from point bar facies to better-
sorted tidal sand bar facies, characterized by the appearance of bidi-
rectional cross-bedding influenced by tidal action. The transition be-
tween tidal sand bar facies and tidal point bar facies within the estuary
corresponds to different hydrodynamic conditions, reflecting differences
in the depositional processes of two periods with changing hydrody-
namic conditions. The strata below this interface are classified as
Period01.

In Well BO2 and B03, the facies types are relatively homogeneous,
with tidal sand bar facies stably deposited from the top of the marine
mudstone (Fig. 7). The identification boundaries of the first two sedi-
mentary periods within the sand bar facies are difficult to distinguish
further, with only a thin layer of fine-grained sandstone indicating a
short-term reduction in depositional hydrodynamics. Similarly, in Well
DO1 and F02, located farther from the F field, the observed sand bar
facies are more continuous, but the main thickness of the M1 Sandstone
interval thins to about 15 m (Fig. 7). Some core sections of Well D01
show sedimentary structures formed by wave action. In contrast, Well
B02 and B04 show the appearance of tidal flat facies, occasionally with
point bar facies associations, at the top of the sand bar facies. This
change indicates the contraction of the estuary, with tidal flat facies
covering the earlier estuarine sand bars.

Along the West-East trending core section (Section FO1-E01-B03-
B04-C01), the frequency of facies changes significantly increases to-
wards the sides. Tidal channel facies and tidal flat facies frequently
appear, with the thickness of individual facies relatively thinning. For
example, unlike the relatively continuous point bar or sand bar depo-
sitional facies in Period02 observed in the other wells, Well FO1 shows
smaller thicknesses for point bar and tidal flat sands, with more clearly
defined depositional periods and the development of tidal flat facies.
This sedimentary sequence pattern also appears in Well CO1. According
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Fig. 7. Stratigraphic section(three-dimensional) of the estuary-fill succession of the M1 Sandstone formation, established from 13 cored wells. The solid arrow
indicates the direction of sediment migration shown in Fig. 6A. This section shows the distribution and adjacent change of estuarine deposits. According to variations
in features along the section, four sedimentary periods’ boundaries have been identified.

to logging responses (Fig. 2B), the uncored interval of this well show a
clear box-shaped logging curve corresponding to the continuous tidal
sand bar deposition of Period01 and Period02. In the cored interval
(7937-7874 feet), the facies types of Period03 and Period04 change
rapidly (Fig. 2B), reflecting the rapid response of marginal facies belts to
sea-level fluctuations. Additionally, the top of the M1 Sandstone For-
mation gradually transitions to tidal channel facies.
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4.3.2. M1 sandstone stratigraphic framework

The sandy sediments in the M1 Sandstone Formation are character-
ized by large thickness and good continuity. Within this formation, three
estuary-infilling periods and one open costal tidal flat period have been
identified.

In each depositional sequence, the lateral comparability of logging
facies reflects facies migration and changes in depositional processes.
Influenced by early basement topography and water erosion, three
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Fig. 8. (A) Cross section a-a’ shown in Fig. 2A, extending from southeast to northwest (parallel to sediment migration direction). The datum is fixed at the top of the
M1 Sandstone Formation according to the filling processes at different stages. Throughout the cross section, three deposit centers appear, likely related to the
paleogeomorphology and sedimentary processes. Thick, continuous tidal sand bars (FA2) are distributed in the seaward direction, gradually varying to tidal point
bars (FA1) with reduced thickness and exhibiting a multi-peak pattern in the well logging response. Overall, these two facies associations dominate. (B) Cross section
b-b’ shown in Fig. 2A, perpendicular to the central axis direction of the contour lines and intersecting with section a-a’ in Well 06. The lateral facies change is evident
as tidal sand bars (FA2) (near Well 27 and Well 06) transitions to tidal flat facies (FA3-6) on both sides, e.g. estuary 1 in Period 02.

depositional centers can be identified along the section a-a’ (Fig. 8A). In
upstream depositional center 1, sandy sediments, primarily composed of
channel (tidal channel) and point bar deposits, have an average thick-
ness of about 3 m. The low-value logging response corresponds to the
thinner abandoned channel located at the top of the point bars (FA7).
Depositional center 2 corresponds to the inner estuary zone, where the
scale of estuarine sand bars is restricted to less than 5 m in thickness.
This restriction is possibly due to sandy sediments being transported by
stronger ebb currents to further downstream areas, forming a residual
zone of sediments after tidal channel incision. Depositional center 3
corresponds to the outer estuary zone and is the primary area of sand
body development. Sand bar deposits characterized by box-shaped
logging responses are continuously developed along the profile. In this
area, the sand body thickness can reach up to 10 m and shows multiple
depositional phases. Due to the increased water depth in this area, the
accommodation space for sediments increases, and the inflow volume
increases, resulting in stronger flood currents than ebb currents.
Consequently, when receiving sediments from both terrestrial and ma-
rine directions, the sand bodies in depositional center 3 are large in
scale, with sand bars showing multiple depositional phases. At the
farthest end, tidal sand bar deposition begins to be influenced by wave
action, leading to sandy sediments being separated by thick layers of
muddy deposits.

The presence of sandy sediments, distinct from the underlying ma-
rine mudstone and tidal flat deposits, signifies the rapid evolution stage
of the estuary. During the initial period of estuarine evolution, the river
provided substantial sediment input, leading to the development of
continuous point bar sand bodies in the main channel area, which
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extended into the estuary and transitioned to sand bar deposits. Beyond
the main estuary area, logging responses along the cross section b-b’
indicate significant accumulation of tidal sand bodies in broader areas
beyond the tidal flats (Fig. 8B), corresponding to some subordinate
estuarine depositional zones. However, as incised valleys were filled
with earlier deposits, the accommodation of the estuary decreased and
remained relatively stable in subsequent depositional periods. Addi-
tionally, the estuary’s development is inherited, with the main estuarine
depositional area remaining relatively stable over several depositional
periods. In the cross-estuary profile, a more defined estuarine outline is
identified in the second depositional period. The logging facies at the
envelope lines show superimposed sequences of multiple supratidal and
intertidal zones, with sand bar sequences confined between the envelope
lines. During the last two estuarine evolution periods, the estuary
gradually filled, the thickness of sandy sediments decreased, and the
logging facies transform to predominantly tidal channels and tidal point
bar (Fig. 8B).

