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Abstract

Oil and gas exploration conducted in the main fault zone of the Fuman Oilfield has yielded
large-scale and high-production results. Against this background, the non-fault zone
has emerged as a new domain for oil exploration endeavors. Nevertheless, the estab-
lishment of a unified sequence division scheme for the study area remains unachieved,
primarily constrained by two key factors: first, the high costs associated with ultra-deep
high-density coring operations; and second, the inconspicuous response characteristics
exhibited by logging curves. This absence of a standardized scheme has further impeded
the progress of oil and gas exploration in the non-main fault inter-region within the study
area. Consequently, the present study is based on multi-source data, including seismic
data, logging data, and field outcrop data. Magnetic susceptibility measurements from
the cement plant section and natural gamma-ray logging data from the Yangjikan section
were systematically analyzed to establish cyclostratigraphic frameworks. A sedimentary
noise model (SNM) was employed to reconstruct Holocene sea-level fluctuations, enabling
precise sequence stratigraphic subdivision within the Fuman Area. Results demonstrate
that the Middle-Lower Ordovician Yijianfang—Penglaiba Formations retain robust astro-
nomical cyclicity, validated by high-fidelity orbital forcing signals. Notably, the DYNOT
(Dynamic Noise After Orbital Tuning) model effectively decouples orbital-driven sea-level
oscillations from local depositional noise, offering a novel approach for sequence boundary
identification. This methodology reveals a hierarchical sequence architecture comprising
four third-order sequences and 11 fourth-order sequences within the Yijianfang-Penglaiba
Formations. Such a framework provides critical insights into facies distribution patterns
and non-fault-controlled exploration potential in the Fuman Basin.

Keywords: Fuman Area; Lower-Middle Ordovician; sequence stratigraphy; cyclostratigraphy;
sedimentary noise model

1. Introduction

The Tarim Basin hosts significant ultra-deep marine carbonate oil and gas resources.
Recent exploration advancements beyond conventional “paleo-uplift-controlled oil accu-
mulation and slope-zone hydrocarbon enrichment” paradigms, combined with innovations
in seismic imaging, drilling systems, and enhanced recovery technologies, have led to
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the identification of the Fuman Oilfield—a strike-slip fault-controlled hydrocarbon accu-
mulation exceeding 7500 m in depth. This major breakthrough in the basin’s depression
zone holds proven geological reserves of 1 billion tons of oil equivalent (BOE), positioning
it as a strategic target for developing fracture-vuggy carbonate reservoirs in ultra-deep
settings [1]. While significant progress has been made in oil and gas exploration within
primary strike-slip fault zones, identifying under-explored inter-fault regions has emerged
as a strategic priority to sustain ultra-deep hydrocarbon reserves and production growth [2].
The major breakthrough in condensate gas exploration achieved by Well Fudong 1 within
the intra-platform shoal of the Ordovician Yingshan Formation in the non-main fault zone
has confirmed that the intra-platform shoal sedimentary zone situated between main faults
constitutes a key exploration area endowed with oil and gas accumulation potential. Nev-
ertheless, a systematic stratigraphic division scheme for the third-order and fourth-order
sequences of the Ordovician in the Fuman Area has not yet been established. This limitation
not only impedes the accurate identification and forecasting of favorable depositional facies
critical for high-quality reservoir development but also obstructs systematic exploration
strategies in non-main fault-controlled regions. Following Vail et al.’s (1987) theoretical
framework of sequence stratigraphy, the current third- and fourth-order sequence strati-
graphic frameworks in the Fuman Area present the following challenges [3]: 1. Limited
seismic resolution restricts the division of fourth-order and higher-order sequence stratig-
raphy; 2. Ultra-deep coring is costly, resulting in insufficient core data; 3. The logging
response characteristics of fourth-order and higher sequence stratigraphic boundaries are
not obvious. In recent years, the development of cyclostratigraphy has provided new ideas
for sequence stratigraphic division [4-7]. This study attempts to identify the astronom-
ical orbital cycle parameter information in the strata based on logging data. Using the
sedimentary noise model of orbital parameters [8], it reconstructs high-precision sea-level
fluctuations to realize third-order and fourth-order sequence stratigraphic division. Addi-
tionally, the third-order and fourth-order sequences delineated based on field outcrop data
are employed to validate this model and demonstrate its reliability. Should the reliability of
this methodology be verified, it will enable the “high-efficiency and low-cost” division of
third-order and fourth-order sequences that relies exclusively on logging data. This study
will establish a solid scientific basis for characterizing favorable sedimentary facies and
advancing oil-gas exploration in the region. To emphasize its novelty, we integrate insights
on paleoenvironmental shifts in the Bohai Bay Basin, thereby reinforcing our contributions
to regional geology, cyclostratigraphy, and sequence stratigraphic frameworks [9].

