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Abstract

This study focuses on Early Cretaceous mudstones from the Shahai and Fuxin formations in the Fuxin continental
basin. We analyse chemical weathering, land surface temperatures and palaeoclimates based on chemical weathering
indices, and emphasize the implications of continental chemical weathering on nutrient fluxes into lakes and oceans.
According to Cr and Ni abundance, AL,O5-TiO,, La/Sc-Th/Co and V-Ni-Thx10 plots, as well as rare earth element (REE)
analysis, mudstone samples from the Shahai and Fuxin formations were derived from the same type of provenance
comprising mainly felsic igneous rocks. Chemical weathering trends reflected by the Chemical Index of Alteration (CIA),
Weathering Index of Parker (WIP) and the Mafic Index of Alteration for Oxidative weathering environments (MIA) are
consistent with each other and allow the geological succession to be divided into four stages. Land surface
temperatures of the Shahai and Fuxin formations are estimated based on the linear relationship of CIA to temperature,
and also can be divided into four stages consistent with those determined from chemical weathering trends. During
Stage A (early part of the late Aptian) chemical weathering and land surface temperatures were relatively low and
showed characteristic high fluctuations, while Stage B (latest Aptian) represented a transitional period where
weathering rates and temperatures increased, and high amplitude fluctuations continued. Conditions changed
markedly in Stage C (early Albian) with very high and stable weathering, and warm, humid climates, while in Stage D
(middle and late Albian) conditions returned to low chemical weathering and land surface temperatures. These stages
of chemical weathering and land surface temperature fluctuations represent responses to global climate fluctuations
during the Early Cretaceous, with the early Albian high weathering intensities and warm, humid climates combining to
create high nutrient levels that would have flushed through rivers into lakes and ultimately oceans. This correlates
stratigraphically with the development of Early Cretaceous black shales during Ocean Anoxic Event 1b, showing the
importance of continental weathering regimes as a causal mechanism for lake and ocean anoxia.
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1 Introduction

The Cretaceous is widely recognised as a greenhouse
period in Earth history (Wang 2006; Keller 2008; Wang
et al. 2014b), with temperatures in the Early Cretaceous
warmer and the latitudinal temperature gradient much
lower than the present day (Huber et al. 2002; Pucéat
et al. 2003). However, some studies suggest that episodic
cooling might also have occurred during the Early Cret-
aceous (e.g., Frakes 1999; Price 1999; Pucéat et al. 2003;
Amiot et al. 2011), and short-term variations of atmos-
pheric CO, suggest that equable climates may have been
interrupted by periods of climatic change including
Oceanic Anoxic Events (OAEs) (Jenkyns 2003; Wang
et al. 2014b). Other rapidly changing geological phenom-
ena also were likely to contribute to climatic variation at
this time, including eruptions of Large Igneous Provinces
(LIPs) (Coffin and Eldholm 1994), rapid increases in ocean
crust production (Larson 1991) and Cretaceous Oceanic
Red Beds (CORBs) (Wang et al. 2005; Hu et al. 2006).
These differing palaeoclimate signals suggest that the
greenhouse climates of the Cretaceous may have been
transient rather than persistent (Retallack 2009).

Previous Cretaceous palaeoclimate studies have mainly
focused on marine deposits (e.g., Wang et al. 2005; Hu
et al. 2006; Keller 2008). This is due to the globally high
sea level during the Cretaceous (Larson 1991), their over-
all net deposition, and good stratigraphic control (Gao
et al. 2017; Xi et al. 2019). By contrast, little is known from
continental records that are typically less complete due to
sedimentary erosion and hiatuses, and are much harder to
accurately correlate stratigraphically (Wang et al. 2009;
Wu et al. 2014; Gao et al. 2017; Cao 2018). Wang et al.
(2009) proposed that geologic records retained in contin-
ental sediments are important to establish a global cli-
matic model throughout the Cretaceous and to gain a
complete interpretation of change mechanisms for Cret-
aceous climates. Importantly, continental weather regimes
determine the levels of nutrients flushed from continents
into marine systems through run-off and river systems
(Jenkyns 1999, 2003; Erba 2004). In this context, continen-
tal weathering exhibits a strong influence on oceanic nu-
trient levels that can in turn affect marine bio-productivity
(Jenkyns 1999, 2003; Leckie et al. 2002; Erba 2004). There-
fore, systematic investigations of continental sediments
during the Cretaceous deserve further attention in order
to evaluate the influence of palaeoclimatically driven
chemical weathering on the flux of nutrients entering into
the oceans through time, and to analyse the relationship
between the changing nutrient inputs and the oceanic
processes such as ocean anoxic events.

