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Calculating eroded thickness corresponding to a short-term tectonic uplift with Milankovitch theory

ABSTRACT: The Middle Permian Maokou Formation in the southeastern Sichuan Basin is a typical carbonate karst reservoir. At
the end of the Middle Permian, a short-term tectonic uplift (Tungwu movement) occurred in the upper Yangtze region, causing the
formation of dissolved fissures and holes. To determine the location of the high-quality reservoir, this paper calculated the eroded
thickness using the Milankovitch theory. Based on the gamma logging data of the six wells in the southeastern Sichuan Basin, the
dominant frequency and the astronomical time scale were evaluated via frequency spectrum analysis, continuous wavelet transform,
and empirical mode decomposition. In addition, we analyzed the relationship between Fischer curve characteristics and the variation
of lithology. Last, four methods were used to calculate the eroded thickness, and the rationality was analyzed. Consequently, we
identified four levels of Milankovitch cycles, i.e., middle eccentricity (e,), short eccentricity (e;), long obliquity (o), and short
obliquity (0,). Also, the Fischer curves of the six wells were divided into two forms related to local structural uplift. The residual
strata of the Maokou Formation comprised three complete third-order cycles, and the boundaries were the 15th, 34th, and S4th e,
cycles. The deposition rate of bioclastic limestone was the lowest (2.12—5.36 cm/ka with an average of 3.30 cm/ka), whereas the
deposition rate of argillaceous limestone was the largest (2.27-5.25 cm/ka with an average of 4.09 cm/ka). Among the four
methods, the missing formation deposition rate method exhibited the most precise calculation results, while that of the seismic data
method was relatively low. Generally, the eroded thickness of the Maokou Formation in southeastern Sichuan was in the range of 0—
140 m, i.e., the eroded thickness in the west and south of X14 was relatively large (>100 m), while the area north of LS1 experienced
the weakest denudation (eroded thickness < 40 m).

1. INTRODUCTION vation condition, and the distribution of carbonate karst.

Denudation can be defined as a geological phenomenon in Researchers initially analyzed the intensity of denudation
which the moving medium destroys the surface rocks and causes
the products to peel off the original place. Strong denudation can
lead to the missing surface strata (formation of unconformity) ]
and changes in reservoir pore structure. In general, denudation Received: ~ December 15, 2020
can create more space for oil and gas seepage and storage.' > AcceP ted:  March 1, 2021
Eroded thickness calculation is vital for a broad range of Published: March 10, 2021
scientific and oil/gas industrial processes. It plays a pivotal role

in analyzing the concept of burial history, structural evolution,

paleogeomorphology, hydrocarbon generation, oil/gas preser-

based on the residual formation thickness rather than directly
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Figure 1. (a) Location of Sichuan province; (b) distribution of faults in the Sichuan Basin and the location of the study area; (c) distribution of faults,
burial depth of the top surface of the Maokou Formation in the study area, and the location of six wells; (d) e—e’ 2D seismic interpretation profile.

calculating the eroded thickness. In 1976, Magara4 discovered a
discontinuity of the mud shale compaction curve at the
unconformity and proposed a method to calculate the eroded
thickness using acoustic logging data (acoustic time difference
method). Based on the positive correlation between vitrinite
reflectance (Ro) and the burial depth of the source rock, Dow’
proposed a vitrinite reflectance method to calculate the eroded
thickness (Ro method) in 1977. Elsewhere, in 1978, Van Hinte®
found a correspondence between the deposition rate and the
absolute geological age and then put forward a deposition rate
method, while Guidish et al.” improved the method in 1985. In
1987, Laslett et al.® established a cooling process during the
denudation based on the various characteristics of five indicators
of apatite fission track and proposed the apatite fission track
method. Additionally, in 1996, Li and Li’ believed that the low
average concentration of natural gas in the discontinuous
formation was associated with the lack of formation. In addition,
they proposed a method for calculating the eroded thickness
using the equilibrium concentration of natural gas. Since the
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1990s, due to the widespread application of the Milankovitch
Earth Orbital Period Theory in the field of sedimentary
stratigraphy,'°”"® numerous scholars began to apply the
Milankovitch theory in the calculation of the eroded thick-
ness.*™'® In addition, the cosmo_;enic nuclide method has been
applied in a number of regions."

Notably, the Dongwu movement, a crustal uplift caused by the
upwelling of the Emei Mountain mantle plume, occurred at the
end of the Middle Permian (about 260 Ma ago). The Dongwu
movement caused the formation of ancient uplift centered on
the present-day Luzhou City and the denudation of the Maokou
Formation. Several lines of evidence suggest that the dissolution
pores of the Maokou Formation are related to surface leaching,
organic matter evolution, diagenesis, and hydrothermal fluids,
but the surface leaching caused by denudation is the main factor
in the change of the pore structure of the reservoir.'*~**

The development of numerous karst reservoirs is usuall};
based on long-term tectonic uplift and strong denudation.”*~”
In contrast, the Dongwu movement was a short-term tectonic

https://dx.doi.org/10.1021/acsomega.0c05989
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Figure 2. Stratigraphic characteristics of the study area.

uplift, with a duration of about 0.5—2.5 Ma.”® Several studies
revealed that the residual thickness of the Maokou Formation in
the Sichuan Basin varies from 180 to 360 m,”” and the maximum
eroded thickness does not exceed 200 m.>° In addition, the
residual thickness is greater than the eroded thickness.
Therefore, it is vital to eliminate the influence of the original
thickness difference on the calculation results when calculating
the eroded thickness. The formation thickness comparison and
impression methods ignore the difference in the original
thickness of the formation, and the resulting calculation error
is unacceptable. Additionally, the maximum eroded thickness is
less than 200 m, and the “vitrescence reflectance-buried depth”
curve cannot show apparent discontinuities at the uncon-
formity; hence, the vitrinite reflectance method was unsuitable
for this study. The Maokou Formation is dominated by
carbonate rocks and a few thick pure mudstones; thus, the
acoustic time difference method cannot be used. Furthermore,
due to the limitations on sample size and the requirements of
calculation accuracy, the apatite fission-track method, natural
gas equilibrium concentration method, and cosmogenic nuclide
method were unsuitable for this work.

