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Middle Eocene saw several global warming events. However, the terrestrial climate linkage to the warm-
ing events is still enigmatic. Particularly, the paleoclimate of middle Eocene East Asia is unclear when the
East Asian monsoons started to prevail. Here, we present a combination of high-resolution elemental,
compositional and natural gamma-ray (GR) records and conduct an orbital-scale paleoclimate recon-
struction for the middle Eocene lacustrine shale dated from 43.4 to 40.9 Ma in the Bohai Bay Basin,
East Asia. The results show an obvious shift in orbital variability from obliquity- to eccentricity-
dominated cycles and an evident humidification at �41.9 Ma in the East Asia. Eccentricity maxima
filtered from the terrestrial records coincide with the deep-sea temperature rises during �41.9–41.5 Ma.
The terrestrial climate transition at 41.9 Ma was most likely attributed to intensification of the East Asian
monsoons responding to the elevated atmospheric pCO2 during the concurrent global warming.
� 2023 International Association for Gondwana Research. Published by Elsevier B.V. All rights reserved.
1. Introduction

Eocene (�56 to 33.9 Ma) is the latest greenhouse stage in the
Earth history, characterized by substantially higher temperature
and atmospheric pCO2 than the present (Anagnostou et al., 2016;
Greenwood and Wing, 1995) and it could be an analogy of our glo-
bal warming future (Lunt et al., 2013; Ma et al., 2019). A series of
global warming events occurred prior to the onset of the icehouse
state at the Eocene-Oligocene boundary of �34 Ma (Barrett, 2003;
Zachos et al., 2008), including the Paleocene/Eocene Thermal Max-
imum (PETM), the Middle Eocene Climatic Optimum (MECO), and
the recently defined Late Lutetian Thermal Maximum (LLTM, or
called the chron C19r event) (Bosboom et al., 2014b; Giorgioni
et al., 2019; Intxauspe-Zubiaurre et al., 2018; Rivero-Cuesta et al.,
2020; Westerhold and Röhl, 2013; Westerhold et al., 2018;
Zachos et al., 2010). The climate pattern of East Asia during middle
Eocene is still under debate (Licht et al., 2014; Ma et al., 2019;
Zhang et al., 2012). Based on palynofloral assemblages, fossil plants
and lithological records, the Paleogene climate in China is divided
into three latitudinal zones: a humid warm temperate to subtrop-
ical zone in the north controlled by the westerlies, an arid zone in
the middle controlled by the subtropical high pressures, and a
humid tropical to subtropical zone in the south (Song et al.,
1983; Sun and Wang, 2005; Wu et al., 2018) (Fig. 1A). It was sug-
gested that the planetary wind dominated climate system in East
Asia shifted to the modern monsoon dominated climate system
at around 25–22 Ma (Guo et al., 2008; Sun and Wang, 2005), when
the aeolian dust of the Chinese Loess Plateau carried by the winter
monsoons started to deposit (Guo et al., 2002; Qiang et al., 2010).
However, studies have reported the existence of early stage East
Asian monsoons during the Eocene (Licht et al., 2014; Quan
et al., 2011; Quan et al., 2012), which was linked to the uplift of
the Tibetan-Himalayan orogen (Dupont-Nivet et al., 2008;
Molnar et al., 2010), the retreat of the Paratethys Sea (Bosboom
et al., 2011; Carrapa et al., 2015), and the increase of atmospheric
pCO2 (Licht et al., 2014). Thus, the details of climate variations in
Eocene East Asia are still unclear.

Orbital forcing plays an important role in regulating paleocli-
mate changes both in marine and lacustrine paleoenvironments
(Meyers, 2015, 2019; Li et al., 2018; Westerhold et al., 2020; Jin
et al., 2022). Under different climatic backgrounds, the orbit forc-
ing of paleoclimate has different characteristics: Westerhold and
Röhl (2013) found that the ocean temperature was paced by eccen-
tricity during the Eocene greenhouse stage, and obliquity signal
was then amplified by the initial ice sheet at high latitudes during
the cooling trend afterwards (Westerhold and Röhl, 2009); The
sapropels in the middle-latitude Mediterranean Sea is reported to
form when the Nile runoff is raised by intensified African summer
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Fig. 1. Paleogeography and location map of the study site. (A) 40 Ma Paleogeography reconstruction in Mollweide projection (from http://www.odsn.de) indicating the
location of the Bohai Bay Basin, ODP site 1263 and zonal climate distributions (modified from Scotese (Scotese, 2016), Jin et al. (2022). (B) Structural map of the Bohai Bay
Basin and the location of the well NY1 in the Dongying Depression.
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monsoon which is paced by precession (Rohling et al., 2015). The
paleoclimate transition and variability could be captured by the
shifts in astronomical signals recorded in sediments. One typical
case is the mid-Pleistocene transition (MPT): in the high-latitude
marine realm, the paleoclimate periodicity shifted from obliquity
cycles to short eccentricity cycles during the MPT; while in the
monsoon-induced middle-latitude East Asia, a dominant preces-
sion periodicity was replaced by combined 100, 41, and 23-kyr
cycles after the MPT (Pisias and Moore, 1981; Raymo et al., 2006;
Sun et al., 2019). However, the reason for this kind of orbital forc-
ing variability still needs further researching.