2. Geological Setting

The Tarim Basin, situated in southern Xinjiang Uygur Autonomous Region, China,
is bounded by the Tianshan, Altun, and Kunlun mountain ranges. This composite basin,
characterized by its superimposed tectonic architecture, represents a stable ancient craton
within the Tarim Plate. Surrounding its periphery are multi-stage tectonic activity zones
linked to plate-margin processes [10]. The Fuman Area lies within the northern depression,
a secondary tectonic unit of the Tarim Basin. This study focuses on the Aman Transition
Zone in the central northern depression (Figure 1A) [11]. The Aman Transition Zone is a
transitional area between the Awati Sag and the Manjiaer Sag, bordering the Manjiaer Sag
to the east, linking to the Tazhong Uplift (Central Uplift) to the south, adjoining the Awati
Depression to the west, and grading into the Tabei Uplift to the north [12]. During the
Late Cambrian to Early Ordovician period, the Tarim Basin was generally in an east-west-
trending weak extensional stress environment. A large carbonate platform was formed
in the western part of the Manjiaer Depression [13,14], with its tectonic—paleogeographic
features characterized by higher terrain in the south and west and lower terrain in the north
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and east. In the Middle Ordovician, the Tazhong area was gradually uplifted into a large
fault uplift due to north—south compression [15], while a nearly east-west trending sub-
aqueous low uplift was formed in the Tabei area. The overall structure was relatively gentle.
The Aman area, located between the two, became part of the extension of the Tabei area and
initially formed the prototype of the Aman Transition Zone. By the end of the Ordovician
period, uplift persisted in the Tabei area, further accentuating the slope characteristics of its
southern margin. Concurrently, the Manjiaer Sag evolved, and the Aman Transition Zone
emerged [16]. During the Late Caledonian period, the Tabei Uplift experienced renewed
uplift, enhancing and finalizing the south-dipping slope characteristics of the extensive
Aman Transition Zone. In the Himalayan period, Mesozoic-Cenozoic strata in the Aman
Transition Zone tilted northward, while Lower Paleozoic strata maintained a southward tilt.
Subsequently, the current tectonic framework of the Aman Transition Zone was established
(Figure 1B) [17]. The Fuman Area has an overall sedimentary setting of a semi-restricted
platform [18]. The Ordovician marine lithostratigraphic succession in this area, arranged in
ascending order, comprises the Penglaiba Formation, Yingshan Formation, and Yijianfang
Formation. Their lithological characteristics are as follows: (D) The Penglaiba Formation is
primarily composed of argillaceous micritic dolomite with minor sandy dolomite. @) The
upper member of the Yingshan Formation is mainly interbedded with sandy limestone
and micritic limestone, while the lower member is dominated by the interbedding of sandy
limestone and dolomitic micritic limestone. ) The Yijianfang Formation is mainly sandy
limestone, containing some micritic limestone (Figure 1C).
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Figure 1. The structural map of the Awati-Manjiaer Depression transitional zone (A), the comprehen-
sive histogram (B) and the large section map of the Carboniferous flattening structure (C).

https://doi.org/10.3390/ geosciences16040136


https://doi.org/10.3390/geosciences16040136

Geosciences 2026, 16, 136

4 0f 20

3. Materials and Methods

This study made full use of various types of currently available data, encompassing
conventional logging data, carbon isotope data, elemental logging data, field outcrop data,
and field-measured magnetic susceptibility (MS) data from the Fuman Area. Specifically,
the field outcrop data were acquired from the Penglaiba Formation of the Cement Plant
Section, the Yingshan Formation of the Yangjikan Section, and the Yijianfang Formation
of the Yijianfang Section within the Kalpin-Bachu area. For the collection of MS data, an
MS-30 magnetometer was adopted, with samples collected at 5 cm intervals from the
Penglaiba Formation of the Kalpin Cement Plant Section. Regarding the gamm-aray (GR)
data of the Yangjikan Section, an XHG-2000M portable digital multi-channel gamma spec-
trometer (Sichuan XinxianDa Measurement and Control Technology Co., Ltd., Chengdu,
China) was utilized to conduct point scanning at 20 cm intervals on the fresh surface of the
section, thereby obtaining a continuous sequence of natural gamma data.

The stratigraphic framework was established through sequence stratigraphic prin-
ciples for third-order sequence subdivision, with the research theory primarily based on
this methodological approach [19]. The methods used for identifying classic sequence
boundaries are as follows:

(1) Logging curves can identify vertical sedimentary evolution characteristics, among
which the GR curve is commonly used to analyze the presence of unconformities. When
the sequence boundary is a sedimentary discontinuity, the clay content increases, and the
content of radioactive elements increases accordingly. This can cause the GR value at the
boundary to increase, showing a serrated peak, and is often accompanied by characteristics
such as decreased resistivity [20]. Revised Text: The Th/K ratio serves as a key indicator for
characterizing clay mineral assemblages and inferring depositional environments, while
also functioning as a proxy for relative fluctuations in the sedimentary base level [21].
A high Th/K ratio mainly indicates a weathering and exposure environment, while a
low Th/K ratio represents a subaqueous sedimentary environment. The Th/U ratio can
effectively indicate changes in redox environments.

(2) Stable carbon isotopes serve as key indicators of global relative sea-level changes.
Elevated sea levels promote the preservation of sedimentary organic matter, corresponding
to positive 81C excursions in inorganic carbonates, while lower sea levels drive negative
isotopic shifts [22].

(3) Near unconformities, there are often characteristics of inert element enrichment
and mobile element loss. Due to the influence of late diagenesis, the elemental charac-
teristics may not reflect the original sedimentary conditions, but they can still be used as
one of the auxiliary indicators for judging sequence boundaries. In field outcrops, sequence
boundaries are relatively easy to identify. Stratigraphic unconformities are often accom-
panied by exposure and erosion, leading to identification marks such as dissolved pores,
collapsed breccias, and weathering crusts at the boundary. Changes in some lithological
and lithofacies assemblages can also serve as marks and bases for sequence division.

Climate proxies in sedimentary rocks preserve a variety of information, including
“signals” generated by orbital cycle effects, water depth-related noise (e.g., storms, tides,
bioturbation), and factors not controlled by orbits (e.g., dating errors, differential com-
paction, unstable sedimentation, and diagenesis). Additionally, depth-dependent noise
variations at a fixed location may correlate with sea-level changes: lower noise levels corre-
spond to higher relative sea levels, and vice versa. The DYNOT model, a sedimentary noise
framework designed to assess two key components (total energy spectrum derived from
orbitally tuned data and energy spectrum corresponding to non-astronomically driven
signals), was developed [23]. The theoretical basis of the DYNOT model lies in its ability

”

to separate orbital signals (eccentricity, obliquity, precession) from non-orbital “noise
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influenced by sea-level changes, making it particularly applicable for reconstructing paleo—
sea-level fluctuations in carbonate systems like the Ordovician of the Tarim Basin. To date,
this model has been widely adopted and applied in a multitude of relevant research studies.
Empirical evidence from these applications consistently confirms that the sedimentary
noise model serves as an effective and reliable method for the reconstruction and numerical
simulation of paleo—sea-level changes [24-29]. Therefore, when effective methods for di-
viding high-frequency sequences are lacking, this model can be used to restore paleo-water
depth as an identification mark.