To exclude the influence of the original thickness difference
on the calculation results, it is essential to calculate the original
thickness. During a continuous deposition process, the
astronomical cycles experienced by each region in a similar
deposition system were consistent and can be recorded by
formation. Nevertheless, different regions have different
deposition rates at the same time. Therefore, if the missing
number of astronomical cycles and average deposition rate of the
eroded formation can be estimated, then the original and eroded
thicknesses can be calculated. To analyze the eroded thickness
distribution of the Maokou Formation, the periods of seven
astronomical cycles of the Middle Permian were calculated. The
dominant frequency signal contained in the residual strata was
identified based on spectrum analysis and wavelet transform
methods. Using the empirical mode decomposition (EMD)
method, we established astronomical age scales of the six wells.
Moreover, we evaluated the relationship between the Fischer
curve and the lithology combination and identified a system
tract. The deposition rates of different lithologies in the six wells
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were calculated. Finally, four methods were used to calculate the
eroded thickness of the Maokou Formation in southeastern
Sichuan, and the distribution was analyzed. Our findings provide
fundamental insights into the calculation of eroded thickness
during a short-term tectonic uplift and provide a valuable basis
for future studies.

2. GEOLOGICAL SETTING

The study area was the southeast of Sichuan Basin, an area
dominated by NNW—SSE syncline anticline structural belts,
and a relatively small number of N—W and NE—SW syncline
structural belts. The burial depth of the top surface of the
Maokou Formation was 2500—4000 m, and the variation of the
burial depth was mainly related to the anticline structure (Figure
1). Vertically, controlled by the mud shale slip layer at the
bottom of the Silurian and the gypsum slip layer at the top of the
Cambrian, the double-slippage faults were well developed.”'

Being influenced by the Hercynian Movement, Indosinian
Movement, Yanshan Movement, and Himalayan Movement,
Devonian, Carboniferous, and Cenozoic strata were extensively
missing in the study area, and six vital unconformities were
developed (Figure 2). Since the Eopaleozoic era, the study area
has gone through four stages, i.e., differential uplift-trough
disappearance—foreland basin—inland depositional basin. Cor-
respondingly, the lithology gradually changed from carbonate
rocks of Permian and Early Triassic to clastic rocks. Notably,
tight limestone is the dominant rock type of the Maokou
Formation in southeastern Sichuan, including common lime-
stone (matrix limestone or micrite limestone), mud-bearing
limestone, argillaceous limestone, calcarenite, and bioclastic
limestone.

3. RESULTS AND DISCUSSION

3.1. The Astronomical Cycle Period in the Middle
Permian. The stars of the solar system produce a superimposed
gravitational field on the Earth, which periodically changes and
causes periodic variation in orbital parameters of the Earth. The
theory of Milankovitch confirms that the periodic variation in
orbital parameters of the Earth is the direct trigger of climate

https://dx.doi.org/10.1021/acsomega.0c05989
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change and indirectly regulates the sedimentary process.’”*’

There exist three types of Milankovitch orbital cycles, including
eccentricity, obliquity, and precession. The eccentricity is the
degree to which the orbit deviates from a perfect circle, where
the change frequency is lower, while the period is longer.
Obliquity is the angle between the orbital surface and equatorial
surface of the Earth whose changing frequency is higher
compared to the eccentricity, while the period is relatively short.
The long-term shifting in the rotation axis of the Earth caused
the vernal equinox to move westward along the ecliptic, resulting
in a phenomenon called precession, where the solar year is
shorter compared to the sidereal year. It has the highest
changing frequency and the shortest period.

Eccentricity period is relatively stable with a long eccentricity
period (e;) of 405 kyr, a medium eccentricity period (e,) of 125
kyr, and a short eccentricity period (e;) of 95 kyr. In contrast, the
cycle of obliquity and precession changes with the geologic
period. In 1992, Berger et al. calculated the long obliquity period
(01), short obliquity period (0,), long precession period (o),
and short precession period (c,) of 11-time nodes,”* and the
four astronomical orbit periods showed an apparent negative
correlation with the geological age (Figure 3). The deposition

59000 —@—- O
—-— 02
54000 @- _ — - o
L 1 y=-0.0056x" - 35.379x + 53938 - :
49000 ~ e ° R?=0.9995 -@- 0,
— \\
s e
s 44000 7 y=.0.0075x-20.27x + 40957 @,
o _ R?=0.9997 =~
Z 39000 - '**\. ~eo.
S T e .-
S 34000 ~ - _ ® @
5 ™
a 29000 - SESEEER it L @
24000 &, St ¥ =-0.003x" - 4.5809x + 19006

# 4 -0 - 9-_0_98 a _R*=10.9989
19000 - 0—-9- —-0—_¢ ° TV —9-——9--_g
—0-9--0-9- ¢

= - @
14000 T T T
0 100 300

Age (Ma)

T
200 400 500

Figure 3. Period variation of obliquity and precession. (The original
data come from Berger et al.**)

period of the Middle Permian Maokou Formation was 268.8 to
259.8 Ma.”® A median of 264.3 Ma was considered as the time
node of the Maokou Formation sedimentation; in addition, oy,
0,, 6, and 0, were calculated using the above linear equation,
which were 44.20 ka, 35.08 kyr, 20.99 kyr, and 17.59 kyr,
respectively.