4.4. Hydrodynamic process and sediment distribution

During the different stages of the estuarine evolution, the mixed
hydrodynamic intensity varies due to the differing positions relative to
the shoreline and the varying degrees of estuarine evolution. Core
samples have confirmed the widespread presence of tidal signals in the
facies sequences, including tidal-dominated and tidal-influenced. The
sedimentary structures in these rock records not only indicate the dis-
tribution patterns of ancient sediments but also preserve information
about the mixed hydrodynamic conditions at the period of sediment
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accumulation. The method of quantifying mixed-process variability
provides a mapping scheme (Rossi et al., 2017, Table 1) for inferring
paleo hydrodynamic processes from sedimentary sequences. This
method reconstructs the paleo hydrodynamic signals recorded in sedi-
mentary structures, which are complex probabilistic processes influ-
enced by fluvial, tidal, and wave effects, revealing the energy
transformation processes driving the evolution of ancient estuarine
systems. By identifying the facies successions in core well sections, we
applied this method to quantify the mixed hydrodynamic characteristics
of ancient estuarine sediments in the study area. This effectively quan-
tifies and visually displays the changing trends of dominant hydrody-
namic processes in estuarine sedimentary sequences, revealing the
impact of sedimentary processes on sedimentary distribution.

4.4.1. Hydrodynamic characteristic changes from sedimentary structures
After identifying and dividing the depositional periods of the M1
Sandstone Formation, we conducted a systematic analysis of hydrody-
namic processes based on two core profiles oriented parallel and
perpendicular to the sediment source direction. Observing the hydro-
dynamic distribution profile parallel to the sediment source revealed a
gradual change in hydrodynamic conditions within the estuary. The
base of the profile corresponds to the initial development stage of the
estuary. Well A01, A03, and BO1 are located near the upstream part of
the estuary (Fig. 7), corresponding to the fluvial-dominated zone. The
facies associations at their bases show a high proportion of fluvial in-
fluence, indicating that this area was dominated by fluvial depositional
processes during the early stages of estuarine evolution (Fig. 9). Towards
the shoreline along the central axis of the estuary, the influence of tidal
processes significantly increases, reaching a peak tidal process proba-
bility near Well D20, with tidal energy accounting for 64% of the mixed
hydrodynamic conditions (Fig. 9). The transition from fluvial-
dominated to tidal-dominated energy marks a significant shift in the
sedimentary facies type. The facies associations reveal extensive devel-
opment of tidal flat facies and thick tidal sand bars, typical products of
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tidal reworking.

Further downstream, the proportion of tidal energy decreases and
stabilizes around 40%, while the proportion of fluvial processes gradu-
ally increases and becomes dominant (Fig. 9). This phenomenon may
correspond to the development of distributary tidal channels in this
area, where sediments form tidal point bars under the influence of flood-
ebb tidal currents, with sedimentary structures influenced by fluvial
processes. The changes in hydrodynamic trends can be clearly visualized
in the ternary diagrams for each period. By comparing the trends of each
period, it is evident that tidal processes are the dominant sedimentary
factors in the estuarine systems (Fig. 9). Taking Period 2 as an example,
from upstream to downstream, the hydrodynamics transition from river-
dominated to tidal-dominated, with wave influence appearing closer to
the shoreline.

Observing the hydrodynamic ternary diagram for individual wells in
the profile parallel to the estuarine axis, the vertical process probability
migration curves indicate changes in environmental hydrodynamic
processes. As the estuary enters the rapid development stage, the tidal
component in the mixed hydrodynamics generally increases compared
to the initial stage. The peak tidal intensity region migrates to Well BO1
and even further upstream (Fig. 9). This pattern may be related to the
further widening of the estuary’s geomorphology during this period.
Meanwhile, near Well D01, the probability of wave action significantly
increases, reaching a process probability comparable to tidal action.
This indicates that wave action penetrates the outer estuary region and
becomes one of the dominant hydrodynamic forces shaping depositional
features in certain local areas.

The process probability section perpendicular to the estuarine axis
reflects the trend of hydrodynamic conditions changing from the center
of the estuary to its sides (Fig. 10). Generally, in the central region of the
estuary, tidal action is the primary hydrodynamic condition influencing
tidal sand bar deposition. Comparing the lateral distribution trends of
mixed hydrodynamic probability processes allows us to identify the
depositional centers of the estuary. In the initial development stage’s

/gxy :
5 A Max proportion of tidal process

Variation trend of
tidal process probability

" 8.71km T

Period 03

Fig. 9. Cross section of mixed hydrodynamic processes, in which core wells extending from southeast to northwest (parallel to sediment migration direction). Note
that the proportion of fluvial, tidal and wave processes corresponds to the sedimentary structures of core data, shown in Fig. 7, consistent with sedimentary process
probability results in shallow marine systems (Rossi et al., 2017, Table 1). In the section, the pie charts record the proportions of different processes within each single
interval. The proportions are projected onto a ternary diagram to reflect the trends in process probability changes both vertically and laterally.
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Fig. 10. Cross section of mixed hydrodynamic processes, in which core wells extend perpendicular to sediment migration direction. Note that when the cored
interval is significantly smaller than the entire interval, the hydrodynamic processes may not be accurately represented.

process probability profile, there are two high tidal process probability
areas on either side of well BO3, possibly indicating the presence of two
estuarine systems during this period. Meanwhile, a transient fluvial
process is observed at the bases of Well B03 and EO1 (Fig. 10), gradually
transitioning to tidal-dominated processes as the estuary evolves. In the
rapid development stage of the estuary, a peak tidal process probability
is only present near Well B03, corresponding to the maximum water
depth region of the estuary during this period. Concurrently, the
strength of fluvial action increases with shallower water depths. Given
that tidal-dominated estuaries generally exhibit a gradual growth trend,
this characteristic of lateral hydrodynamic process change is preserved
in the profile perpendicular to the sediment source.