Fine-grained lacustrine sedimentary rocks are excellent carriers
of terrestrial climate information and good records to investigate
the orbital forcing of climates (Aswasereelert et al., 2013;
Hinnov, 2018; Shi et al., 2019; Wu et al., 2014). The lower third
member (Es3l) to the upper fourth member (Es4u) of the Shahejie
Formation contains a thick (175 m) succession of laminated shale
in the Bohai Bay Basin in Eastern China (Fig. 2). In the middle
Eocene zonal climate pattern, the study area was close to the
boundary of the arid zone controlled by the subtropical high and
the humid zone controlled by the westerlies, and was close to
the vapor source of summer monsoons from the Pacific Ocean
(Fig. 1A). Therefore the study site is sensitive to the hydroclimate
oscillations. Although a number of cyclostratigraphy and magnetic
stratigraphy researches have been conducted in Eocene Bohai Bay
Basin with astronomical time scale established (Chen et al., 2020;
Jin et al., 2022; Shi et al., 2019; Zhao et al., 2019), the orbital forced
paleoclimate variability and its link to the global climate are yet to
be explored in detail.

Here, we present a combination of elemental, compositional
and natural gamma-ray (GR) records for the middle Eocene (mid-
dle Lutetian to lower Bartonian) lacustrine shale from the well
NY1 (�43.4–41 Ma) in the Dongying Depression of the Bohai Bay
Basin. Paleoclimate reconstruction and cyclostratigraphy analysis
were conducted to investigate the orbital forcing of the shale depo-
sition and terrestrial climate during the Eocene greenhouse world.
2. Geological background

The Bohai Bay Basin is a Mesozoic-Cenozoic fault depression
basin located at eastern China with a latitude range of 35� N–
40� N. Dongying Depression is located in the southern Bohai Bay
Basin (Fig. 1) and filled with Paleozoic, Mesozoic, and Cenozoic
strata from bottom to top. The Cenozoic strata further consist of
Paleogene, Neogene, and Quaternary rocks (Fig. 2). Among these,
the thick Paleogene strata is composed of the Kongdian (Ek),
Shahejie (Es), and Dongying (Ed) formations (Liang et al., 2017).
The Shahejie Formation is further divided into four members: the
Es4, Es3, Es2, and Es1 and the black shale from the lower third
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member (Es3l) to the upper fourth member (Es4u) is the study
interval of this research. During the sedimentation period of Es4u
and Es3l shale, the Bohai Bay Basin was in an intense rifting and
expansion stage and the Dongying Depression developed a high-
salinity semi-deep lake environment (Liang et al., 2017; Zahid
et al., 2016). The anoxia condition at the lake bottom and high
salinity favored the formation and preservation of up to 200 m
black shale in the Dongying Depression of the Bohai Bay Basin (Li
et al., 2018).

The coring well NY1 is drilled by Sinopec for the evaluation of
shale oil potential; the depth of the well NY1 is from 3498 m to
3295 m with a drilling length of 203 m and a coring length of
185.22 m (recovery rate: 91%). The core was cut open after being
drilled, and one third of the core was preserved for long term
observation and the rest of the core was accessed for sampling.
The well NY1 was sited close to the deposition center of the Dongy-
ing Depression and preserved a good sedimentary record of lacus-
trine shale of Es3u to Es3l formations.