3.2. Identification of the Milankovitch Cycle.
3.2.1. Dominant Frequency Analysis of GR Logging Data.
In cycle analysis, extracting the dominant frequency of
sedimentary cycles from electrical signals is vital. Notably,
spectrum analysis based on GR logging data is presently a
relatively mature method. The time-domain signal can be
converted into a frequency-domain signal by Fourier transform.
The curve with similar frequency-domain signal intensity to the
vertical axis and the frequency to the horizontal axis was the
spectrum curve. In the spectrum curve, the dominant frequency
is the frequency with higher signal strength. The value of the
dominant frequency was negatively correlated with the
corresponding cycle period.

PAST software was used to perform sgpectrum analysis based
on the GR logging data of the six wells,”> and we extracted the
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frequency with a confidence level greater than 95% as the
dominant frequency (Figure 4). The dominant frequency of the
six wells is shown in Table 1.

3.2.2. Extraction of Dominant Frequency Containing
Milankovitch Cycle Information. The Milankovitch cycle can
be recorded by sedimentary formation; however, not all
dominant frequency information is related to it. To extract the
dominant frequency with Milankovitch cycle information, a
certain connection needs to be established between them. If the
ratios of the frequencies in several sedimentary cycles are close
to that of several Milankovitch cycles, then the formation is
considered to be influenced by the Milankovitch cycles.

We calculated the frequency ratios of the seven astronomical
cycles of the Middle Permian (Table 2). The f in Table 2
represents the alternating frequency of Milankovitch’s astro-
nomical cycles (such as various types of eccentricity, obliquity,
and precession). It is the reciprocal of time (period), which can
be understood as alternating once every certain time. We
compared the frequency ratios with the ratios of the dominant
frequency of each well. The ratios of the dominant frequencies
close to that of the astronomical cycle frequencies (e,, e5, 0, and
0,) were found in four wells (LS1, LS2, LS3, and X14), while the
ratios of the dominant frequencies close to that of the
frequencies (e,, e;, and o;) were found in two wells (T1S and
XM1) (Table 3). The error was within the range of 0.13 to
6.01%, with an acceptable average error of 2.38%, indicating that
the Milankovitch cycle was recorded during the sedimentary
process of the Maokou Formation, which was consistent with
the research result of Cong et al*®

The dominant frequency had the following relationship with
sediment thickness

ho=—
f (1)

where h, represents the sediment thickness (m), and frepresents
the dominant frequency, which can be understood as alternating
every time a certain thickness is deposited. Based on this
formula, we calculated the sediment thickness of the four cycles,
i, e, €3 0y, and o, of each well (Table 3 and Figure 4).

3.2.3. The Rationality of Milankovitch Cycle Identification
Results. Continuous wavelet transform extracts information of
different scales contained in the logging signal and converts it
into time domain and frequency domain information, which
helps in revealing the hidden cyclicity in the formation.”” As
shown in Figure 5, the frequency band corresponding to the
Milankovitch cycle in each well covered more high-energy
signals, indicating that the dominant frequencies corresponding
to the Milankovitch cycle were representative.

To evaluate the rationality of the Milankovitch cycle
identification results for each well, it is also necessary to verify
the consistency of the deposition rate corresponding to the cycle
with the overall deposition rate variation range of the Middle
Permian Maokou Formation in the Sichuan Basin. Based on the
analysis of stratigraphic characteristics, sedimentary character-
istics, and lithofacies paleogeography, He et al.”® explored the
geodynamic background and evolution of the Dongwu move-
ment and calculated the maximum denudation duration using
the denudation rate of carbonate rocks in the humid tropical
zone for the Upper Yangtze area, which varied from 0.5 to 2.5
Ma. As mentioned above, the thickness of the Middle Permian
Maokou Formation in southeastern Sichuan varied from 180 to
360 m. Therefore, it can be estimated that the deposition
duration of the Middle Permian Maokou Formation in southern

https://dx.doi.org/10.1021/acsomega.0c05989
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Figure 4. Spectrum analysis diagram of GR logging data of the Maokou Formation in the study area.

Sichuan was about 6.5 to 8.5 Ma, while the average deposition
rate varied from 2.12 to 5.54 cm/ka.

Table 4 shows the average deposition rates corresponding to
each Milankovitch cycle of the six wells. The calculation results
were in the range of the average deposition rate, indicating that
the identification results of the Milankovitch cycle were
reasonable and represent the response of the astronomical
orbital period to the sedimentary event.