4.4.2. Sediment distribution under hydrodynamic constraints

Mixed hydrodynamic processes play a crucial role in the evolution of
estuarine settings, impacting sediment redistribution, facies successions
patterns, estuarine geomorphology, and even influences subsequent
diagenesis (Estupinan et al., 2010). The redistribution of these sed-
iments—through deposition, transportation, and erosion—is closely
linked to local hydrodynamic conditions. Consequently, the distribution
of sedimentary facies maintains a high degree of consistency with the
changing trends of mixed hydrodynamic processes in the estuary
(Harris, 1988; Chaumillon et al., 2010; Ekwenye et al., 2017).

As sediment transport and erosion processes continuously occur, the
estuary’s morphology remains in dynamic evolution. In this process,
different areas of the estuary are continually filled or eroded, causing
changes in local water depths and thereby influencing the relative
proportion of water energy in mixed hydrodynamic processes. The ab-
solute strength of water flow also controls sediment and facies distri-
bution. Sediment distribution is controlled by both the absolute energy
of the flow and the mixed hydrodynamic processes. This is reflected in
the varying distribution of grain size and sedimentary structures within
the depositional sequences. Therefore, in analyzing sediment distribu-
tion, we categorize sediments reworked by mixed hydrodynamic
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processes into sandy components, muddy components, and heteroge-
neous rock components with tidal signals. As bedload components,
sandy sediments correspond to areas with the highest water carrying
capacity and stronger water energy. Heterogeneous rocks and muddy
components are fine-grained sediments corresponding to areas with
weaker water energy. However, heterogeneous rock components expe-
rience more intense tidal reworking, indicating relatively stronger tidal
influence compared to muddy components.

By establishing hydrodynamic distribution profiles of the estuary, we
selected 39 non-cored wells in both parallel and perpendicular di-
rections to the sediment source to explore sediment distribution patterns
(Fig. 11A). The core wells used in hydrodynamic characteristic analysis
were projected onto these two profiles. Overall, throughout the evolu-
tion of the estuary, the proportion of sandy components in the total
sediment is quite high. For example, in the profile parallel to the sedi-
ment source, the average sandy component reaches 73%. However, due
to the relationship between sediment distribution and hydrodynamic
processes, the development scale and frequency of occurrence of the
three sedimentary components vary significantly across different areas.

In the profile parallel to the sediment source, three depositional
centers can be observed. The first depositional center is a tidal-
dominated high-energy region corresponding to the outer estuary zone
(8.5-20 km) (Fig. 11A). This area develops tidal sand bars, which are the
main accumulation sites for sandy sediments. The sand bodies are large
in scale, lithologically homogeneous, and lack fine-grained interlayers.
The second depositional center is the energy mixing zone (6-8.5 km).
The thickness and scale of sedimentation is smaller than that of the outer
estuary zone but still predominantly sandy, with muddy components
appearing in the later stages of evolution. This area is located on the
inner side of the estuary and is a transition zone where tidal influence
shifts to fluvial influence. The deposition rate of sediments is limited due
to the combined effects of fluvial and tidal actions. The third deposi-
tional center is a fluvial-dominated low-energy region corresponding to
the inner estuary zone (0-6 km). In this area, sediments have
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characteristics of fluvial environments, mainly consisting of tidal point
bar facies and tidal flat facies. The increase in fine-grained sediments
reflects the weakest absolute hydrodynamic intensity in this area.
However, the development of heterogeneous rock components indicates
that tidal processes still penetrate this region. These centers correspond
to three zones of mixed hydrodynamic processes. As hydrodynamic
processes determine facies distribution, these areas display marked
differences in the scale of sand-mud components, facies associations,
and lateral continuity.

In the section perpendicular to the sediment source, the sediment
distribution trend is consistent with the distribution trend of the water
body structure. Sandy components preferentially fill the deepest parts of
the estuary, predominantly influenced by tidal action. As the water body
becomes shallower, it transitions to heterogeneous rock components and
muddy components towards the sides, corresponding to the facies
transition from tidal sand bar facies to marginal tidal flat facies. During
this process, the content of fine-grained components gradually increases,
while the content of sandy components decreases (Fig. 11B). This sedi-
ment accumulation trend appears multiple times in the profile, most
typically near Well BO3. This area consistently maintains the maximum
depth during the continuous evolution of the estuary, corresponding to
the sedimentary center of the estuary. The central area forms uniform-
grained, large-scale tidal sand bar deposits, flanked symmetrically by
tidal flat deposits on both sides. This typical sediment stacking trend
enables us to identify multiple estuarine units within the M1 Sandstone
Formation (Fig. 11A). Nevertheless, the highest proportion of tidal in-
fluence consistently identifies the main sand body deposition area in the
estuary. The tidal influence gradually diminishes towards the margins
and upstream areas, a trend attributed to the attenuation of tidal energy
due to bottom friction and decreased water depth from topographic
changes (Dalrymple et al., 1992; Dalrymple and Choi, 2007).