Chemical weathering displays a strong sensitivity to
climate, with temperature and humidity proposed as po-
tential drivers for chemical weathering rates (Nesbitt
and Young 1982). Chemical weathering strongly affects
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major-element geochemistry (Fedo et al. 1995). Among
the major elements, mobile elements such as Ca, Na and
K are leached and gradually lost in the form of ions dur-
ing chemical weathering of the upper crust, while immo-
bile elements such as Al and Ti readily accumulate in
weathering residues (Nesbitt and Young 1982). The ratio
of mobile to immobile elements of mudstones can po-
tentially be used as a proxy for chemical weathering con-
ditions, using methods such as the Chemical Index of
Alteration (CIA; Nesbitt and Young 1982) and the Mafic
Index of Alteration for Oxidative weathering environ-
ments (MIAo); Babechuk et al. 2014). In addition, the
bond strengths with oxygen of the most mobile alkali
and alkaline elements can also be used as weighting fac-
tors for the degree of chemical weathering, such as the
Weathering Index of Parker (WIP; Parker 1970).

In the present paper the geochemistry of mudstones
from the Fuxin Cretaceous continental basin in NE China
has been examined in order to reconstruct the timing and
rates of chemical weathering using CIA, WIP and MIA ),
We use this information to evaluate conditions that con-
trol weathering rates including temperature and humidity.
The Index of Compositional Variability (ICV; Cox et al.
1995) is used to exclude the influence of sediment recyc-
ling and further weathering in sedimentary areas, and the
effect of potassium metasomatism on chemical weathering
indices is also excluded based on the A-CN-K [Al;O3-
(CaO* + Na,0)-K,O] triangular diagram (Fedo et al. 1995)
or CIA.,,. formula (Panahi et al. 2000). We investigate
the Early Cretaceous Shahai and Fuxin formations as a
case study, and from our results emphasize the implica-
tions of continental chemical weathering conditions on
contemporaneous lake and ocean anoxia.

2 Geological setting

The Fuxin continental faulted basin, located in western
Liaoning Province in northeastern China (Fig. 1la),
formed in the Late Jurassic to Early Cretaceous. The
basin is situated in the northeast zone of the North
China Plate, within a triangular area between the Tanlu
and Chifeng-Kaiyuan faults (Fig. 1a) (Wang et al. 1998;
Zhu et al. 2007). During the Middle and Late Jurassic,
western Liaoning Province was in an unstable tectonic
setting due to the southward movement of the Siberian
Plate and the northwest subduction of the Pacific Plate
(Wang et al. 2001; Zhang 2006). Magmatic activity re-
lated to a mantle plume contributed to the development
of faulted basins (Okada 1999) and large-scale volcanic
eruptions in the margin of eastern Asia during the Early
Cretaceous. The Fuxin Basin occupied a palaeolatitude
of ~45°N during the Early Cretaceous, where the overall
temperature was relatively high (Boucot et al. 2009; Li
and Jiang 2013).
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Fig. 1 a - Location map of the Fuxin Basin, Liaoning Province, northeastern China (modified after Wang et al. 1998; Zhu et al. 2007). b - Stratigraphic
distribution of the Fuxin Basin (modified after Sun 2006); ¢ - Geological sketch diagram showing stratigraphy of the Early Cretaceous in Fuxin Basin and
flora assemblages in Liaoxi regional stage (modified from Deng et al. 2012; Wan et al. 2013; Xi et al. 2019). |, II, lll and IV represent the first, second, third
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The Fuxin Basin is bounded by the Lvshan Fault to the
east and the Songling Fault to the west, with both faults
are NNE-trending (Liu and Chen 1995). It extends from
Shala city in the north to the Dalinghe Fault in the south
(Fig. 1b) and overlies Archean and Middle Proterozoic
strata. Within the basin sedimentary caps are represented
by Cretaceous and Cenozoic strata. From the oldest to the
youngest, the Lower Cretaceous strata of the Fuxin Basin
comprise the Yixian, Jiufotang, Shahai, Fuxin and Sunjia-
wan formations (National Commission on Stratigraphy of
China 2014). Wan et al. (2013) classified the Lower Cret-
aceous into the Jibei, Jehol and Liaoxi regional strati-
graphic stages according to the stratigraphic succession
and fossil assemblage from the Songliao Basin to the north
of the Fuxin Basin and the northern Hebei to western
Liaoning Province. Among them, the Liaoxi regional stage
includes from the oldest to the youngest the Shahai, Fuxin
and Sunjiawan formations (Fig. 1c), and contains the Fu-
xin flora. The Fuxin flora is characterized by a dominance
of ferns, Ginkgoales and conifers, with abundant Cycads
and Equisetales. This flora can be subdivided into three
distinct assemblages, comprising in the Shahai Formation
the Acanthopteris-Ginkgo coriacea assemblage, in the
lower-middle part of the Fuxin Formation the Ruffordia
goepperti-Dryopterites assemblage, and in the upper part
of the Fuxin Formation the Ctenis lyrata-Chilinia assem-
blage (Deng et al. 2012).