A number of cyclostratigraphy researches have been conducted
in Eocene Bohai Bay Basin, but the establishment of the astronom-
ical time scale was hampered due to the lack of absolute age. Shi
et al. (Shi et al., 2019) conducted a high resolution magnetic
stratigraphy for the Shahejie Formation in the Dongying Depres-
sion and set the boundary of Es3l and Es4u to be 41.38 Ma, which
provided a precise time constrain in the study area.
3. Data and methods

3.1. Rock characteristics analysis

The samples for this study come from 175-m-thick core of the
well NY1 in the Dongying Depression of the Bohai Bay Basin
(Fig. 1A). Mineralogical features and compositional variations of
the samples were investigated through a series of methods includ-
ing thin sections observations of 196 samples, X-ray diffraction
(XRD) analysis of 665 samples that were collected at a �0.2 m
interval, elemental concentration analysis of 98 samples and TOC
analysis of 170 samples. Thin sections were prepared to be as thin
as 0.03 mm and a polarizing Zeiss microscope was used for the thin
section observations. XRD analyses were conducted using a
D/max 2500 TTR at the Petroleum Geology Research Center of
the Geological Sciences Institute of the Shengli Oilfield, Sinopec;
before analyzing, each sample was dried at 40 �C for 2 days and
grounded by an agate mortar to a size less than 40 mm. Then com-
puter diffractogram analysis was performed to identify and calcu-
late the relative abundances (wt %) of the minerals. TOC content
was obtained by a CS344 carbon sulfur detector (Leco Company,
US) which has an absolute deviation less than or equal to
0.01 mg/g. The concentrations of elements Mg, Ca, Na, Al and K
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Fig. 2. Stratigraphic column of the Bohai Bay Basin, modified from Liang et al. (2017) and He et al. (2017).
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were determined using an inductively coupled plasma-atomic
emission spectrometer (ICP-AES, JY38S) at the Shengli Oilfield,
Sinopec. Samples were ground to 200-mesh and all experiments
were performed under an ambient temperature of 70–75 �C and
a relative humidity less than 70%. In this study the dolomite con-
tent, Mg/Ca ratios, Na/Al ratios and the chemical index of alterna-
tion were used as proxies for the paleoclimate.

3.2. Natural gamma-ray logging

The natural gamma-ray (GR) data were collected at a sampling
rate of 0.038 m and provided by the Shengli Oilfield Company of
380
SINOPEC. The content variation of potassium (K), uranium (U), tho-
rium (Th) and their daughter elements could be reflected by GR
data, and these elements are preferentially enriched in clay miner-
als, K-feldspar and organic matter (Schnyder et al., 2006). GR log-
ging has been widely used as a paleoclimate proxy in
cyclostratigraphy analyses as it has a high signal-to-noise ratio
and stability (Li et al., 2019; Huang et al., 2023). Zhang et al.
(2022a) found lime mudstones coincide with low GR values while
mudstones coincide with high GR values in the Shahejie Formation
of Bohai Bay Basin. Studies also showed that high GR values could
be correlated to warm and humid paleoclimate with high eccen-
tricity in Bohai Bay Basin and Songliao Basin (Jin et al., 2022;
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Wu et al., 2014). Therefore, the GR series of well NY1 (available in
Supplementary file) were adopted as the climate proxy for
cyclostratigraphy analysis in this study.
3.3. Time series analysis

The natural gamma-ray (GR) records of the well NY1 was used
for time series analysis via the Acycle v2.6 software (Li et al., 2019).
Before analyzing, the GR logging series were firstly preprocessed
through interpolation and detrending. Sub-section Ⅰ and Ⅱ were
LOWESS detrended using window sizes of 47.8 m and 57 m sepa-
rately. Then the 2p-Multi-Taper method (MTM) was performed to
analyze the power spectra in order to identify the astronomical sig-
nals in the preprocessed data and Evolutionary Fast Fourier Trans-
form (Evolutionary-FFT) method was used to characterize
continuous signal variations in frequencies. A window of 59.9 m
and a step of 0.48 m were applied in the Evolutionary-FFT process.
A 20% median smoothed window was used for the robust red noise
models. The peaks in the power spectra with confidence level over
95% were analyzed and then filtered through Gaussian bandpass
filtering to isolate eccentricity (0.033663 ± 0.006), obliquity (0.33
224 ± 0.016) and precession (0.56642 ± 0.04) cycles in sub-
section Ⅰ, and eccentricity (0.033738 ± 0.008), obliquity (0.36192
± 0.038) and precession (0.47479 ± 0.02) cycles in sub-section Ⅱ.