Across the three periods of estuarine evolution, the sediment com-
ponents show a trend of increasing sandy content and decreasing muddy
content towards the sea (Fig. 11C). However, the statistical values of
sediment thickness distribution across different depositional periods
reveals certain differences. Among them, comparing three intervals
shows that the fluctuation in sediment thickness is greatest during the
initial stage of estuarine evolution; it gradually decreases during the
rapid development stage and the final stage of estuarine evolution
(Fig. 11C). This trend indicates the impact of valley topography on the
sediment filling process during the early development of the estuary. As
the early valley topography is gradually filled with sediments, the bot-
tom of the estuary forms a relatively flat topography, and a relatively
stable estuary region is gradually established. In the final period, sedi-
mentation rate decreases, and the proportions of various grain size
components are relatively equal (Fig. 11B and C). During this period, the
estuary is completely filled with sediments, and the facies are predom-
inantly fluvial facies, tidal channel facies, and tidal flat facies. In the
profiles in both directions, the sediment component distribution trend
lacks clear regularity. This significant difference in sediment distribu-
tion indicates that in the final stage of estuarine evolution, as the estuary
is gradually filled, the depositional environment undergoes a trans-
formation to tidal flat.

5. Discussion
5.1. Sequence-controlling factors of M1 sandstone formation

5.1.1. Persistent tectonic subsidence

Persistent tectonic subsidence provided geological conditions that
facilitated the marine-fluvial transitional environment at the edges of
the basin. The Oriente Basin experienced moderate geodynamic changes
during the Cretaceous period (Litherland, 1994; Baby et al., 1999;
Horton, 2018). During this era, the basin’s tectonic shift pattern evolved
from the half-graben system, established during the rift development
phase before the early Cretaceous, into a state of persistent mild
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subsidence, under the continued influence of extensional forces (Vallejo
et al., 2009; Gutiérrez et al., 2019; Jaillard, 2022). With the abandon-
ment of Ecuadorian-Colombian margin plate subduction during the
period of accretion of allochthonous terranes (~140 Ma-120 Ma), the
oblique accretion and roll-back of the residual plates prompted pro-
longed compressive effects, leading to tectonic, a phenomenon evi-
denced by basic magmatic eruption events spanning the central corridor
of the Oriente Basin (Albian (110 + 5.2Ma) to Campanian (82.2 +
2.0Ma)) (Fig. 12B) (Barragan et al., 2005; Avellaneda-Jiménez et al.,
2020). Compressive reversal near the continental margin (close to the
eastern cordillera) induced uplift and erosion, corresponding to a 20 Ma
sedimentary hiatus, and formed a regional unconformity at the base of
the Hollin Formation. Then, persistent subsidence at the basin’s edges
and central areas created the necessary accommodation space for the
accumulation of Cretaceous clastic sediments. Accompanied by Creta-
ceous subsidence, the accretion of oceanic terranes beginning in the
Santonian triggered several events of collision and regional uplift in the
Ecuadorian margin, explaining the low subsidence and a series of sedi-
mentary hiatuses during the Late Cretaceous (Jaillard, 2022). From the
Albian stage to the Paleogene, this persistent subsidence was compara-
tively mild, maintaining a stable and slow subsidence rate at the eastern
edge and central area of the basin (average rate of 9 m/Ma) (Thomas
et al., 1995; Horton, 2018). Well statistics’ subsidence curves indicate
that the subsidence rate at the eastern edge of the study area was slightly
lower than at the basin center (Fig. 12A), creating a gentle and broad
slope zone. Constrained by the tectonic background, the extensive gentle
continental shelf area, stretching north-south along the basin edge,
offered open water conditions favorable for the development of depo-
sitional environments such as estuaries and other clastic coastal settings.
Considering the significant sea-level rise during the Campanian period
(Haq,2014), the M1 Sandstone Formation continued to progress toward
the central area along the gentle slopes of the eastern basin eastern
(Fig. 12B). Subsequently, this steady subsidence process transitioned to
rapid accumulation between 70 and 60 Ma, likely correlating with the
initial shortening of the basin during the Maastrichtian-early Paleocene
(extending southward from the central Cordillera of Colombia to the
eastern Cordillera of Ecuador) (Horton, 2018).

5.1.2. Sea-level fluctuations near the shoreline

Amid tectonic subsidence throughout the basin, the movement of
clastic rock sediments toward the basin’s center was influenced by
relative sea-level fluctuations. The sequence of layers comprising black
shale, bioclastic limestone, and shallow marine clastic sandstone
(Fig. 13) suggests that during the Cretaceous period, the main subsi-
dence zone of the Oriente Basin hosted a shallow continental marine
environment (Jaillard et al., 1996; Baby et al., 2004). Although the
Campanian depositional period was characterized by an overall
regressive setting, the basin was influenced by the Andean orogeny,
shifting from extensional to compressional tectonics, which caused the
sea level in the study area to show a relative rising trend. (Ray et al.,
2019; Vallejo et al., 2021). The sedimentary record from the latter
period includes two clastic depositional sequences, the M2 Sandstone
and M1 Sandstone Formations (Fig. 13). These formations represent two
sets of third-order transgressive system tracts (TST), succeeded by
shorter intervals of regressive events (Gutiérrez et al., 2019). Detailed
analysis of the depositional traits of the M1 Sandstone Formation shows
that the relative sea level rise facilitated the extensive development of
estuarine sedimentary systems beneath the gentle ancient shoreline tide,
ensuring sustained and expanded accommodating space. Concurrently,
the relative sea level rise influenced tidal hydrodynamics, pushing the
tides further upstream to the land, and creating optimal zones for
trapping sandy sediments in early incised valley formations. As the
relative sea level rise trend abated and the estuaries progressively filled
with clastic materials, the sedimentary environment transformed
significantly, with expansive tidal flat environments supplanting the
original estuarine settings.
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Estuarine environments are highly sensitive to changes in sea level,
which are immediately reflected in sediment composition and deposi-
tional structures due to rapid fluctuations such as storm surges or sea-
sonal tidal variations (Hori et al., 2002; Dalrymple and Choi, 2007;
Ghosh et al., 2009; Yan et al., 2020, 2024; Yan et al., 2024a,b). Sea level
oscillations affect the water depth in the transitional zone between sea
and land, directly influencing the mixed hydrodynamic conditions
within the estuary (Dalrymple et al., 2011; Tessier et al., 2012a; Strasser,
2018). Sea-level variations modify the original hydrodynamic condi-
tions, thus altering water flow velocity, sediment supply, and deposition
rates, which in turn reshape estuarine geomorphology (including tidal
channel width and tidal sand bar scale, among others) (Kostaschuk and
Best, 2005; Dalrymple and Choi, 2007; Tessier et al., 2012a; Yan et al.,
2024a,b). In tidal flat areas, sea-level fluctuations lead to changes in the
areas of submersion and exposure of the flats (Dalrymple et al., 1991;
Yang et al., 2005; Desjardins et al., 2012a,b). Given the periodic nature