3.3. Establishment of an Astronomical Age Scale
Based on the Empirical Mode Decomposition (EMD)
Method. Establishing an astronomical time scale involves
establishing a relationship between stratum depth, sedimentary
cycle, and geological age. The first step in this process involves
extracting cyclic waves based on logging data. Filtering is one of
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the most widely used methods in identifying sedimentary cycles,
specifically wavelet filtering and Gaussian filtering."* Because of
the difference in calculation methods, it is essential to select a
suitable wavelet based on the analysis of astronomical cycles. In
recent years, increasing research used the empirical formula
decomposition (EMD) method to study the sedimentary
cycle.”*®* This method extracts several relatively simple and
stable components imf of different frequencies from a complex
signal. Also, the signal decomposition is based on the
characteristics of the data itself, and no basis function is set in
advance. In contrast, the EMD method is more convenient and
retains additional and vital geological information, which is more
suitable for the study of carbonate sedimentary cycles.

https://dx.doi.org/10.1021/acsomega.0c05989
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Table 1. Dominant Frequency of GR Logging Data in the
Maokou Formation of Six Wells

well dominant frequency of GR logging data

LSI  0.097,0.153,0.203, 0.212, 0.259, 0.296, 0.309, 0.352, 0.409, 0.465, 0.496,
0.543, 0.636, 0.549, 0.754, 0.770, 0.786, 0.798, 0.832, 0.8454, 0.867,
0.910, 0.988, 1.020

LS2  0.054,0.102,0.110, 0.177, 0.212, 0.232, 0.241, 0.263, 0.303, 0.331, 0.397,
0.436,0.479, 0.510, 0.535, 0.541, 0.603, 0.646, 0.671, 0.717, 0.728, 0.841

LS3  0.105,0.141, 0.156, 0.176, 0.190, 0.207, 0.226, 0.240, 0.256, 0.267, 0.295,
0.317,0.334,0.342, 0.347, 0.402, 0.411, 0.433, 0.474, 0.504, 0.524, 0.535,
0.623, 0.640, 0.684, 0.706, 0.736, 0.761

X14  0.109, 0.152, 0.158, 0.164, 0.194, 0.200, 0.215, 0.228, 0.264, 0.291, 0.316,
0.388, 0.422, 0.400, 0.458, 0.476, 0.498, 0.555, 0.589, 0.613, 0.653, 0.713,
0.750, 0.765, 0.868, 0.977, 1.026

T1S 0.182, 0.188, 0.202, 0.223, 0.247, 0.277, 0.329, 0.331, 0.373, 0.397, 0.411,
0.449, 0.462, 0.503, 0.545, 0.562, 0.623, 0.692, 0.723, 0.750, 0.781, 0.795
XM1  0.070, 0.124, 0.134, 0.170, 0.180, 0.187, 0.214, 0.244, 0.257, 0.274, 0.301,

0.324,0.344,0.371,0.394, 0.421,0.447,0.457,0.471, 0.544, 0.581, 0.598,
0.648, 0.661, 0.738, 0.761, 0.871

We calculated the seven components (imf.1—imf.7) of the
Maokou Formation of the six wells in southeastern Sichuan
based on GR logging data (Figure 6), and the number of cycles
included in each component was counted. At the same time, the
number of each cycle included in the Maokou Formation of each
well was calculated based on the thickness of the Maokou
Formation and the average thickness of each cycle. An
inspection of the data in Table S reveals that the number of e;
cycles in the six wells matches well with the number of cycles
included in the component imf.3. Thus, the imf.3 component
can be used as the basis for establishing the astronomical time
scale. Notably, for the component imf.3, the part between the
two troughs was considered as a complete cycle. Nevertheless,
incomplete cycles might appear at the top and bottom of the
stratum. When counting the number of cycles, incomplete cycles
were ignored. Therefore, it was acceptable to have an error less
than 2 between the number of e; cycles and the cycle number of
imf.3.

The number of cycles of the Maokou Formation in LS1 was
the smallest, i.e., 49 e; cycles, suggesting that LS1 retains the
strata deposited within 4.7 Myr. The Maokou Formation of T1S
had the largest number of cycles, i.e., 74 e; cycles, and the strata
deposited within 7.0 Myr were retained. The calculation results
were consistent with the conclusion that the Middle Permian
Maokou Formation had a maximum deposition duration of 8.5
Ma. The astronomical time scale of the six wells was established
(with the period of e, cycle as the minimum time scale), and the
data of sediment thickness and deposition rate were calculated
(Figure 7).

3.4. Characteristic Analysis of the Fischer Plots. In
recent years, the Fisher plot has been applied by researchers to
analyze the variation of deposition rate and sea-level fluctuations
of clastic rocks and carbonate rocks.*” It regarded the cumulative
cycle number as the abscissa and the cumulated migration of

average cycle thickness as the ordinate. The cumulative
departure from mean cycle thickness was calculated using the
following formula

Hﬂ = Z (hn - haC)
i=1 ()

where H, represents the cumulated migration of average cycle
thickness (m), n represents the number of e; cycles in the
residual strata, h, represents the formation thickness of the nth
cycle (m), and h,. represents the average cycle thickness (m).

Based on the astronomical time scale of the Maokou
Formation, we calculated the thickness of each e; cycle and
drew the Fischer plots (Figure 8).

In the Ist to S54th cycles, the six wells experienced three third-
order cycles where the accommodating space first increased and
then decreased, i.e., SQ1, SQ2, and SQ3. Each third-order cycle
comprises 15—20 e; cycles with a duration of 1.43—1.90 Ma.
The sequence boundaries of the three third-order cycles were
the strata corresponding to the 15th, 34th, and 54th e; cycles,
respectively.

The Fischer plots of the six wells were divided into two types.
The Fischer curves of LS1, LS2, T1S, and XM1 were similar to
the reverse V shape (Figure 8a), while the curves of LS3 and X14
were similar to the V shape (Figure 8b). During the 15th to 34th
cycles of the reverse V-shaped curve, the accommodating space
increased steadily and then decreased slightly. In contrast, the
accommodating space of the V-shaped curve increased slightly
and then decreased significantly for a long time. The change in
accommodating space was influenced by the sea level and
basement activity. During the 15th to 34th cycles, the
accommodating space increased and then decreased, indicating
that the sea level experienced a rising and falling process. The
areas of LS3 and X14 might have experienced local basement
uplift during this period, causing a reduction in the overall
accommodating space. Therefore, the difference in curve shape
might be related to local tectonic movement. Regarding
lithological characteristics, the curves of the two forms were
different. Starting from the 34th cycle, the wells corresponding
to the reverse V-shaped curve began to develop common
limestone or bioclastic limestone, while the wells corresponding
to the V-shaped curve began to develop calcarenite. This was
also related to the reduction of the accommodating space and
terrigenous minerals.