Based on the Acycle 2.7 software under the MATLAB platform [30], this study em-
ployed two paleoclimate proxies—gamma-ray (GR) and magnetic susceptibility (MS) log
data—to perform cyclostratigraphic investigations and establish a high-resolution sequence
stratigraphic framework for fourth-order sequence subdivision. The data preprocessing
workflow included the following: (1) data standardization using Z-score normalization
to minimize scale effects; (2) linear interpolation to ensure equidistant sampling and ad-
dress minor gaps; (3) detrending via first-order polynomial fitting to remove long-term
background trends unrelated to orbital cycles; and (4) spectral normalization to enhance
the signal-to-noise ratio.

The main steps are as follows:

(1) Preprocessing (including standardizing the data and removing long-term
background trends);

(2) Performing spectral analysis on the GR and MS data sequences using the multi-
taper method (MTM), mainly analyzing peak frequencies with a confidence level of
over 95% [31];

(3) Conducting Gaussian band-pass filtering on the peaks corresponding to the inferred
405 kyr long eccentricity cycle;

(4) Establishing an age model using the filtered 405 kyr long eccentricity cycle and
performing tuning;

(5) Sea-level change trends were evaluated using the sedimentary noise model on or-
bitally tuned time-domain data. The DYNOT framework was applied with key parameters:
total variance cutoff frequencies (fmin, fmax) set to 0.001 1<yr’1 and 1 kyr’l, respectively; a
405 kyr sliding window (aligned with the long eccentricity cycle); and 5000 Monte Carlo
simulations for confidence interval assessment [8]. Here, P(e), P(0), and P(p) denote the
energy values of eccentricity, obliquity, and precession, respectively.

Astronomical tuning of data sequences to the time domain mitigated variable sed-
imentation rate effects. Next, the ratio of non-orbital to total variance in the DYNOT
model-derived power spectrum was used as a metric for quantifying noise in climate and
sea-level proxies. Finally, the DYNOT value—defined as the ratio of non-orbital signal
variance to total variance—was computed within a sliding time window.

Ple) +Po) + Prp)
meax P(l)

i=fmin

R=1-

A 405 kyr sliding window and 5000 Monte Carlo simulations (for confidence interval
evaluation) were used, with other parameters set to the defaults recommended [32].

4. Division of Third-Order Sequence Stratigraphy

Based on classic sequence division methods (logging curves, carbon isotopes, and field
outcrop observations), this study identified five sequence boundaries that define third-order
sequences across Well A1, the Kalpin Cement Plant Section, the Yangjikan Section, and
the Yijianfang Section. These boundaries correspond to type-1 unconformities (subaerial
exposure) and type-2 conformities (correlative surfaces), reflecting base-level changes
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of ~0.5-3 Ma duration, consistent with third-order sequence stratigraphic frameworks.
These boundaries are specified as follows: the unconformity surface at the top of the
Cambrian System (T0); the unconformity surface at the top of the Lower Ordovician
Penglaiba Formation (T1); the internal unconformity surface within the Middle-Lower
Ordovician Yingshan Formation (T2); the unconformity surface at the top of the Middle-
Lower Ordovician Yingshan Formation (T3); and the unconformity surface at the top
of the Yijianfang Formation (located between the Upper Ordovician and Middle-Lower
Ordovician) (T4).

4.1. Characteristics of Third-Order Sequence Boundaries in Well Al of the Fuman Area

T4 boundary (top of the Yijianfang Formation): There is an abrupt lithological change
above and below the boundary (Figure 2). The upper part is in contact with the mudstone of
the Tumuxiuke Formation, while the lower part consists of argillaceous limestone. Logging
curves show an abnormal sharp increase in GR, reflecting the characteristic of increased
radioactivity above this boundary. The values of RS and RD curves are smaller above the
boundary and significantly higher below it, indicating a change in the content of sandy
clasts in the strata. The carbon isotope values in this stratum range from —0.46%o to 1.20%o,
with an average of 0%., showing an upward trend from bottom to top with an increase of
approximately 1.74%o. A negative shift of 0.5%o in carbon isotopes occurs at the boundary,
reflecting a sea-level fall during the sedimentary period.

T3 boundary (top of the Yingshan Formation): Strata below the boundary are domi-
nated by sandy limestone, while strata above show a transition to sandy micritic limestone
of the Yijianfang Formation (Figure 2). This contact exhibits a notable decrease in clay
content, coinciding with a regional sea-level fall recorded by a —0.52%. negative carbon iso-
tope shift at the sequence boundary. The Yingshan Formation’s first and second members
display upward-increasing §'3C values (—3.85%o to —0.52%., average —1.16%o), interpreted
as transgressive deposition during relative sea-level rise preceding the boundary.

T2 boundary (internal to the Yingshan Formation): Above the boundary, strata com-
prise sandy micritic limestone, whereas underlying strata are sandy limestone enriched in
dolomite. Geochemical proxies reveal abrupt changes: terrestrial elements (Fe, Ti) peak at
the boundary, contrasting with depleted mobile elements (K), suggesting enhanced con-
tinental weathering and reduced marine influence during sequence boundary formation.
This aligns with mixed-water dissolution patterns observed in analogous Cambrian strata.