19

of tidal action, alterations in water depth shift the positions of high and
low tide lines, directly impacting the development locations of the
supratidal, intertidal, and subtidal zones (Fig. 14A) (Hoekstra et al.,
2004; P. R. Desjardins et al., 2012a,b; Dalrymple, 2021). These changes
prompt trends in particle size, depositional structures, and bioturbation
distribution in tidal flat areas to extend in landward or seaward di-
rections (Dalrymple, 1992; Daidu et al., 2013; Zhou et al., 2021). These
sediments, extensively reworked by tidal and other hydrodynamic
forces, exhibit distinct differences in rock components and depositional
structures, forming cyclic patterns that reflect the short-term changes in
water depth (Nio and Yang, 1991).

Quantitative analysis of sea-level fluctuation amplitude shows that
multiple short-term sea level rise and fall cycles (less than 3 Ma)
occurred simultaneously, primarily driven by climatic and glacial events
(glacio-eustasy) (Ray et al., 2019). Against the backdrop of sedimentary
conditions along a gentle shoreline tide, rapid sea-level changes emerge
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as a significant factor influencing depositional cycles through lithofacies
sequences, exerting direct control over sedimentary environments and
the extent of facies migration (Fig. 14A) (Baby et al., 2004; Jaillard et al.,
1996; Jaillard et al., 2005). Core data from the study area reveal that
Late Cretaceous marine transgression events created accommodation
space for the ongoing accumulation of estuarine sediments. The accu-
mulation and transport of these clastic components were confined to the
coastal-transitional zone dominated by rapid sea-level changes
(Fig. 14B). In conditions significantly influenced by tidal action, rapid
sea-level fluctuations affected the configuration of mixed
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hydrodynamics, leading to complex tidal lithofacies stacking sequences
(Fig. 14A) (Yoshida et al., 2007; Coughenour et al., 2009a; Ainsworth
et al., 2011). Therefore, ancient estuarine sediments capture short-term
facies changes due to rapid sea-level fluctuations and document signif-
icant adjustments in sedimentary environments under a continuing
trend of sea level rise.

5.1.3. Stable material source
Stable and continuous sediment transport positively influences the
evolution of estuarine environments. U-Pb geochronological results
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provide a basis for analyzing the origins of the clastic components in the
study area. Previous studies have shown that during this period, the
Oriente Basin was not yet influenced by the Andean orogeny; its sedi-
mentary deposits were primarily derived from the erosion of cratonic
basement rocks from the eastern Guyana shield (Fig. 15A) (Horton,
2018). By reevaluating the U-Pb geochronological data of the M1
Sandstone Formation (Gutiérrez et al., 2019; Lin, 2020; Vallejo et al.,
2021), the peak ages of the samples predominantly align with four
pre-Andean source areas: 900-1300 Ma, 1300-1550 Ma, 1550-1800
Ma, and 1800-2150 Ma (Fig. 15B). These active peak responses suggest
that the basin had a relatively abundant material supply during this
period, ensuring high sediment availability for the formation of the
clastic system.

However, when these samples are divided and analyzed statistically
by different regions and stratigraphic sections, the peak distributions
exhibit detailed variations. For instance, compared to samples from the
northern T block (Study Area), samples from the eastern ITT block show
no peaks before 1400 Ma and exhibit fluctuating peaks around the age
limits of 950 Ma and 2200 Ma (Fig. 15B). Additionally, samples from the
RNJ Province display a bimodal pattern (Fig. 15B). The variability in U-
Pb age distributions among these samples might indicate the existence of
two or more sediment transport pathways in this stratum. Moreover, the
peak age distributions characteristics in the central area of the basin can
be correspondingly found in the T Block and ITT Block. This suggests
that in the more distal shallow marine shelf region, sediment mixing
occurred during the continuous transport toward the basin center due to
the reworking of waves and other oceanic currents. Conversely, exam-
ining different stratigraphic sections of the M1 Sandstone Formation
within the study area, the U-Pb age distribution characteristics of the
samples from the upper, middle, and lower parts are strikingly similar
(Fig. 15C). This consistency indicates that during the rapid development
of the estuarine sedimentary environment, the captured sediments were
sourced from the same diffusion system.
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5.2. Paleogeographic reconstruction evidence of M1 sandstone formation

5.2.1. Migration processes of estuary-dominated deposits in T block

The sediment distribution in tidal-dominated estuaries varies across
different stages of evolution. We established a sand body thickness
distribution map and a sedimentary facies plan for Unit II to discuss the
development characteristics of estuarine sediments in T Block (Fig. 16).
We identified and delineated four evolutionary periods of Estuary Unit
II. These periods correspond to the initial development stage of the es-
tuary, the rapid filling stage, the decline (slow filling) stage, and the
development stage of open coastal tidal flat.