3.5. Calculation of the Eroded Thickness. 3.5.1. Calcu-
lating the Eroded Thickness Based on the Average Cycle
Thickness. Jiang et al. evaluated the distribution of the Maokou
Formation in the Sichuan Basin and the influence of the
Dongwu movement on paleomorphology. They believed that
the area between Chongging and Fuling experienced weak
tectonic uplift during the Dongwu movement, the denudation
intensity experienced by the Maokou Formation was low, or the

Table 2. Frequency Ratio of Milankovitch Astronomical Cycles of the Middle Permian

Milankovitch cycle cycle period (ka) f flfe,
e 405.00 0.0025 1.000
e, 125.00 0.0080 3.240
e 95.00 0.010S 4.253
0, 44.20 0.0226 9.157
0, 35.08 0.0285 11.535
[ 20.99 0.0476 19.286
o, 17.59 0.0569 23.024

fife, flfes f/for f/for flfer flfor

1.000

1.313 1.000

2.826 2.153 1.000

3.560 2.713 1.260 1.000

5.952 4.535 2.106 1.672 1.000

7.106 5.414 2.514 1.996 1.194 1.000
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Table 3. Ratio of Dominant Frequency Corresponding to Milankovitch Cycles

Milankovitch dominant dominant frequency ratio astronomical cycle frequency ratio sediment thickness during the cycle
well cycle frequency (flfe,) (flfe,) error (m
LS1 e, 0.153 1.000 1.000 6.536
ey 0.203 1.327 1.313 1.05% 4.926
0 0.409 2.673 2.826 5.41% 2.445
0, 0.549 3.588 3.560 0.79% 1.821
LS2 e, 0.177 1.000 1.000 5.650
e 0.232 1.311 1.313 0.13% 4.310
o, 0.479 2.706 2.826 4.24% 2.088
0, 0.603 3.407 3.560 4.31% 1.658
LS3 e, 0.156 1.000 1.000 6.410
e 0.207 1.327 1.313 1.10% 4.831
0 0.433 2.776 2.826 1.79% 2.309
0, 0.53S 3.429 3.560 3.67% 1.869
X14 e, 0.200 1.000 1.000 5.000
ey 0.264 1.320 1.313 0.57% 3.788
0 0.55§ 2.775 2.826 1.81% 1.802
0, 0.713 3.565 3.560 0.13% 1.403
T15 e, 0.247 1.000 1.000 4.049
ey 0.331 1.340 1313 2.10% 3.021
0, 0.692 2.802 2.826 0.87% 1.445
XM1 e, 0.244 1.000 1.000 4.098
ey 0.301 1.234 1.313 6.01% 3.322
0 0.611 2.709 2.826 4.14% 1.513
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Figure S. Wavelet transform analysis diagram of GR logging data of the Maokou Formation in the study area.
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Table 4. Deposition Rate of Dominant Frequency Corresponding to Milankovitch Cycles

well

LS1
LS2
LS3
X14
T1S
XM1

e, cycle

thickness

(m)
6.536
5.650
6.410
5.000
4.049
4.098

average deposition
rate of e, cycle

(cm/ka)

5.23
4.52
5.13
4.00
3.24
3.28

e; cycle
thickness

(m)
4.926
4310
4.831
3.788
3.021
3.322

average deposition

rate of e; cycle

(cm/ka)

5.19
4.54
5.09
3.99
3.18
3.50

o, cycle
thickness

(m)
2.445
2.088
2.309
1.802
1.44S
1.513

average deposition rate

of o, cycle (cm/ka)

5.53
4.73
5.23
4.08
3.27
3.43

0, cycle
thickness

(m)
1.821
1.658
1.869
1.403

average deposition rate

of 0, cycle (cm/ka)

5.20
4.73
5.33
4.00
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Figure 6. EMD analysis results of GR logging data of the Maokou Formation in LS3.

formation was not denuded.>’° Therefore, the Maokou
Formation in this area retained a relatively complete
sedimentary cycle. Here, we selected four wells for EMD
analysis. Among them, YH1 and JSI were located between
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Chonggqing and Fuling, and wells FS1 and FS2 were located in
eastern Sichuan. As shown in Figure 9, the imf.3 components of
YHI and JS1 identified 77 e; cycles, while the numbers of cycles
identified in FS1 and FS2 were 49 and 56, respectively, which
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Table 5. Cycle Number of Milankovitch Cycles and the imf Curve