Several researchers have conducted detailed cyclostratigraphy
studies on the well FY1 in the study area and their results showed
that the bottommost long eccentricity cycle of Es3l could be corre-
lated to the 102th long eccentricity cycle (E102) of the theoretical
astronomical solution (Shi et al., 2019; Jin et al., 2022; Ma et al.,
2023; Laskar et al., 2011). In addition, bed-to-bed correlation
between well NY1 and FY1 was achieved by peak-to-peak match-
ing of GR values which revealed a high strata comparability
between the two wells (Zhang et al., 2022a). Therefore we filtered
the 405 kyr component from the GR series and anchored the bot-
tommost 405kyr cycle of Es3l to the E102 of the Laskar2010d solu-
tion. A cycle-by-cycle correlation was obtained and a time
framework of the well NY1 was built. As for the phase relation,
high 405-kyr GR peaks associated with humid climates were tuned
to long (405-kyr) eccentricity maxima. Furtherly, correlation coef-
ficient (COCO) analysis was performed in order to recognize the
most optimal sedimentation rates of the study interval. Previous
studies showed that the sedimentary rates of the Shahejie Forma-
tion in the Dongying Depression were 8–12 cm/kyr through mag-
netostratigraphy and cyclostratigraphy analyses (Shi et al., 2019;
Jin et al., 2022; Ma et al., 2023), therefore the test sedimentary rate
ranges were set to be 5–20 cm/kyr. The null hypothesis (H0) signif-
icance level of no astronomical forcing was calculated through
2000 times Monte Carlo simulations. The evolutionary correlation
coefficient (eCOCO) method was also applied to track the sedimen-
tation rate variations with a sliding window of 50 m and a step of
0.038 m. The middle age of the target astronomical solution is set
to be 42.5 Ma.
4. Results

4.1. Mineralogy analysis

The 175-m-thick interval is divided into two sub-sections given
the evident differences in petrology, mineral compositions, paleo-
climate records and orbital forcing (Fig. 3). X-ray diffraction
(XRD) analysis of 665 samples was conducted in this study to find
that calcite is the most abundant mineral in the middle Eocene
lacustrine shale in Bohai Bay Basin with an average of 38.9%
(Fig. 3b). Quartz has an average content of 22.9%, followed by clay
minerals (average: 21.1%), dolomite (average: 9.8%), feldspar
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(average: 3.8%) and pyrite (average: 2.8%). The clay content is
inversely proportional to the calcite content. The sub-section Ⅰ
has a higher dolomite content (average: 12.8%) than the sub-
section Ⅱ (average: 5.4%) (Fig. 3i), and has a lower calcite content
(average: 36.4%) than the sub-section Ⅱ (average: 42.7%). Besides,
170 TOC samples of the study interval show a range between
0.58% and 12.8% with an average of 3.16% (Fig. 3c).

Laminated structures are common in the Paleogene shale of the
Bohai Bay Basin, which are represented by alternation of light car-
bonate laminae (calcite or dolomite) and dark silt–clay and organic
matter laminae. The thickness of the light carbonate lamina is
about 100–250 lm and it usually has an abrupt bottom boundary
with the underlying dark lamina. Algal filaments can be vaguely
recognized. The dark silt–clay and organic lamina is usually 40–
100 lm thick and sometimes extremely thin organic matter lami-
nae (less than 10 lm thin) can be seen at the bottom of clay lam-
inae. Based on mineral compositions, sedimentary structures and
TOC content, four lithofacies can be identified for the shale of the
study interval: high-TOC calcareous shale, low-TOC calcareous
shale, high-TOC dolomitic shale and low-TOC anhydrite. The
high-TOC calcareous shale is dark grey in color, rich in calcite, clay
minerals and quartz, and has well-developed laminae (Fig. 4A). In
contrast to the high-TOC calcareous shale, the low-TOC calcareous
shale is light grey and has blurry laminae boundaries (Fig. 4B). The
high-TOC dolomitic shale is grey-black in color, rich in dolomite,
clay minerals and quartz, and has clearer laminae boundaries
(Fig. 4C). The low-TOC anhydrite is featured by euhedral anhydrite
and TOC lower than 2% (Fig. 4D). High-TOC calcareous shale and
low-TOC calcareous shale are the dominant lithofacies in the
sub-section Ⅱ, while high-TOC dolomitic shale interbedded with
high-TOC calcareous shale are dominant in the sub-section Ⅰ. The
Low-TOC anhydrite exist at the bottom of Es4u of the Shahejie
Formation.

4.2. Time series analysis

Time series analysis has been conducted on the GR series which
ranges from 42 to 108 API with an average of 75 API in the study
interval (Fig. 3k). Evolutionary power spectra analysis of the pre-
processed and detrended GR series show a significant orbital vari-
ability from sub-section Ⅰ to sub-section Ⅱ. The sub-section Ⅰ
displays a dominated 3 m cycles while the sub-section Ⅱ is domi-
nated by a much larger 37 m cycles (Fig. 3m).