T1 boundary (top of the Penglaiba Formation): The boundary separates argillaceous
micritic dolomite (below) from dolomitic sandy limestone (above), marked by lithological
abruptness and regional unconformity. This surface corresponds to a regional sea-level
lowstand, with associated karstification and dolomitization processes documented in
adjacent sections. In terms of logging response at the boundary, the natural gamma curve
shows a sharp peak of 144.9 API, increasing from low to high above and below the boundary.
The resistivity curve changes from the low-resistivity characteristic of dolomite to the high-
resistivity characteristic above the boundary. The corresponding Th/K ratio also shows a
sharp peak of 2.732, which is less than 7 and does not meet the standard of a weathering
exposure surface. However, the Th/K ratio here varies frequently between 0.007 and 2.732
with a large amplitude, and the corresponding U value reaches the maximum of 15.1,
indicating a sea-level fall in this area. The carbon isotope values in this stratum range from
—2.28%o to —1.70%o., with an average of —1.97%o.. The carbon isotope value at the boundary
is —1.92%., showing a negative shift of approximately 1.10%o.
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Figure 2. The third-order sequence interface characteristics of well Al.

Since there are currently no wells in the Fuman Area that penetrate the TO boundary
(at the bottom of the Penglaiba Formation), the logging response characteristics at the
bottom of the Penglaiba Formation will not be discussed.

This study delineated maximum flooding surfaces (MFS) within third-order sequences
through integrated analyses of lithology, carbon isotopes, and wireline logs. Notably, the
0O-5Q4 sequence in the Yijianfang Formation, attributed to prolonged subaerial exposure
and significant denudation, preserves only a lowstand systems tract (LST), with no MFS
recognized. At the MFS levels of the Yingshan Formation’s first and second members,
micritic limestone dominates the lithology, accompanied by a positive §!3C excursion that
culminates in a pronounced peak within these stratigraphic intervals. For the MFS of the
0-5Q2 sequence in the third and fourth members of the Yingshan Formation, the lithology
is dolomitic micritic limestone; the carbon isotope shows no obvious response within
these members, but Th/K and U values in logging curves reach peaks here. The Penglaiba
Formation has a short denudation duration; its MFS is characterized by argillaceous micritic
dolomite, and the carbon isotope curve shows a positive shift with the largest amplitude
within this formation, while other characteristic responses are not significant.

4.2. Characteristics of Third-Order Sequence Boundaries in the Kalpin-Bachu Area

Based on the characteristics of lithologic-lithofacies transition surfaces, paleoweather-
ing crusts, and stratigraphic contact relationships observed in outcrop sections, this study
identified four major third-order sequence boundaries within the Yijianfang Formation,
Yingshan Formation, and Penglai Dam Formation in the Kalpin—-Bachu area (Figure 3). With
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respect to the T4 boundary, in the Yijianfang Section, the strata beneath this boundary con-
sist of light gray, thin-bedded bioclastic micrite limestone, showing a conformable contact
with the thin-bedded red argillaceous limestone at the base of the Tumuxiuke Formation
(Figure 3A). Regarding the T3 boundary, the upper part of the Yangjikan Section belongs
to the Dawangou Formation. This sequence boundary exhibits a parallel unconformable
contact between the overlying and underlying strata. Specifically, the underlying strata con-
sist of oolitic limestone from the Yingshan Formation, which indicates a high-energy bank
depositional environment. In contrast, the overlying strata of the boundary are composed
of nodular micrite limestone, bioclastic-bearing micrite limestone, and siliceous bands of
the Dawangou Formation. In the Yijianfang Section, the lower part of the T3 boundary is
characterized by massive gray-white marble, which forms an angular unconformable con-
tact with the gray medium-bedded micrite limestone at the base of the Yijianfang Formation
(Figure 3B). With regard to the T2 boundary, in the Yangjikan Section, the underlying strata
of this boundary are composed of medium-thin-bedded micrite limestone interbedded with
oolitic limestone of variable thickness. This unit forms a parallel unconformable contact
with the overlying strata of the boundary—thin-bedded argillaceous limestone interbedded
with thick-bedded oolitic micrite limestone of variable thickness (Figure 3C). For the T1
boundary, in the Cement Plant Section, light gray thin-bedded oolitic limestone establishes
an angular unconformable contact with the overlying thick-bedded gray micrite limestone
of the Yingshan Formation. Within this interval, the dolomite content decreases gradually
until it is completely absent, and the lithology transitions from dolomite and dolomitic
limestone to granular limestone. This lithologic variation indicates a significant shift in the
depositional environment (Figure 3D). As for the TO boundary, in the Cement Plant Section,
it is manifested as a lithologic transition surface. The overlying strata of this boundary
comprise a set of massive gray—white limestones, which form a conformable contact with

the underlying gray dolomite of the Lower Qiulitage Formation of the Cambrian System
(Figure 3E).

System Series Formation
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Yangjikan Section
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Figure 3. Characteristics of field third-order sequence interface.
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5. Fourth-Order Sequence Stratigraphic Division

Fourth-order sequences are formed within third-order sequences under the control of
secondary sea-level fluctuations caused by eccentricity variations, and they are isochronous
in small areas [33]. Their boundary characteristics are short-term weathering exposure
surfaces or regressive—transgressive cycle transition surfaces. There are a large number
of exposure unconformity surfaces formed by multiple short-term sea-level drops in the
Tarim Basin, which are controlled by sequences below the third order [34]. Therefore,
based on the previously established framework of third-order sequence division, this study
processes various sets of data by separating them at sequence boundaries to divide fourth-
order sequences, providing an exploration basis for reservoirs formed by local exposure
dissolution. Due to the lack of effective identification markers, a sedimentary noise model
is introduced to reconstruct sea levels for identification. However, regarding the study
of eccentricity variations, there is no relatively reliable astronomical orbital cycle scheme
for the Ordovician System. Given that the 405 kyr long eccentricity cycle represents the
most stable astronomical orbital parameter, prior studies have routinely employed it as the
foundational geological time unit for calibrating the age of relatively ancient strata [35].
Meanwhile, due to the large time span of 400,000 years, it is not easily disturbed by small
sedimentary gaps or other noises. Therefore, this study can achieve astronomical calibration
by using the stable 405 kyr long eccentricity cycle.