thickness of Maokou number of e, number of ey number of o, number of o, number of cycles number of cycles
well Formation (m) cycles cycles cycles cycles (imf.3) (imf.4)
LS1 240.625 36.82 48.85 98.42 132.10 49 24
LS2 264.625 46.84 61.39 126.76 159.57 62 33
LS3 272.000 42.43 56.30 117.78 145.52 56 28
X14 235.000 47.00 62.04 130.43 167.56 61 31
T1S 218.875 54.06 72.45 151.46 74 34
XM1 224.500 54.78 67.57 148.39 67 31
Depth GR/API imf3 Fifth order Age
Stratum |~ Lithology s 306 (&) cycle (Ma)
— — 263.4325 —
22 — 263.5275 —
> o — 263.6225 —
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Figure 7. Astronomical age scale of the Maokou Formation in LS3.
were in agreement with the research result of Jiang et al calculation results based on the average cycle thickness are
Therefore, we believe that the area between Chongging and shown in Table 6. The eroded thickness (method 1) of the six
Fuling suffered the weakest denudation during the Dongwu wells was in the range of 8.87 to 102 m, with an average of 60.59
movement, and the remaining stratum is relatively complete m. The eroded thickness of LS3 was the largest, while that of
with 77 e; cycles. T1S5 was the smallest.
Therefore, we can calculate the eroded thickness based on the 3.5.2. Calculating the Eroded Thickness Based on the
number of missing e; cycles and the average cycle thickness. The Missing Formation Deposition Rate. The relationship between
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Figure 8. (a) Fischer plots and three-order cycle division of LS1, LS2, T1S, and XM1. (b) Fischer plots and three-order cycle division of LS3 and X14.

the primary rock types of each e; cycle and the deposition rate
was analyzed. Notably, when the thickness of two types of rocks
exceeded 30%, the data were discarded (Figure 10). The factors
affecting the deposition rate of carbonate rocks are more
complex than those of clastic rocks. Sea-level location, marine
water flu, paleogeomorphology, paleo-water temperature, paleo-
salinity, local material sources, and other factors may affect the
deposition rate of carbonate rocks.”"** Obviously, when the
shale content is greater than 10%, the deposition rate and the
shale content show a weak positive correlation (R? is between
0.2596 and 0.4510). While when the mud content is less than
10%, there is no obvious correlation. This shows that when the
shale content is relatively high, the influence of sea-level changes
(related to changes in shale content) on the deposition rate of
limestone is more obvious than when the shale content is low.

In addition, different types of rocks exhibit different ranges of
sedimentation rates. The deposition rate of bioclastic limestone
was relatively low, concentrated in 2.12—5.36 cm/ka, with an
average of 3.30 cm/ka. The deposition rate of calcarenite was
2.27-5.25 cm/ka, with an average of 4.09 cm/ka. The
sedimentation rate of argillaceous limestone was relatively
high, in the range of 3.18—5.77 cm/ka, with an average of 4.37
cm/ka. The variation range of deposition rate of common
limestone and mud-bearing limestone was close. Generally, the
upper limits of the sedimentation rate from large to small were
argillaceous limestone, common limestone (and calcarenite),
mud-bearing limestone, and bioclastic limestone, whereas the
lower limits from large to small were argillaceous limestone,
bioclastic limestone, common limestone (and calcarenite), and
mud-bearing limestone.

There were three lithological combinations (from bottom to
top) in the Maokou Formation of six wells (Figure 11). The first
type was marl-bearing limestone (or common limestone)—
argillaceous limestone (or mud-bearing limestone)—marl-

7567

bearing limestone (or common limestone)—bioclastic lime-
stone; LS1,LS2, and T15 belonged to this type. The second type
was marl-bearing limestone (or common limestone)—argilla-
ceous limestone (or mud-bearing limestone)—calcarenite—
bioclastic limestone, including LS3 and X14. The third type
was common limestone—mud-bearing limestone—bioclastic
limestone—common limestone, such as XMI1. As such, the
missing formations of LS1, LS2, T15, LS3, and X14 were
bioclastic limestones, while the missing formations of XM1 were
common limestones. Based on Figure 10, the deposition rate of
the same rock type in different wells was different; hence, we
used an average deposition rate of a similar type of rock in the
same well as the deposition rate of the missing formation (Table
6).

Therefore, we can calculate the eroded thickness based on the
number of missing e; cycles and the average deposition rate of
the missing strata. The eroded thickness based on the missing
formation deposition rate (method 2) of the six wells was in the
range of 7.38 to 91.97 m with an average of 49.92 m (Table 6).
LS3 experienced the strongest denudation, whereas T15 had the
smallest eroded thickness.

3.5.3. Calculating the Eroded Thickness Based on the
Fischer Curve Fitting Formula. Notably, the Fischer plot
revealed the periodic variation of the accommodating space.
Therefore, the fitting equation was used to represent the
changing trend of the Fischer curve. We attempted to fit the
Fischer curve using different types of functions and discovered
that the polynomial of the sine function showed a similar curve
shape, and the fitting degree was high (Figure 12). Liu et al.
established the wave equation of the relationship between the
deposition rate and the strata age of the Sanshui Basin from 140
to 0 Ma."’ The wave equation was also a polynomial of sine
function in form, indicating that the Fischer curve fitting formula
was reasonable.
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Figure 9. Component imf.3 and number of e; cycles of the Maokou
Formation of the four wells (JS1, YHI, FS2, and FS1).

Therefore, the shape of the Fischer curve of the missing
formation was predicted using the fitting formula. According to
the calculation result of the Fischer curve fitting formula method
(Table 6, method 3), the eroded thickness was in the range of
9.13—83.82 m, and the average was 54.33 m. The eroded
thicknesses of LS3 and T1S were the largest and smallest,
respectively.

3.5.4. Calculating the Eroded Thickness Based on Seismic
Data. Based on the Fischer plots of the six wells, three third-
order cycles were identified in the remaining strata of the
Maokou Formation, and the boundaries between them were
approximately the 15th, 34th, and 54th e, cycles (Figure 8). As
shown in Figure 11, during the 31st to 36th e; cycles, the shale
content significantly decreased, which was believed to be related
to the reduction of the accommodating space in the later stage of
the SQ2. The large changes in shale content can be identified by
seismic signals. According to 2D seismic data, there were three
or two positive phase seismic reflection in-phase axes in the
Maokou Formation, with moderate reflection intensity and
satisfactory continuity. By analyzing the relationship between
the seismic reflection in-phase axis and the lithological interface,
it was found that the sequence boundary SB, corresponded to
the first positive phase seismic reflection in-phase axis below the
top of the Maokou Formation (Figure 13). Therefore, the
stratum from the bottom to the seismic reflection in-phase axis
corresponding to SB2 comprised 34 e; cycles, while the
remaining stratum contained 43 e; cycles.