The first two stages experienced rapid transgression, during which
the relative sea-level rise gradually intensified tidal influence. This is
reflected by the expansion of the tide-dominated area and the contrac-
tion of the mixed zone in the landward direction(Fig. 16). During this
period, sand bodies preferentially filled multiple secondary estuarine
deposition centers controlled by paleotopography, eventually adjusting
into a single main estuarine deposition zone. The estuary widened, with
the width between its enveloping lines reaching up to 7 km, and tidal flat
were distributed on both sides of the estuary. This distribution trend of
estuarine facies persisted through the decline stage (Period 03). Starting
from this period, the rate of relative sea-level rise became more gradual
regionally. Beyond the limited energy mixing zone, the facies quickly
transitioned to fluvial-dominated regions. The upstream narrow channel
belt was surrounded by extensive tidal flat areas. In the final stage,
sediment thickness was significantly lower than during the estuary’s
development stage. Sediment distribution featured a combination of
upstream tidal flat facies dissected by tidal channels and downstream
continuous thin sand layers (possible sand sheets). This sediment dis-
tribution indicates that as the estuary was filled, it maintained a rela-
tively uniform low-accommodation state laterally. It is worth noting
that, although evidence indicating an early fluvial-incised valley system
is lacking in the study area, this does not affect the interpretation of the
M1 Sandstone Formation as representing a complete third-order cycle.
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5.2.2. Paleogeographic model of the M1 sandstone formation

The interpretation of the depositional environment of the M1 sand-
stone formation is controversial, despite the general consensus on the
presence of a Campanian paleo-shoreline in the eastern slope region of
the Oriente Basin (White et al., 1995; Estupinan et al., 2010; Scotese,
2021). Based on data from the T Block, Ye (2014) interpreted the
environment of this region as tide-dominated estuarine deposits
inherited from Uppermost Napo Shale deltas and proposed a model in
which the M1 Sandstone Formation experienced a relatively complete
transgression-regression-transgression cycle. Vallejo et al. (2017)
interpreted the sediments in the more eastern ITT Block, suggesting that
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residual evidence of an early transgressive estuary was preserved in this
region, followed by the development of east-to-west delta progradation
during the subsequent regression. Lin (2020) compared more extensive
drilling data and U-Pb data from across the entire basin and proposed an
improved model. In this model, the M1 sandstone underwent multiple
episodes of regression during the transgressive phase, better explaining
the accumulation of deltaic evidence within the estuarine sediments.
These models explain the relationship between the evolution of clastic
coastal environment and relative sea-level changes during the Campa-
nian stage.

In our study, the existing evidence reveals a transgression-dominated
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estuarine depositional process, which gradually transitions into a
highstand open coast tidal flat environment. This transition suggests
that the M1 Sandstone Formation may correspond to a complete
transgression-regression third-order cycle. This understanding does not
contradict previous models. It should be noted that, due to the limited
rock record and the redistribution of early deposits by high-energy
condition, we did not observe evidence of progradational deltas
within the estuarine sediments in this area. However, despite this, we do
not rule out the possibility of multiple subordinate regressive episodes,
as indicated in Lin’s model.

Based on our analysis of sequence-controlling factors, it is not only
sea-level fluctuations but also tectonic influences and regional differ-
ences in sediment supply that may affect the evolution of depositional
environments along the coastline spanning several hundred kilometers.
Based on our analysis of sequence-controlling factors, local variations in
tectonic influences and sediment supply may affect the evolution of
depositional environments along a coastline spanning several hundred
kilometers. The synsedimentary faults near the ITT Block (Diaz et al.,
2004) may have controlled environmental development in the south-
eastern part of the basin, and it is possible that stronger sediment supply
occurred in the southeast under the influence of compressional processes
during the Campanian stage. This could explain the progradational delta
deposits found in the southeastern part of the basin (Vallejo et al., 2017),
where the delta at the basin margin may exhibit alluvial characteristics
(Fig. 17C). As summarized in our discussion on material source, there
are significant differences in sediment provenance between the T Block
and ITT Block. This result may indicate that the northern and southern
parts of the basin had different sediment supply pathways, leading to
distinct environmental evidence in the north and south. Considering all
this evidence, the relatively weaker sediment supply in the northern
basin does not support the progradation of deltas during the trans-
gression, resulting in a predominantly estuarine depositional pattern. In
contrast, the stronger tectonic activity in the south, along with the
presence of delta deposits, may indicate robust sediment supply, re-
flected in a depositional model of residual estuarine sediments and
progradational deltas (Fig. 17B). We actually did not propose a new
model; we simply pointed out that tectonic activity and sediment supply
conditions may lead to different sedimentary records within the basin. It
is worth noting that if such a transition in depositional models is
possible, there may exist a region where sedimentary records are pre-
served that lie between these two models.
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5.3. Tidal-dominated estuary deposition model

The macroscopic spatial distribution of ancient estuarine sediments
is relatively distinct, marked by characteristic facies gradient trends
(Tessier et al., 2012b; Ahokas et al., 2014; Phillips et al., 2020a,b; Su
et al.,, 2020). In the description and analysis of core profiles, various
depositional features emerge, shaped by the interplay of sedimentary
processes dominated by differing hydrodynamic conditions. These fea-
tures include tidal rhythmites indicating strong tidal influences, lith-
ofacies transition interfaces marking rapid hydrodynamic shifts, and
lithological stacking sequences depicting gradual changes in water body
energy. Previous studies have shown that sedimentary processes in
tidal-dominated estuarine environments display pronounced zonation
along the estuary’s central axis, with the most variable hydrodynamic
conditions transitioning regularly from upstream to downstream
(Dalrymple et al., 1992, 2011). Within these zones, strong tidal forces
and high-energy water conditions provide ample opportunities for
sediment redistribution. Hence, the distribution of sediment grain size
and depositional structures is somewhat predictable, though the
boundaries of facies classification zones in tidal-dominated estuaries
remain somewhat indistinct (Phillips et al., 2020a,b). The cyclical var-
iations in facies sequences mirror the mixed hydrodynamic changes
within the estuarine environment. Building on the relationship between
facies associations, we have devised a facies distribution model for the
tidal-dominated estuary (Fig. 18A), which predominantly features up-
stream fluvial-dominated tidal point bar deposits, mid-section mixed
energy interaction zones, and downstream tidal-dominated open-type
tidal sand bar deposits. This model also incorporates open-coast tidal
flats situated at the top of the estuarine sediments during the late stages
of marine transgression. These fine-grained facies successions, with an
accurate rhythmic distribution, exhibits lateral zoning characteristics
above the estuarine deposits.