5.1. Cyclostratigraphic Analysis

Based on the identification of third-order sequence boundaries, and for the purpose of
mitigating the influence of sedimentary gaps, this study divides the gamma-ray (GR) data
of the Yijianfang Formation-Penglaiba Formation interval in Well A1 into six relatively
continuously deposited data segments. These segments include the Yijianfang Formation,
the Ying 1-2 Members, the Ying 3-4 Members, the Penglaiba Formation, the Magnetic
Susceptibility (MS) data of the Penglaiba Formation in the Kalpin Cement Plant Section,
and the GR data of the Yingshan Formation in the Yangjikan Section. Subsequent to data
preprocessing and the removal of long-term trends, spectral analysis was conducted. The
theoretical orbital cycles selected for this analysis were calculated in accordance with the
Milankovitch calculator model proposed by Waltham D. (2015), and the corresponding
results are presented in Table 1 [36].

Table 1. Theoretical astronomical orbital period of Middle-Lower Ordovician.

Stratum Stage X[;edli\zr; eccei?rrilfi-tyKyr eccerilrli(:;:;rKyr ObliquityKyr PrecessionKyr
s DY g s m s DU BEe 7 phe
I
e
s T s m w  Rom Bdu peg e

The multi-window spectral analysis method was used to conduct depth-domain
spectral analysis on the detrended GR data sequence (Figure 6A-D). Among the results are
the following:

For the Yijianfang Formation in Well A1, the spectral analysis shows prominent peaks
corresponding to cycle thicknesses of 23.8 m, 5.4 m, 2.5 m, and 1.4 m, all with confidence
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levels greater than 90% and some exceeding 99% (Figure 4A(a)). Based on the theoret-
ical orbital cycle ratio of 405:100:33:19, these peaks are considered to correspond to the
405 kyr long eccentricity cycle, —100 kyr short eccentricity cycle, 33 kyr obliquity cycle, and
—19 kyr precession cycle, respectively. For the Ying 1-2 Members in Well Al, prominent
peaks are observed at cycle thicknesses of 57.2m, 11.9m,3.3m, 1.9 m, 1.6 m, and 1.4 m,
with most confidence levels above 99% (Figure 4B(b)). Similarly, peaks at 57.2 m, 11.9 m,
3.3 m, and 1.9-1.4 m correspond to the 405 kyr long eccentricity cycle, 100 kyr short ec-
centricity cycle, 33 kyr obliquity cycle, and 19kyr precession cycle, respectively. For the
Ying 3-4 Members in Well A1, prominent peaks appear at 31.5m, 6.7 m,29m,2m, 1.4 m,
1.2 m, and 1.1 m, all with confidence levels exceeding 99% (Figure 4C(c)). The 31.5 m peak
corresponds to the 405 kyr long eccentricity cycle, the 6.7 m peak to the —100 kyr short eccen-
tricity cycle, the 2.9 m and 2 m peaks to the 33 kyr obliquity cycle, and the 1.4 m, 1.2 m, and
1.1 m peaks to the —19 kyr precession cycle. For the Penglaiba Formation in Well A1, promi-
nent peaks are found at 21.4 m, 5.2 m, 1.8 m, and 1.1 m, all with confidence levels greater
than 95% (Figure 4D(d)). These are respectively assigned to the 405 kyr long eccentricity
cycle, —100 kyr short eccentricity cycle, 33 kyr obliquity cycle, and —19 kyr precession cy-
cle. For the Penglaiba Formation in the Kalpin Cement Plant Section, prominent peaks
occur at 18.8 m, 4.7 m, 3.1 m, 2 m, 1.6 m, and 1.2 m, all with confidence levels above 99%
(Figure 4E(e)). The 18.8 m, 4.7-3.1 m, 2-1.6 m, and 1.2 m cycles correlate sequentially with
405 kyr eccentricity, 100 kyr eccentricity, 33 kyr obliquity, and 19 kyr precession cycles. For
the Ying 1-2 Members of the Yingshan Formation in the Yangjikan Section, prominent peaks
are observed at 12.4 m, 3.6 m, 0.98 m, and 0.55 m, with most confidence levels exceeding
99% (Figure 4F(f)). The 12.4 m cycle thickness corresponds to the 405 kyr long eccentricity
cycle, the 3.6 m to the —100 kyr short eccentricity cycle, the 0.98 m to the 33 kyr obliquity
cycle, and the 0.55 m to the —19 kyr precession cycle. For the Ying 3-4 Members of the
Yingshan Formation in the Yangjikan Section, prominent peaks appear at 15.6 m, 3.9 m,
1.5 m, and 0.75 m, all with confidence levels greater than 99% (Figure 4G(g)). The cycle
thicknesses of 15.6 m, 3.9 m, 1.5-1.6 m, and 0.75 m mirror the 405 kyr eccentricity, 100 kyr
short eccentricity, 33 kyr obliquity, and 19 kyr precession cycles in sequence.