Evolutionary correlation coefficient analysis of the study inter-
val suggest that shale of sub-section Ⅰ has a sedimentation rate
of �6.1 cm/kyr which quickly increases to 9–10 cm/kyr in sub-
section Ⅱ, together with the results of the evolutionary analysis
of the null hypothesis (H0) significance level without astronomical
forcing (Fig. 3n, o). Eccentricity, obliquity and precession cycles are
identified through the power spectra analyses of sub-section Ⅰ and
sub-section Ⅱ GR series separately using the 2p-Multi-Taper
Method (MTM) (Fig. 5). However, the sub-section Ⅰ shale is domi-
nated by the 40 kyr obliquity cycles whereas the sub-section Ⅱ
shale is dominated by the 405 kyr eccentricity cycles. Previous
magnetic stratigraphy and cyclostratigraphy research in the study
area and the well-preserved Milankovitch cycles in this study
enable us to tune the GR series to the astronomical solution in
the time domain using the 405 kyr filter (Fig. 6). The boundary of
sub-section Ⅰ and sub-section Ⅱ is �41.9 Ma.

4.3. Paleoclimate records

Sodium ions are easier to be enriched in the sediments in dry
climate when chemical weathering is weak, whereas aluminium
ions are the opposite. Thus a high Na/Al ratio indicates a dry
climate (Sawyer, 1986). The process of Mg2+ replacing Ca2+ in



Fig. 3. Paleoclimate and cyclostratigraphy records of the well NY1 in the Bohai Bay Basin. a Members of the Shahejie Formation. b Mineral compositions. c TOC content. d, e, f,
g, h Fe/Mn, Ti, U/Th, Mg/Ca, Na/Al records. i Dolomite content. j CIA records. k GR records. l Bulk carbonate d18O of the well NY1(Ma et al., 2019). m Evolutionary power spectra
using fast Fourier transform method. n Sedimentation rate analysis using eCOCO method. o Evolutionary H0 significance level of no astronomical forcing.
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Fig. 4. Microscopic characteristics of the Shahejie Formation shale, well NY1. (A) High-TOC calcareous shale under plane-polarized light (sub-section Ⅱ of well NY1,
3318 m). (B) Low-TOC calcareous shale under plane-polarized light (sub-section Ⅱ of well NY1, 3316.3 m). (C) High-TOC dolomitic shale under plane-polarized light (sub-
section Ⅰ of well NY1, 3466.15 m). (D) Low-TOC anhydrite under plane-polarized light (sub-section Ⅰ of well NY1, 3488.56 m).

Fig. 5. Spectral analysis of the study interval’s GR series. a Evolutionary power spectrum analysis of the GR series and FFT spectrogram with a 59.9108 m sliding window.
The red line indicates the boundary of sub-section Ⅰ and Ⅱ. b 2p-Multi-taper method (MTM) power spectrum of sub-section Ⅱ. c 2p-Multi-taper method (MTM) power
spectrum of sub-section Ⅰ indicating the eccentricity, obliquity, and precession cycles. (For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
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calcite is endothermic and favored at higher temperatures, there-
fore a higher Mg/Ca ratio could reflect a relative drier climate con-
dition with stronger evaporation (Chamberlain et al., 2013). The
chemical index of alternation (CIA, the molar ratio of Al2O3 to
383
Al2O3 + CaO + Na2O + K2O) could also be used as an indicator of
paleoclimate: high CIA values indicate a humid climate with a
stronger chemical weathering (Fedo et al., 1995; Price and Velbel,
2003). Our geochemical element analyses show that Mg/Ca ratio,