5.3.1. Upstream fluvial-dominated zone

As rivers transport sediment into the upstream area of the estuary,
these sediments are captured and undergo an initial transport stage
influenced by both fluvial and tidal processes. In this region, fluvial
dynamics play a dominant role, and the upper estuarine area exhibits
sedimentary features akin to a river environment. Governed by one or
more main channels, this zone is characterized by sandy sediments
primarily consisting of point bars with notable thickness and a gravel
component at the base (Fig. 18A). Theoretically, rapid sea level fluctu-
ations dictate cyclical base level changes in the river area, influencing
the migration of river channels and the distribution of sediments over a
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Fig. 18. (A) The sedimentary model of the tidal-dominated estuary, divided into three zones from nearshore to offshore controlled by different hydrodynamic
processes, showing the areal distribution of facies and geomorphology. (B) Vertical succession model of the facies sequences, showing the trend of base level changes.
Note that the distribution of Well 1 to Well 6 are from nearshore to offshore in sequence.

broader area, including mudflats and salt marsh regions. As variables
like river flow and water depth evolve, the river’s continual meandering
creates a stacked vertical pattern of facies successions characterized by
multiple phases of point bar stacking (Fig. 18B). Scour surfaces indicated
by flow ripple lamination are frequently observed in the rock record.
Furthermore, during marine transgressions, tidal sand bar facies grad-
ually migrate upstream, appearing at the upper part of previous point
bar sequences with erosional contact (Fig. 18B).
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5.3.2. Middle mixed-energy interaction zone

In the energy mixing zone of the estuary, the river gradually con-
verges with tidal currents after crossing the tidal limit (Jablonski and
Dalrymple, 2016). Due to the differing net migration directions of the
two water bodies, their energies counterbalance when superimposed,
forming a relatively stable hydrodynamic mixing zone (Dalrymple et al.,
2011; Saha et al., 2018). However, factors such as topographic slope,
river flow, and tidal range affect the extent of this mixing zone.

This zone acts as the transitional zone between river-dominated and
tidal-dominated regions, serving as the confluence of marine and
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terrestrial water bodies. The interplay of tidal and fluvial forces neu-
tralizes the energy of the water bodies, establishing equilibrium at a
specific point. In alignment with the facies distribution proposed by
Dalrymple et al. (2011), this zone extends upstream to the distal part of
the single main river channel and connects downstream with the
upper-flow-regime sand flats region. The facies classifications transition
in a gradient from river channel facies through distributary tidal channel
facies to tidal flat facies (predominantly intertidal) and proximal tidal
sand bar facies further downstream (Fig. 18A). The presence of
soft-sediment deformation structures and intertidal sand flats indicates
that the area still endures strong hydrodynamic conditions. The asym-
metry of the tides and the expansion of the topography prompt a single
river channel to gradually differentiate into multiple distributary tidal
channels, subdividing the tidal flat or proximal sand bar facies into
smaller segments. In the succession model of facies associations, tidal
channel facies and tidal flat facies are thin and appear alternately,
mirroring rapid changes in base level cycles (Fig. 18B). Due to the depth
constraints upstream, the development of proximal tidal sand bar facies
is also limited. However, as marine transgression progresses and ac-
commodation space expands, tidal sand bars exhibit a trend of stable
growth. As these sand bars continue to migrate upstream, they are
accompanied by erosion of the underlying sediments.

5.3.3. Downstream tidal-dominated zone

When clastic materials from both land and sea converge at the
estuarine mouth, tidal-driven hydrodynamic processes sort these sedi-
ments. Coarser sand components are retained and accumulate here,
forming tidal sand bars (Virolle et al., 2020). These sand bars are pri-
marily distributed in the intertidal and subtidal zones of the estuarine
mouth (Fig. 14A). In estuarine environments with a stable sediment

stage 1

iver terraces —/

As sea level gradually declines, the terrestrial

fluvial environment once again replaces the tide-
dominated transitional environment. River terraces
and incised valley geomorphology begin to develop.

stage 3

Flat Facies
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supply, the scale and grain size distribution of tidal sand bars correlate
with water depth and flow velocity. Typically, the grain size fines up-
ward. However, actual core observations reveal minimal variation in the
grain size, with only a thin layer of fine-grained deposits appearing at
the top of each bar facies sequence. This relatively uniform bar accretion
sequence (Fig. 18B) indicates a balance maintained between sediment
supply and water deepening at the estuary mouth. Under favorable
water depth conditions, wave can still influence the bar sediments. As
the estuary extends downstream and its width expands, the dominant
channels of tidal flow diverge, preventing sandy sediments from fully
covering the estuarine area, thus reducing their thickness. At the estu-
ary’s farthest reach, it gradually transitions into zones of sandy and
muddy aggregation (Fig. 18B), with meters in the outermost part of the
estuary showing a homogeneous rhythmic mud or sand throughout the
well section (Fig. 8).