Multitaper spectral analysis (MTM) was performed with a time-bandwidth product
of 2 and 3 orthogonal tapers, utilizing adaptive window sizing for detrended data. A
Gaussian band-pass filter (central frequency: 0.00247 kyr~!, bandwidth: £0.0005 kyr~1)
isolated the 405 kyr eccentricity cycle from the detrended sequences. Filter parameters were
optimized to isolate orbital signals (eccentricity, obliquity, precession) while minimizing
noise. Results show prominent peaks aligned with theoretical Milankovitch cycles for each
formation (e.g., 23.8 m, 5.4 m cycles in the Yijianfang Formation).

The frequency band corresponding to the 405 kyr long eccentricity cycle was extracted
from the GR data sequence for filtering processing (Figure 4A-D). The results are as follows:

Filtering analysis of the Yijianfang Formation (Well A1) yielded four cycles of the
405-kyr eccentricity, corresponding to a sedimentary duration of 1.6 Ma. For the Ying
1-2 Members (Well Al), eight cycles of the 405 kyr eccentricity were identified, with a
duration of 3.2 Ma. The Ying 3—4 Members (Well A1) exhibited 12 cycles of the 405 kyr
eccentricity, corresponding to 4.9 Ma of sedimentation. The Penglaiba Formation (Well
A1) showed 12 cycles of the 405 kyr eccentricity, with a sedimentary duration of 4.9 Ma.
Analysis of the Penglaiba Formation (Kalpin Cement Plant Section) revealed 15 cycles of the
405 kyr eccentricity, corresponding to 6.1 Ma. For the Ying 1-2 Members of the Yingshan
Formation (Yangjikan Section), seven cycles of the 405 kyr eccentricity were determined,
with a duration of 2.8 Ma. The Ying 3—4 Members of the Yingshan Formation (Yangjikan
Section) had 10 cycles of the 405 kyr eccentricity, corresponding to 4.1 Ma of sedimentation.
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Figure 4. Spectrum analysis and depth domain filtering.

While the cyclostratigraphic analysis demonstrates robust orbital signals (e.g.,
405 kyr eccentricity cycles) with high statistical confidence (>90-99%), uncertainties in
deep-time orbital parameters require consideration. These uncertainties primarily stem
from (1) potential deviations in astronomical constants (e.g., precession and obliquity pe-
riods) during the Ordovician period due to chaotic Solar System dynamics; (2) errors in
geological age models affecting orbital tuning precision; and (3) noise from sedimentary
processes (e.g., hiatuses, diagenesis). The DYNOT model partially mitigates these by decou-
pling orbital signals from local depositional noise, yet absolute chronological accuracy may
be influenced by the assumed stability of Phanerozoic orbital parameters. Future studies
integrating Paleozoic-specific dynamical astronomical models could further refine these
chronostratigraphic constraints.

5.2. Sea-Level Simulation Based on the Sedimentary Noise Model

Based on the stable 405 kyr long eccentricity cycle, the relative sea-level change trends
of each geological segment were obtained through comprehensive analytical calculations
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using the DYNOT model algorithm [36]. The specific variation characteristics of these
trends are presented in Figure 5, and the key analytical results are summarized as follows:
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Figure 5. Sedimentary noise model to reconstruct sea level.

The Yijianfang Formation in Well A1 exhibited a sea-level change trend of first falling
and then rising within 1.6 Ma.

The Ying 1-2 Members of the Yingshan Formation in both Well A1 and the Yangjikan
Section lasted for approximately 3 Ma, while the Ying 34 Members lasted for about 4.5 Ma.
Cyclostratigraphic analysis of the GR data from these two locations revealed that the sea
levels of the Yingshan Formation in the field outcrops and the Fuman Area showed similar
characteristics of fluctuation frequency within comparable time scales.

The Penglaiba Formation in both Well A1 and the Kalpin Cement Plant Section had a
duration of around 6 Ma. Sea-level simulation using the sedimentary noise model based
on the magnetic susceptibility data from the Kalpin Cement Plant Section showed that the
Penglaiba Formation in the field outcrops and the Fuman Area experienced three consistent
cycles of sea-level rise and fall within similar time scales.

Sea-level changes were simulated using the DYNOT model with key parameters:
cutoff frequencies for total variance (fmin = 0.001 kyr~!, fmax = 1 kyr—!), a sliding window
size of 405 kyr (aligning with the long eccentricity cycle), and 5000 Monte Carlo simulations
to evaluate confidence intervals. The model separates orbital signals from non-orbital
noise, with the ratio of non-orbital variance to total variance (DYNOT value) serving as a
proxy for paleo-sea-level fluctuations. Results are consistent with field-observed sequence
boundaries (e.g., dissolution pores in the Yijianfang Formation).

Depth-time calibration was achieved via orbital forcing analysis of the 405 kyr eccen-
tricity cycle, translating drilling depths into stratigraphic ages (e.g., 1.6 Ma for the Yijianfang
Formation at Well A1). The analysis utilized gamma-ray (GR) data from Well A1 and mag-
netic susceptibility (MS) data from the Kalpin Cement Plant Section. The methodological
workflow included data preprocessing (detrending, normalization), spectral analysis via
the multitaper method (MTM), and Gaussian band-pass filtering to isolate orbital cy-
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cles, followed by DYNOT-based reconstruction of sea-level trends from the sedimentary
noise signals.

5.3. Characteristics of Fourth-Order Sequence Boundaries in Field Outcrops and Their
Corresponding Relationship with the Fuman Area

Revealed through detailed investigation of lithostratigraphic discontinuities and re-
gional unconformities (Figure 6), the Ying 1-2 Members of the Yingshan Formation in the
Yangjikan Section can be divided into two fourth-order sequences, and the Ying 3-4 Mem-
bers into three fourth-order sequences; the Ying 1-2 Members of the Yingshan Formation
in the Kalpin Cement Plant Section can be divided into two fourth-order sequences, the
Ying 3—4 Members into three fourth-order sequences, and the Penglaiba Formation into
three fourth-order sequences.