According to the above analysis, we can calculate the eroded
thickness based on seismic data. The advantage of this method is
that it calculates the eroded thickness without wells. The
formation thickness can be calculated by time-depth conversion.
The eroded thickness (method 4) of the six wells was in the
range of 15.23 to 105.14 m, with an average of 49.94 m. The
eroded thickness of LS3 was the largest, while that of XM1 was
the smallest.

3.5.5. Comparison and Analysis of Calculation Results.
After analyzing the calculation results of the four methods, the
maximum eroded thickness was less than 105 m (Table 6),
suggesting that the study area was on the obliquity of the paleo-
uplift during the Dongwu movement period, not the area with
the strongest tectonic uplift, which was consistent with the
research result of Jiang et al.”” There were two major differences
in the calculation results of different methods. First, the
calculation results of methods 1, 3, and 4 showed that the
eroded thickness of LS1 was close to that of LS3, while method 2
showed that the eroded thickness of LS1 was significantly
smaller than that of LS3 (Figure 14). Comparing the core
features 20 m below the top surface of the Maokou Formation,
collapsed breccias and small karst caves were developed in LS3,
while only high-angle dissolution fractures were developed in
LS1 (Figure 15), indicating that the denudation experienced by
LS3 was more intense. Therefore, the calculation method based
on the actual formation deposition rate was relatively more
precise.

Table 6. Eroded Thickness Calculation Results of Different Methods”

lithology of the missing deposition rate of the missing

number of

eroded thickness (m)

thickness of SQI and

well formation formation (cm/ka) missing cycles SQ2 (m) method 1 method 2 method 3 method 4
LS1 bioclastic limestone 3.73 28 17391 90.72 52.44 77.50 106.45
Ls2 bioclastic limestone 4.02 15 150.44 64.02 57.29 44.97 76.08
LS3 bioclastic limestone 4.61 21 169.23 102.00 91.97 83.82 111.26
X14 bioclastic limestone 3.60 17 116.97 66.58 58.14 71.44 29.90
T15 bioclastic limestone 2.59 3 105.37 8.87 7.38 9.13 19.76
XM1 common limestone 3.40 10 108.25 33.51 32.30 39.16 20.65

“Method 1: calculating based on the average cycle thickness; method 2: calculating based on the average deposition rate of missing formation;
method 3: calculating based on the fitting formula of the Fischer curve; method 4: calculating based on the 2D seismic data.
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Figure 10. Relationship between lithology and deposition rate of the Maokou Formation.

Additionally, based on the calculation results of methods 1, 2,
and 3, the eroded thickness of XM1 was significantly greater
than that of T15, while the calculation result of method 4
showed that the eroded thicknesses of XM1 and T15 were close.
Due to the lack of core samples, we only analyzed where the
calculation result was more reasonable based on the calculation
principle. Method 1 took the average cyclic thickness (or average
deposition rate) of the residual strata as that of the missing strata.
Method 2 regarded the deposition rate of similar lithological
strata as that of the missing strata. Method 3 calculated the
eroded thickness based on the periodic change of the
accommodating space of the residual strata. Method 4
considered the average cycle thickness (or average deposition
rate) of systems SQI and SQ2 as that of the missing formation.
According to Figures 10 and 11, the lithology of the missing
formation in XM1 was common limestone (matrix limestone or
micrite limestone), while the other five wells were bioclastic
limestone. The deposition rate of common limestone was
significantly higher than that of mud-bearing limestone, while
that of bioclastic limestone was significantly smaller than the
others. The main lithologies of the system tract I and system
tract IT were common limestone and mud-bearing limestone (or
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argillaceous limestone), respectively. Therefore, the calculation
result of method 4 caused the eroded thickness of XM1 to be
smaller, while the other five wells became larger.

In summary, the eroded thicknesses of the six wells from large
to small were LS3, X14, LS2, LS1, XM1, and T1S. Among the
four methods, method 2 was relatively accurate. Among the four
calculation methods, the accuracy of method 4 is relatively low.
According to Figure 14, in areas with strong denudation, the
calculation results of method 4 are relatively large, and in areas
with weak denudation, the calculation results are concentrated
in a certain interval. In addition, it should be noted that the
accuracy of method 4 is also affected by seismic data quality and
data reading errors. We only recommend using this method in
research areas that lack logging data and have relatively high
seismic data quality.

3.5.6. Eroded Thickness Distribution of the Maokou
Formation in Southeastern Sichuan. To study the eroded
thickness distribution of the Maokou Formation in southeastern
Sichuan, a total of 109 virtual wells (with an average interwell
distance of about 12.31 km) were set on the 43 2D seismic
survey lines in the study area (Figure 16).
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Figure 11. Shale content and dominant lithology of each e; cycle.