Fig. 6. GR series tuned to the astronomical solution in the time domain using the 405 kyr filter (high eccentricity half cycle indicated).
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Na/Al ratio and the chemical index of alternation (CIA, the molar
ratio of Al2O3 to Al2O3 + CaO + Na2O + K2O) vary considerably in
the vertical direction of the study interval (Fig. 3g, h, j). The Mg/
Ca ratio of sub-section Ⅰ is wildly fluctuated ranging from 0.01 to
1 with an average of 0.2, and then decreases to a relatively low
value during sub-section Ⅱ with an average of 0.1 (Fig. 3g). The
Na/Al ratio has a similar trend as the Mg/Ca ratio: the sub-
section Ⅰ has a higher Na/Al ratio (0.09 to 0.55, average: 0.18) than
the sub-section Ⅱ (0.09 to 0.13, average: 0.1) (Fig. 3h). The CIA of
sub-section Ⅰ can be as low as 40 with an average of 62.6, and rises
to a stable high value above 70 during sub-section Ⅱ (Fig. 3j). Thus,
from sub-section Ⅰ to sub-section Ⅱ, the samples’ Mg/Ca, Na/Al
ratios lowered and the CIA increased substantially. These records
indicate a humid trend from sub-section Ⅰ to sub-section Ⅱ,
although the proxies don’t reveal a consistent transition time:
the Mg/Ca ratio shows a sharp decline at the boundary of subsec-
tion Ⅰ and Ⅱ; the dolomite content shows a gradual decline and the
CIA shows a gradual increase around the boundary; the Na/Al ratio
is the slowest to change. The reason for this is that different cli-
mate proxies have different responding mechanisms and sensitiv-
ities to paleoclimate changes. In addition, the dominant lithofacies
change from dolomitic shale interbedded with calcareous shale in
sub-section Ⅰ to the calcareous shale in sub-section Ⅱ. The sub-
section Ⅰ shale has a higher dolomite content, and the cryptocrys-
talline microscopic characteristics of the dolomite as well as the
existence of anhydrite at the bottom of Es4u of the Shahejie
384
Formation in the study area all pointing to a stronger evaporative
paleo-environment for the sub-section Ⅰ shale. Besides, Ti content
and U/Th ratios could be used to analyze the terrigenous supply
and redox conditions of the sedimentary environment respectively
(Hatch and Leventhal, 1992; Rimmer, 2004), and the results of our
samples show that from sub-section Ⅰ to sub-section Ⅱ terrigenous
input increased and reducing condition declined (Fig. 3e, f). More-
over, the sedimentary rates recovered from cyclostratigraphy anal-
ysis display a rapid increase from �6.1 cm/kyr to 9�10 cm/kyr at
the boundary of the two sub-sections (Fig. 3n, o). Therefore, based
on the combined analysis of petrology, mineral compositions, pale-
oclimate indicators and sedimentary rates, it is indicated that from
the sedimentary period of sub-section Ⅰ to sub-section Ⅱ the pale-
oclimate experienced an evident humidification in the Dongying
depression of the Bohai Bay Basin.
5. Discussion

5.1. Obliquity forcing in the Bohai Bay Basin before 41.9 Ma

The laminated structures of the middle Eocene calcareous shale
in the Bohai Bay Basin have been hypothesized to be formed by
seasonal climate changes, with duration of each light–dark couplet
about one year (Liang et al., 2017; Shi et al., 2021; Zhao et al.,
2019). The light carbonate laminae composed of micritic calcite
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and dolomite are formed in the spring and summer. Photosynthe-
sis of algae blooms in the warm summer help induce the micritic
calcite and when the evaporation is stronger due to high tempera-
ture, cryptocrystalline dolomite is precipitated. The dark laminae
composed of terrigenous detritus and organic matter are formed
in the autumn and winter. When the temperature is lowered in
the autumn and winter the micritic calcite vanish and are replaced
by terrigenous clastic sediments, and the death of algae provides
dark organic matter (Shi et al., 2021).