Figure 6. Field characteristics of fourth-order sequence.

Specifically, above the T41 boundary of the Yijianfang Formation in the Yijianfang
Section is dark gray thin-bedded bioclastic limestone, and below the boundary is medium-
thick-bedded dark gray bioclastic limestone with a large number of dissolution pores (with
a diameter of approximately 5~20 cm) (Figure 6A). The T31 boundary in the Ying 1-2 Mem-
bers (Yangjikan Section) constitutes a conformable lithostratigraphic contact between upper
dark gray medium-thin-bedded micritic limestone and lower gray—dark gray thin-bedded
micritic limestone, marked by an upward-lightening lithologic gradation (Figure 6B); above
the T22 boundary of the Ying 3—4 Members is gray thin-bedded micritic limestone with hor-
izontal bedding, and the lower part is interbedded with gray medium-bedded calcarenite,
with dissolution pores observed (Figure 6C). Above the T21 boundary is interbedded gray
medium-thin-bedded micritic limestone and thin-bedded argillaceous limestone, and below
the boundary is gray medium-thick-bedded calcarenitic micritic limestone, with dissolution
pores present (Figure 6D). In the Kalpin Cement Plant Section, the T31 boundary of the Ying
1-2 Members of the Yingshan Formation is a lithological transition surface, transitioning
from dark gray medium-bedded sparry grain limestone to off-white thin-bedded bioclastic
limestone; the T22 boundary of the Ying 3-4 Members transitions from interbedded gray
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Penglaiba Formation

thin-bedded algal laminated limestone and grain limestone to gray medium-thick-bedded
bioclastic limestone. The T21 boundary exhibits thin interbedding of gray bioclastic lime-
stone and algal laminated limestone, grading into gray medium-thick-bedded bioclastic
limestone. In the outcrop of the Penglaiba Formation, the T11 boundary is a lithological
transition surface with an abrupt color change from light gray to dark gray; the lithology is
conformable contact between off-white massive dolomite and the overlying grayish-black
medium-thin-bedded calcarenite (Figure 6E). The strata above and below the T12 boundary
show obvious angular unconformity contact, with a paleoweathering crust about 30 cm
thick and a significant increase in argillaceous content (Figure 6F); the overall lithology
around the T13 boundary is off-white medium-thick-bedded argillaceous limestone, with
multiple phases of weathering crusts (about 3-5 cm thick) developed near the boundary;,
indicating that the Penglaiba Formation underwent multiple frequent and short-term uplift
and exposure during this period (Figure 6G).

A comparison between the fourth-order sequence boundaries identified based on field
characteristics and the results of cyclostratigraphic analysis and sea-level simulation shows
that the sea-level fluctuations reconstructed by the sedimentary noise model are consistent
with the field identification markers, confirming that this model can be used for sea-level
restoration of the Middle-Lower Ordovician carbonate rocks in the Tarim Basin. In the
future, this method can be applied to the sequence stratigraphic division of ultra-deep
carbonate rocks in the Fuman Area.

In addition, on the basis of the astronomical chronostratigraphic scales established
respectively for the magnetic susceptibility data of the Penglaiba Formation in the Kalpin
Cement Plant Section, the GR data of the Yingshan Formation in the Yangjikan Section, and
the GR data of Well A1, a chronostratigraphic framework between the field outcrops and
the Fuman Area was jointly established by combining sea-level change trends and carbon
isotope data. The comparison shows (Figure 7) that the lower part of Well A1, the only well
that has drilled through the Penglaiba Formation in the Fuman Area so far, is still missing
one third-order sequence and one fourth-order sequence.

Shuinichang Section Yangjikan Section Al

Ny

Figure 7. Sequence interface characteristics and correlation diagram of Keping Cement Plant profile—
Yangjikan profile-A1 well.

6. Discussion

6.1. Sequence Division Scheme of the Fuman Area

Building upon previous research findings, this study comprehensively divided the
third- and fourth-order sequences and proposed a sequence division scheme for the Or-
dovician carbonate rocks in the Fuman Area (Figure 8). The key third-order sequence

https:/ /doi.org/10.3390/ geosciences16040136


https://doi.org/10.3390/geosciences16040136

Geosciences 2026, 16, 136

15 of 20

boundaries are basin-wide unconformity surfaces, with cross-regional and cross-facies belt
comparability. Based on classic sequence division methods—including logging curves,
carbon isotopes, and field outcrop observations—this study identified five sequence bound-
aries that define third-order sequences across Well A1, the Kalpin Cement Plant Section, the
Yangjikan Section, and the Yijianfang Section. Specifically, the Yijianfang Formation is di-
vided into one third-order sequence (O-5Q4), the Yingshan Formation into two third-order
sequences (O-5Q2, O-5Q3), and the Penglaiba Formation into one third-order sequence
(O-5Q1). This scheme is consistent with most sequence division frameworks proposed in
prior studies. For example, the Yijianfang Formation’s single sequence aligns with [37]
identification of four comparable transgressive-regressive cycles in the Shuntuoguole uplift,
while the Yingshan Formation’s dual sequences match [38] subdivision of mixed-water
dissolution intervals. The Penglaiba Formation’s boundary, marked by abrupt lithological
changes, mirrors [39] findings on karst-modified diagenetic surfaces in adjacent sections.
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Figure 8. Sequence division scheme of well Al based on DYNOT model.