The middle and upper parts of the Yingcheng Forma-
tion and Denglouku Formation in the Songliao Basin
correspond to the Shahai Formation and Fuxin Forma-
tion in the Fuxin Basin respectively (Xi et al. 2019).
Huang et al. (2011) presented zircon U-Pb isotopic ages
from volcanic rocks and pyroclastic rocks in the Ying-
cheng Formation analysed by LA-ICPMS and SHRIMP
methods, which provided zircon ages with peaks at 105—
112 Ma. Results show that the Yingcheng and Shahai
formations were deposited during the late Aptian-early
Albian. The Cicatricosisporites exilis-Hymenozonotriletes
mesozoicus assemblage of the Denglouku Formation is a
typical Albian flora in North China. Kraeuselisporites
majus, Scopusporis lautus and Balmeisporites holodictyus
in this assemblage are found in North America and
Australia during the Albian (Huang et al. 2011). Accord-
ing to previous studies, it can be inferred that the Fuxin
Formation was deposited during the Albian. The Fuxin
Formation was mainly formed in alluvial fan, fan delta
and fluvial depositional systems (Xu et al. 2020), while
the underlying Shahai Formation represents a set of
sedimentary strata mainly deposited in alluvial fan, fan
delta and lacustrine depositional systems (Cai et al.
2011). From the bottom to the top the Shahai Formation
can be divided into the first, second, third and fourth
members (Fig. 1c). We investigate mudstones in the
Shahai and Fuxin formations.
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3 Methods
3.1 Materials and analytical methods
The DY-1 (41° 52" 45" N - 121° 37" 8" E) and FY-1 (41°
56" 56" N - 121° 36" 60" E) boreholes are located in the
central part of the Fuxin Basin, near Dongliang City. From
these cores 80 mudstone samples (DY-1 =50; FY-1 = 30)
were collected using a stratified sampling strategy from
the bottom to the top of the Shahai and Fuxin formations.
Approximately 50 m vertical distance was maintained be-
tween samples. For each sample 300 g was collected and
retained in air tight, zip-lock plastic bags. Previous studies
have shown that mudstones of the Shahai Formation were
mainly composed of clay minerals, quartz, feldspar and
carbonate minerals, with pyrite present in small amounts
or absent. Identified clay minerals include mixed-layer
illite-smectite, illite, chlorite and little kaolinite (Chen
et al. 2018; Kang et al. 2019). Mudstones contain abun-
dant chemical weathering products derived from their
source rocks, allowing the chemical weathering history in
the source area to be revealed (Garzanti et al. 2013).
Analyses and tests for major and trace elements were
undertaken at the Analytical Laboratory of the Beijing Re-
search Institute of Uranium Geology. Major elements were
analysed using an AB104L X-ray fluorescence spectrometer
(10271), an AL104 X-ray fluorescence spectrometer
(10273), and an Axiosm AX X-ray fluorescence spectrom-
eter (10482). The test procedures followed the methods
outlined in Methods for Chemical Analysis of Silicate
Rocks-Part 14: Amount Measurement of Ferrous Oxide
(GB/T 14506.14-2010), and Methods for Chemical Ana-
lysis of Silicate Rocks-Part 28: Determination of 16 major
and minor elements content (GB/T14506.28—2010). Trace
elements (including rare earth elements) were measured
using an ELEMET XR plasma mass spectrometer (9443),
following the Methods for Chemical Analysis of Silicate
Rocks-Part 30: Determination of 44 elements.