According to our mineralogy and paleoclimate records in the
Dongying Depression, an evident humidification is recognized
at �41.9 Ma, consistent with the timing of the shift from obliquity
dominated to eccentricity dominated orbital forcing. The 40 kyr
obliquity cycles are filtered for the sub-section Ⅰ shale and combin-
ing with our high resolution XRD results as well as TOC analysis it
is shown that the high obliquity half cycles have a higher dolomite,
clay and TOC content than the low obliquity half cycles (Fig. 7a-c).
And phase analyses prove that the dolomite content and TOC are
positively correlated with the obliquity signal (Fig. 7d, e). In addi-
tion, from the microscopic characteristics of the light–dark lamina
couplet, when the obliquity is high, more cryptocrystalline dolo-
mite laminae can be observed and the dark organic rich clay lam-
inae are thicker and contain more organic matter (Fig. 4C, D).
When the obliquity is low, the light laminae are mostly composed
of micritic calcite and the dark laminae contain less organic matter.
All these show that the deposition of sub-section Ⅰ shale is paced by
40 kyr obliquity signal. Obliquity could affect the insolation
amount at high latitudes (Hinnov, 2018) and pace the organic car-
bon burial in middle-high latitudes (Huang et al., 2021). The
recording of obliquity signals at low latitudes could be attributed
to the remote effect of high latitude ice sheet fluctuations
(Bosmans et al., 2015; Kong et al., 2023). Westerhold and Röhl
(2009) put forward that the obliquity signal was amplified by the
initial ice sheet at high latitudes during the Eocene cooling trend.
Fig. 7. Obliquity cycles in the sub-section Ⅰ shale. a 40 kyr obliquity signal, mineralog
b Component characteristics of high obliquity half cycle; c Component characteristics of
positively correlated with obliquity; e Phase polar diagram shows that TOC is positively
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The sub-section Ⅰ shale was deposited during the Eocene cooling
phase, and strong obliquity cycles are recognized in the Bohai
Bay Basin both in this study and previous cyclostratigraphy studies
(Jin et al., 2022; Shi et al., 2021; Shi et al., 2019). The sudden weak-
ening of obliquity signal in the Shahejie Formation might be due to
the occurrence of global warming events following the cooling
trend. However, an unresolved question remains: what is the driv-
ing mechanism of the obliquity forcing in the Bohai Bay Basin?
Obliquity controls the seasonal distribution of solar radiation:
when obliquity is high, the subsolar point in boreal summer moves
farther north and middle-high latitude areas receive more insola-
tion; when obliquity is low, the subsolar point in boreal summer
makes limited movement northward (Hinnov, 2018). Studies show
that the longitudinal migration of the Intertropical Convergence
Zone (ITCZ) is also paced by obliquity (Liu et al., 2015; Zhang
et al., 2022b). ITCZ and the subtropical high north of ITCZ migrate
farther north in boreal summer during high obliquity period. Con-
sidering that the study area is located at the northernmost part of
the arid zone controlled by the subtropical high and close to the
humid zone controlled by the westerlies (Fig. 1A), and the lamina
deposition characteristics under seasonal variations (Fig. 4), we
propose a possible obliquity driving mechanism of the sub-
section Ⅰ shale: when the obliquity is high, the subsolar point as
well as the location of subtropical high moves more northward
in the spring/summer, which results in a more arid spring/summer
in the Bohai Bay Basin and deposited carbonate laminae with a
higher dolomite content; in the autumn/winter the location of sub-
tropical high moves more southward and the Bohai Bay Basin
would experience a more humid autumn/winter with more west-
erly moisture which contributes to more terrigenous detrital input
and more organic matter; while when obliquity is low, the Bohai
Bay Basin would experience a decrease in seasonal climate differ-
ences. Depositional models of high obliquity period and low obliq-
uity period are illustrated in the Fig. 8. This obliquity dominated
y and TOC content of the sub-section Ⅰ shale (high obliquity half cycle indicated);
low obliquity half cycle; d Phase polar diagram shows that the dolomite content is
correlated with obliquity.



Fig. 8. Depositional models of high obliquity period (A) and low obliquity period (B).
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period last about 1.5 Ma from 43.4 Ma to 41.9 Ma, during which
time the global temperature was gradually cooling after the Early
Eocene Climate Optimum (EECO) (Westerhold et al., 2020).

5.2. Intensification of hydrological cycle linked to global warming

After 41.9 Ma the Dongying Depression of the Bohai Bay Basin
experienced an evident humidification and a transition of orbital
forcing (Fig. 3). Strong obliquity cycles are replaced by dominant
eccentricity cycles as shown in our time series analysis (Fig. 5).
The power shift of astronomical cycles in the study area could also
be observed from several previous researches, without being paid
serious attention to (Shi et al., 2019; Jin et al., 2022; Ma et al.,
2023). The shifts in astronomical signals could reflect paleoclimate
transitions. One typical example is the mid-Pleistocene transition
(MPT): in the high-latitude North Atlantic, the paleoclimate peri-
odicity shifted from obliquity cycles to short eccentricity cycles
during the MPT; at the same time in the monsoon-induced
middle-latitude East Asia, a dominant precession periodicity was
replaced by combined 100, 41, and 23-kyr cycles after the MPT
(Pisias and Moore, 1981; Raymo et al., 2006; Sun et al., 2019).
For the middle Eocene shale of Bohai Bay Basin, evolutionary fast
Fourier transform spectra of GR proxy and magnetic susceptibility
proxy at well NY1 and well FY1 all present a power shift from
obliquity dominated cycles in the lower part to eccentricity domi-
nated cycles in the upper part (Supplementary Fig. 1).