Fourth-order sequences often show significant differences within the basin due to their
diverse genetic types, small scale, and high frequency. This study attempts to carry out
fourth-order sequence division by combining the classical sequence division method with
sea-level reconstruction simulated by the sedimentary noise model. The field sequence
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boundary characteristics of the Kalpin Cement Plant Section and the Yangjikan Section
have a good corresponding relationship with the sea-level fluctuations simulated by the
sedimentary noise model based on the measured GR and MS data sequences of the sections,
which verifies the feasibility of the DYNOT model in identifying sea-level change trends
in the Middle-Lower Ordovician of the Tarim Basin. Introducing the cyclostratigraphic
method into the study of the Fuman Area revealed that the genetic types of fourth-order
sequences in the study area are significantly controlled by sea level. Finally, the Yijianfang
Formation is divided into two fourth-order sequences (FSQ10—11), the Ying 1-2 Members
into two fourth-order sequences (FSQ8-9), the Ying 34 Members into three fourth-order
sequences (FSQ5-7), and the Penglaiba Formation into four fourth-order sequences (FSQ1-4).

6.2. Coupling Relationship Between Sequence Stratigraphic Division and Reservoir Development

The composition of carbonate sequence system tracts determines the distribution
characteristics of their sedimentary facies belts, and hydrocarbon accumulation is also con-
trolled by system tracts to varying degrees. For example, favorable source rocks develop
in highstand system tracts, while high-quality reservoirs can form in lowstand system
tracts [40]. Applying the sedimentary noise modeling framework, this study reconstructed
Middle-Lower Ordovician carbonate platform evolution in the Fuman Area through dy-
namic integration of astrochronological constraints and multi-proxy stratigraphic datasets.
According to the reservoir classification standards of PetroChina Tarim Oilfield (Table 2), a
comprehensive evaluation of logging porosity and permeability in Well M8-Well A1 was
conducted for reservoir grading. It was found that high-quality reservoir intervals are
predominantly developed within lowstand systems tracts (Figure 9), a pattern consistent
with regional observations from the Tarim Basin and global analogs such as the Middle Or-
dovician carbonate platforms in the Yangtze region. This spatial correlation arises because
lowstand system tracts are characterized by karstification processes triggered by subaerial
exposure during sea-level fall. For instance, in the Fuman Area, lowstand intervals ex-
hibit well-developed dissolution porosity (e.g., vuggy and intergranular porosity) formed
through meteoric water circulation, as evidenced by §'C values (—3.85%0 to —0.52%o)
indicating subaerial exposure events. These karst-modified strata enhance reservoir quality
by creating interconnected pore networks, a mechanism similarly documented in high-
frequency sequence frameworks of the Longwangmiao Formation. Therefore, restoring
paleowater depth and mapping system tracts within relative sea-level cycles provides
critical insights for predicting favorable reservoir distribution in similar tectonic settings.

Table 2. Reservoir classification standard.

Response Characteristics of Maximum Flooding Surface

Systems
Stratum Sequence }",l"ract Lithologic Carbon Isotope Well Logging Curve
Characteristics Characteristics Characteristics
h\/iler;r%ll);fs 0-5Q3 I%ISS; Micritic Limestone  Positive Excursion /

Ying1-2 0-5Q2 HST DolomiticMicritic Not Significant Th/KPeak2.36
Members TST Limestone Response UPeak15.91
Penglaiba 0-501 HST Argillaceous Positive ThC/liI\jz:l;lliZ}? I?Igtler
Formation TST Micritic Dolomite Excursion

Significant Response
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The sedimentary area of carbonate platforms is significantly controlled by third-order
sea-level changes. With the periodic fall in sea level, sediments are exposed above the
sea surface or located within the freshwater lens, undergoing selective and non-selective
dissolution. This karstification is widely developed in the Tabei-Tazhong Area [41]. Based
on cyclostratigraphic time series analysis, the residual stratigraphic age of the Yijianfang
Formation in the Fuman Area is only 1.6 Ma, characterized by a long duration of meteoric
freshwater leaching and large erosion thickness. Comprehensive rare earth and major-trace-
element analyses were performed across multiple wells within the study area [42]. The
findings revealed that the karst fracture-cave fillings in the Yijianfang Formation originated
from meteoric freshwater sources and exhibited significant alterations due to terrigenous
clastic influx. This indicates that the exposure below the third-order sequence boundaries
has a significant impact on karst development and a positive effect on the physical property
modification of reservoirs. In summary, the establishment of a detailed sequence strati-
graphic framework in the Fuman Area can provide a basis for characterizing favorable
sedimentary facies belts and exploring non-fault-controlled hydrocarbon reservoirs.

7. Conclusions

This study demonstrates the successful application of an integrated methodology
combining conventional sequence stratigraphy with cyclostratigraphic analysis using
the sedimentary noise model (DYNOT) to establish a high-resolution sequence strati-
graphic framework for the Middle-Lower Ordovician carbonate rocks in the Fuman
Area of the Tarim Basin. The consistency between sea-level changes simulated by the
DYNOT model and sequence boundaries identified in field outcrops (e.g., Kalpin Ce-
ment Plant and Yangjikan sections) validates the reliability of cyclostratigraphy in recon-
structing paleo—sea-level fluctuations. The Ordovician succession is divided into four
third-order sequences (O-SQ1 to O-5Q4) and eleven fourth-order sequences (FSQ1 to
FSQ11), providing a systematic stratigraphic framework for the Yijianfang, Yingshan, and
Penglaiba Formations.

The refined sequence stratigraphic framework reveals a strong coupling between
reservoir quality and system tracts, with high-quality reservoirs predominantly developed
in lowstand system tracts influenced by exposure and karstification. This study not only
confirms the preservation of astronomical orbital signals in Ordovician carbonates but
also offers a practical, high-efficiency approach for sequence division using conventional
logging data. The results provide a scientific basis for characterizing favorable sedimentary
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facies and optimizing exploration strategies in non-fault zones, contributing significantly
to ultra-deep oil and gas exploration in the Fuman Area.
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