3.2 Chemical Index of Alteration (CIA)

The CIA was defined by Nesbitt and Young (1982) based
on the relationship between alumina and alkalis in mud-
stones, with CIA values being used to assess the chemical
weathering degree of provenance. The formula for calcu-
lating the CIA using molecular proportions is as follows:

CIA = [Al,03/(Al,O3 + CaO" + Na,O + K,0)] x 100

where CaO* represents CaO in silicate-bearing minerals
only, and the CaO from non-silicate minerals (carbonate
and phosphate) is excluded using the methodology pro-
posed by McLennan (1993). The content of CaO, =
CaO - (10/3) x P,Os, if CaO, < Na,O, then the content
of CaO* = CaO,es, otherwise, CaO* = Na,O.

High CIA values indicate that little Ca, Na and K re-
mains during the chemical weathering process in the
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residue relative to stable Al and Ti, which reflects the
relatively intense chemical weathering degree in warm
and humid climate (Fedo et al. 1995). Conversely, low
CIA values reflect the relatively weak chemical weather-
ing degree in cold and dry climate. Fedo et al. (1995)
concluded that CIA values between 50 and 60 indicate a
low degree of chemical weathering, values between 60
and 80 indicate a moderate degree of chemical weather-
ing, while the CIA values >80 indicate an extreme de-
gree of chemical weathering.

3.3 Weathering Index of Parker (WIP)

The WIP was established as a chemical weathering index
based on the proportions of alkali and alkaline earth
metals (sodium, magnesium, potassium and calcium).
These elements are the most mobile of the major ele-
ments, and their bond strengths with oxygen are also
considered (Parker 1970). According to the WIP defin-
ition, low WIP values indicate strong chemical weather-
ing, which is the opposite of the CIA. The WIP formula,
using molecular proportions, is as follows:

WIP = [(2 x Nay;0/0.35) + (Mg0/0.9) + (2 x K,0/0.25)
+(Ca0*/0.7)] x 100

where CaO* indicated in the WIP formulation is the
same as that defined in CIA.

3.4 Mafic Index of Alteration (MIA)

Babechuk et al. (2014) proposed the Mafic Index of Alter-
ation that extends the equation of the CIA to include the
mafic elements Mg and Fe. Among these, the preservation
form of Fe is affected by redox environment during the
weathering of mafic minerals. In oxidative weathering en-
vironments, Fe is retained in the form of ferric iron (Fe**)
(Driese 2004), and total iron (total iron is expressed as
Fe;O31)) is considered an immobile element along with
Al (Babechuk et al. 2014). The Mafic Index of Alteration
for Oxidative weathering environments (MIA ) formula
using molecular proportions is as follows:

MIA(O) =100 x (A1203 + FeZO3(T))/
(Aleg + Fe;O3(1) + MgO + CaO" + Na,O + KQO)

where CaO* indicated in the MIA ) formulation is the
same as that defined in CIA. The high MIA g, value in-
dicates a high degree of chemical weathering, while the
low value reflects opposite condition (Babechuk et al.
2014).

3.5 Index of Compositional Variability (ICV)

The ICV as proposed by Cox et al. (1995) is applied to
mudstones as a measure of compositional maturity. It is
used to determine whether the rocks in provenance
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undergo sediment recycling (Cullers and Podkovyrov
2000). The ICV formula, using molecular proportions, is
as follows:

ICV = (Fe;03 + K>0 + Na,O + CaO + MgO + MnO + Ti0,)/A1,0;

Compositionally mature mudstones have low ICV
values < 1, whereas compositionally immature mudstones
have high ICV values > 1 (Cullers and Podkovyrov 2000).
Furthermore, compositionally mature mudstones may
undergo sediment recycling or intense chemical weather-
ing under the first-cycle sedimentary conditions (Barshad
1966), and compositionally immature mudstones tend to
be found in tectonically active settings and are first-cycle
deposits (Kamp and Leake 1985).