Our component analysis shows that the high eccentricity half
cycles in the sub-section Ⅱ have a more content of terrigenous
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clastic minerals (quartz, feldspar, clay in total: 50%) than the low
eccentricity half cycles (quartz, feldspar, clay in total: 46.4%) and
TOC content is also higher in the high eccentricity half cycles
(TOC average: 4.18%) than the low eccentricity half cycles (TOC
average: 2.31%). Besides, Ma et al. (2019) obtained a series of bulk
carbonate d18O data of the well NY1 and we identified a good pos-
itive correlation between the isotope data and our filtered short
eccentricity signal in the sub-section Ⅱ shale. Positive excursions
of carbonate d18O occur during every eccentricity high as shown
in the Fig. 9. The bulk carbonate d18O of the well NY1 has a range
of 2.9‰ which is too large if the d18O variation is caused by the
change of lake temperature (Ma et al., 2019; Kim and O’Neil,
1997). Considering the location of the basin in the paleogeography
map, the climate of the Bohai Bay Basin was affected by both west-
erlies and East Asian summer monsoons. Although previous stud-
ies indicated that the Paleogene climate in China transitioned
from planetary wind dominated pattern to the East Asian monsoon
dominated pattern at around 25–22 Ma (Song et al., 1983; Sun and
Wang, 2005; Wu et al., 2018), existence of earlier East Asian mon-
soons is more and more demonstrated (Licht et al., 2014; Quan
et al., 2011; Quan et al., 2012). The moisture brought by the west-
erlies is depleted in heavier d18O through long distance transport
and as a result has a lower d18O value than the vapor brought by
the East Asian summer monsoons. Therefore we interpret that
the carbonate d18O variation is induced by moisture supply change,
and the positive excursions which occur at high eccentricity are
corresponding to the intensification of the East Asian monsoons
(Fig. 10). Then we compared our records with the ocean bottom



Fig. 9. Linkage between the eccentricity cycles of sub-section Ⅱ shale and global warming events. a GR series of the well NY1 tuned to the time domain; b 405 kyr component
filtered from the GR series; c 100 kyr component filtered from the GR series; d clay content of the well NY1 tuned to the time domain; e d18O of the well NY1 tuned to the time
domain; f ocean bottom temperature calculated from the benthic foraminifera d18O at the ODP site 1263 (isotope data from Westerhold et al. (2020)).

Fig. 10. Demonstrational models of high eccentricity period (A) and low eccentricity period (B) (middle Eocene paleogeography map modified from Bosboom et al. (2014a),
Meijer et al. (2019), showing the study site and atmospheric configurations).
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temperature calculated from the benthic foraminifera d18O at the
ODP site 1263 (isotope data from Westerhold et al. (2020)) and
revealed a linkage between the terrestrial records of the Bohai
Bay Basin and the global climate. As shown in the Fig. 9, three pos-
itive excursions of the bulk carbonate d18O of the NY1 shale are
simultaneous with three global warming events at �41.5 Ma,
41.6 Ma and 41.9 Ma. Among them the global warming event
at �41.5 Ma is recently defined as the Late Lutetian Thermal Max-
imum (LLTM, or called the chron C19r event) caused by elevated
atmospheric CO2 concentration (Intxauspe-Zubiaurre et al., 2018;
Rivero-Cuesta et al., 2020; Westerhold et al., 2018). From what
has been discussed above, from �41.9 Ma to 41 Ma the global
warming events at high eccentricity induced the intensifications
of the East Asian summer monsoons at the Bohai Bay Basin, which
resulted in more terrigenous detrital input, more organic matter
and positive excursions of carbonate d18O in the shale deposition
of the Shahejie Formation in the Bohai Bay Basin.
6. Conclusions

In summary, our results show an orbital variability shift from
obliquity dominated cycles to eccentricity dominated cycles and
an evident humidification for the terrestrial climate in East Asia
at around 41.9 Ma. Before 41.9 Ma, obliquity played an important
role in controlling the position of the subtropical high over East
Asia and consequently affected the seasonal climate as well as
the deposition of the laminated shale of the Shahejie Formation.
After 41.9 Ma the terrestrial climate is paced by eccentricity and
eccentricity maxima are related to the global warming events
during �41.9–41.5 Ma including the LLTM hyperthermal event.
We accredited the 41.9 Ma terrestrial climate transition in the
Bohai Bay Basin to an intensification of the East Asian monsoons
probably responding to the elevated atmospheric CO2 concentra-
tion during the concurrent global warming event. The paleoclimate
of middle Eocene East Asia reorganized from the planetary wind
controlled pattern to the East Asian monsoon dominant pattern.
This study could possibly shed a light on establishing more sophis-
ticated climate simulation models of both Eocene and future global
warming world.
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