Finally, we drew a contour map of the eroded thickness of the (2) The Fischer curves of the six wells were divided into two
Maokou Formation in southeastern Sichuan. The data of the six shapes, i.e., V-shaped and inverted V-shaped, which might
wells were based on method 2, and the data of 109 virtual wells be related to local structural uplift. The 1st to S4th e;
were calculated by method 4. The results revealed that the cycles of the residual strata contained three complete
eroded thickness of the Maokou Formation in the study area third-order cycles, and the boundaries were the 15th,
varied within the range of 0—140 m, while the area north of LS1 34th, and 54th e, cycles.
had the smallest eroded thickness (<40 m), indicating that the (3) The area between Chongging and Fuling suffered the
area was low in the structural position during the Dongwu weakest denudation during the Dongwu movement, and
movement. The southern and western parts of X14 had the the remaining stratum was relatively complete, compris-
largest eroded thickness, which were considered close to the ing 77 e; cycles.
center of the paleo-uplift. The eroded thickness in other areas (4) When the shale content was greater than 10%, the
varied within the range of 40—100 m, with high and low values sedimentation rate of the Maokou Formation became

mainly affected by sea-level changes; when the shale
content was less than 10%, the changes in the
sedimentation rate might be mainly affected by factors
including paleo-salinity and paleo-water temperature. The
deposition rate of bioclastic limestone in the Maokou
Formation in the study area was the smallest, varying
within the range of 2.12—5.36 cm/ka with an average of
3.30 cm/ka. The deposition rate of argillaceous limestone
was the largest, concentrated in 2.27—5.25 cm/ka with an
average of 4.09 cm/ka. Moreover, the deposition rate of
the same lithology in different wells was different.

The eroded thickness at the top of the Maokou Formation
in southeastern Sichuan was calculated by four methods.
Among them, the correlation between the calculation
results of the missing formation deposition rate method

alternately appearing, showing the characteristics of differential
structural uplift.

4. CONCLUSIONS

(1) Based on the spectrum analysis and continuous wavelet
transform method, the dominant frequency signals
corresponding to the middle eccentricity (e,), short
eccentricity (e;), long obliquity (o), and short obliquity
(0,) were identified from the GR logging data of the
Maokou Formation of the six wells in southeast Sichuan. (5)
The cycle number of the component imf.3 was similar to
the number of short eccentricity (e;) cycles, which was
used to establish the astronomical age scale.
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Figure 12. Calculation of the eroded thickness based on the Fischer curve fitting formula method.

and the karst development characteristics was satisfactory,
and the calculation results were regarded as the most
reasonable. The calculation results of the average cycle
thickness method and the Fischer curve fitting curve
method were similar. The accuracy of the seismic
sequence method was relatively low but can be used
without the constraints of well data.

The southeastern Sichuan area was a paleo-uplifted
obliquity during the Dongwu movement. The erosion
thickness of the Maokou Formation was 0—140 m. The
area west and south of X14 had the largest eroded
thickness, while the area north of LS1 experienced the
weakest denudation.

(6)

5. DATA AND COMPUTATIONAL METHODS

5.1. Basic Data. This study used the geologic and gamma
(GR) logging data obtained from six wells. The locations of the
six wells are shown in Figure 1. The geologic data comprise
stratigraphic data and lithology. It is noteworthy that the upper
part of the Maokou Formation of LS1 was staggered by a reverse
fault, and the thickness of the Maokou Formation in the upper
wall was 46.78 m. To ensure the accuracy of astronomical period
identification, data only situated in the footwall were selected.
Gamma (GR) logging data had a higher longitudinal resolution
and a sampling interval of 0.125 m, which sensitively reflected
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the cyclicity changes of different lithology combinations. As
such, GR logging data were selected as the basic data to identify
astronomical cycles. Before the cycle analysis, the GR logging
data were preprocessed to remove ultralow frequency and
ultrahigh frequency signals and eliminate errors caused by noise
and environmental factors. In addition, this work used 43 2D
seismic lines with a total length of about 2100 km. The location
of the lines is listed in Figure 16. All the above data were
provided by Sinopec Exploration Company, Chengdu, Sichuan,
China.

5.2. The Computational Methods of the Eroded
Thickness Based on the Average Cycle Thickness. The
eroded thickness was calculated based on the average cycle
thickness by the following formula

Hy= (N = n) x (H/n) ()
where H, represents the eroded thickness (m), N represents the
total number of e; cycles recorded by the sedimentation of the
Maokou Formation, namely, 77, and H represents the residual
formation thickness (m).

5.3. The Computational Methods of the Eroded
Thickness Based on the Missing Formation Deposition
Rate. The eroded thickness based on the missing formation
deposition rate was calculated by the following formula
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Figure 14. Eroded thickness calculation results of four methods
(method 1: calculating based on the average cycle thickness; method 2:
calculating based on the average deposition rate of missing formation;
method 3: calculating based on the fitting formula of the Fischer curve;
method 4: calculating based on the 2D seismic data).

Hdz(N_n)XTXVm (4)

where T represents the e; cycle period, namely, 95 kyr, and V,,
represents the average deposition rate of the missing formation
(m /kye).

5.4. The Computational Methods of the Eroded
Thickness Based on the Fischer Curve Fitting Formula.
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Figure 15. (A—F) Core features of the Maokou Formation in LS3 and
LS1 (about 20 m below the top surface).

The eroded thickness based on the Fischer curve fitting formula

was calculated by the following formula
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Figure 16. Contour map of eroded thickness of the Maokou Formation in southeastern Sichuan.

N
H, = Z [Y(x + 1) — Y(x) + h,] “

where Y(x) represents the fitting formula.

5.5. The Computational Methods of the Eroded
Thickness Based on Seismic Data. The eroded thickness
based on seismic data was calculated according to the following
formula

Hy=H +43xH' /34— H (6)

where H' represents the formation thickness of SQ1 and SQ2

(m).
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