5.4. M1 sandstone formation environmental evolution model

Based on the sedimentary dissection results of the M1 Sandstone
Formation, a tidal-dominated estuarine sequence evolution model dur-
ing regressive-transgressive cycles has been established (Fig. 19). This
model outlines that the high-energy coastal area where the tidal-
dominated estuary developed underwent three primary evolutionary
sequences. The first stage represents the initial phase of the evolutionary
sequence, corresponding to the early stage of regression-transgression,
which is characterized by the development of fluvial systems and
incised valleys. The formation of these incised valleys dictates the sub-
sequent evolution sites of the estuary, although sediment evidence is
often difficult to preserve. During this period, sea levels were relatively
low, keeping the basin margins in a state of low accommodation. River

During the transgression stage, the rising sea level
inundates the river valley topography, creating a
relatively high tidal range, and initiating the devel-

ﬁent of a tide-dominated estuary.

/In the highstand systems tract, as sediments fully fill the

estuary and the sea level rise slows down or stabilizes,
the tide-dominated system transitions into an open coast
tidal flat environment.

Fig. 19. Conceptual model explaining the evolution of the tidal coastal environments. In Stage 1 (Lowstand systems tract - LST), the emergence of fluvial systems
marks the beginning of sequence evolution. Under the erosive action of rivers, incised valleys are formed providing accommodation space for estuary-fill deposits. In
Stage 2 (Transgressive systems tract - LST), the inundation of incised valleys by seawater forms estuarine environments. The rapid accumulation of accommodation
facilitated the preservation of estuarine sediments in the strata. In Stage3 (Highstand systems tract - HST), separated from the underlying transgressive systems tract
by the maximum flooding surface. When sediment supply is slow, tidal flat environments are formed in open coast.
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eroded the underlying strata, creating geomorphic depressions,
including marginal river terraces and incised valleys. These geomorphic
features provided favorable conditions for sediment accumulation and
supported a high rate of accommodation growth during the ensuing
rapid sea level rise.

The second period marks the sea level rise phase, aligning with the
rapid marine transgression stage. During this time, high-energy water
bodies dominated by tidal currents flooded the incised valleys, bringing
an influx of marine clastic sediments into the estuarine area and
enabling rapid development from the early valleys. Sediments were
redistributed by mixed hydrodynamic processes dominated by tidal
currents, creating sediment convergence zones within the estuary.

The third stage is the highstand systems tract, during which the es-
tuary was filled completely, leading to the development of open-coast
tidal flat environments against a backdrop of high energy and gentle
shores. With sea-level fluctuations stabilizing, the expansion of accom-
modation space was constrained, curtailing large-scale erosive actions
and the redistribution of sediments (Aschoff and Steel, 2011). During
this phase, persistent tidal activities and the shoreline topography
facilitated the continuous, slow accumulation of tidal flat sediments
near the shoreline, advancing towards the sea. With the onset of the next
regression-transgression cycle, river or delta environments began to
redevelop. From a sequence evolution standpoint, changes in accom-
modation space are crucial in driving the evolution of estuarine envi-
ronments in such coastal areas, where the primary influences are the
rate of sediment supply and the long-term modulation of sea-level
changes.

6. Conclusions

The Upper Cretaceous M1 sandstone stratum in the Oriente Basin
marks the last phase of the marine transgressive cycles of the Napo
Formation. This stratum has preserved an extensive collection of tidal-
dominated estuarine clastic sediments. It encompasses 14 types of lith-
ofacies and 7 main types of facies associations, which contain many
sedimentary structures related to tidal processes. These include bidi-
rectional cross-stratification, tidal rhythmic bedding, double mud
drapes, and soft-sediment deformation, each reflecting varying degrees
of tidal influence. The diversity of these facies mirrors the evolution of
sedimentary processes in stratigraphic spaces, aligning with the varied
distribution of facies within sedimentary environments and the estuary
developmental phase shifts. The spatial variation trend of the facies
associations has subdivided the M1 Sandstone Formation into four
depositional periods: the initial development, rapid development, and
decline development stages of the estuary, followed by a development
stage of the open coast tidal flat environment. Within the estuary’s
depositional periods, the facies sequences display a consistent alignment
trend along the perpendicular direction to the shoreline. The facies as-
sociations evolve from discrete tidal point bars to continuous tidal sand
bars extending seaward. In the open coast tidal flat environment, this
trend transitions to a pattern alternating between tidal flat facies and
tidal point bar facies.

In the hydrodynamic analysis, tide plays a significant role, peaking in
the sand bar stacked zone near the outer estuary—a predominantly tidal
zone. As water depth decreases, the share of tidal processes gradually
lessens. Upstream, the growing influence of river dynamics creates zones
of mixed energy and river-dominated areas. These hydrodynamic zones
correlate with three distinct types of deposit centers, each characterized
by unique facies associations. Moreover, in various hydrodynamic zones
of the estuary, the absolute energy of the water bodies differs, evident in
the well-sorted nature of sediment particle size and thickness scale.
Consequently, the relative proportions of different water flows and the
absolute energy within the mixed hydrodynamic processes contribute to
the deposition and transportation of estuarine sediments to varying
degrees.

Finally, we explored a facies model and a sequence evolution model
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for the development along a broad, gentle shoreline during a persistent
marine transgression phase. The Oriente Basin exhibited a low subsi-
dence rate throughout the Late Cretaceous and received a stable sedi-
ment supply from the east, fostering ideal conditions for the
development of the fluvial-marine transitional environment. The for-
mation of the tide-dominated estuary environment in the M1 sandstone
strata was influenced by continuous tectonic subsidence, stable material
transport, and predominantly transgressive sea-level changes. The evo-
lution of the tide-dominated estuary initiated in the fluvial incised valley
environment during the regressive phase and concluded in the expansive
open coast tidal flat environment. The environmental transitions near
the ancient shoreline illustrate shifts in accommodation governed by
base-level cycles, particularly as the ongoing transgression afforded
ample space for the estuary’s expansion. By contrast, the facies model of
the tide-dominated estuary is shaped by autogenic processes driven by
mixed hydrodynamic conditions. The facies of these unique hydrody-
namic zones are distinct, serving as indicators for distinguishing the
environmental type.
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