3.6 Palaeotemperature estimates

Climatic variation strongly affects chemical weathering in-
tensity, and warm temperatures are beneficial to chemical
weathering (Nesbitt and Young 1982). Li and Yang (2010)
proposed that CIA values are sensitive to land surface
temperature and latitude according to the analyses of sus-
pended sediment in modern large-river estuaries. Yang
et al. (2014) demonstrated a linear relationship between
CIA and temperature from low to high latitudes, and the
linear relationship formula is as follows:

T = 0.56 x CIA — 25.7 (R* = 0.50)

where T represents land surface temperature (in C),
which has a positive correlation with CIA. In this study,
we used this linear relationship to estimate land surface
temperature of the Shahai and Fuxin formations.

4 Results

4.1 Major elements

The major element concentrations are shown in Table 1.
In this study, all the major elements are normalized
using Post Archean Australian Shale (PAAS) values
(Taylor and McLennan 1985) and plotted in Fig. 2.

The variations of major elements normalized by PAAS
from the DY-1 core indicate that most of the SiO,, TiO,
and Al,O; contents are lower than the PAAS, but the
Na,O content is higher than the PAAS. Contents of
Fe,O3, MgO and K,O are not much different from the
PAAS, nevertheless, the content ranges of MnO, CaO
and P,Oj5 vary greatly (Fig. 2a). The average contents of
major elements (Table 1) in the DY-1 core can be sum-
marized as SiO, > Al,O3 > Fe;O3 > K,0 > MgO > CaO >
Na,O > TiO, > P,O5 > MnO. Among them, the contents
of SiO, (45.97%—65.50%, average 56.97%) and Al,O3
(11.99%—-19.02%, average 15.31%) are relatively high. The
average contents of Fe,O3 (3.43%—8.00%, average 5.71%),
K,0 (2.55%—5.13%, average 3.43%), MgO (1.09%—5.11%,
average 2.62%), CaO (0.43%—8.80%, average 2.37%) and
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Table 1 Major element compositions (in wt.%) of mudstones from the Shahai and Fuxin formations in Fuxin Basin

Borehole Sample Depth/ SO, TiO, AlLOs Fe,Ospp MNnO MgO CaO  Na,0O KO P,0s LOI ICV CIA ClA,,. WIP MIAg T/°C
code m

DY-1 DY-1-1 144.0 5836 068 1424 736 011 390 136 269 392 014 719 17 568 609 588 498 84
DY-1-2 170.0 59.70 0.78 1433 8.00 012 284 083 230 350 004 751 15 614 653 50.0 56.7 109
DY-1-3 194.6 6550 063 1404 6.18 015 298 086 226 329 013 393 14 621 657 493 546 1.1
DY-1-4 2255 6159 071 1550 664 016 305 060 167 393 002 603 12 658 715 440 586 144
DY-1-5 2510 60.15 065 1493 731 011 511 062 119 380 010 598 16 681 747 437 520 16.1
DY-1-6 2926 6000 075 1631 6.5 004 314 082 244 346 034 609 13 659 69.1 525 573 13.0
DY-1-7 342.7 6059 0.74 1615 6.76 003 331 057 185 396 022 577 12 673 730 460 587 152
DY-1-8 4130 59.79 082 1595 582 002 193 069 186 304 018 989 10 690 716 429 636 144
DY-1-9 459.0 5799 080 1562 6.06 006 215 154 185 293 023 1076 12 648 664 465 593 1.5
DY-1-10 4725 5690 0.73 1479 546 017 185 079 191 279 018 1441 11 673 695 425 620 132
DY-1-11 509.5 6042 080 1511 628 003 206 123 200 271 021 914 12 654 667 461 599 117

DY-1-12 527.0 60.59 0.74 1622 559 005 219 052 189 347 016 855 10 686 726 436 628 149
DY-1-13 5285 5995 074 1678 504 003 199 050 210 346 013 922 09 683 717 459 63.1 14.5
DY-1-14 5320 59.83 065 1560 5.19 002 208 043 203 320 010 1083 1.0 680 713 441 620 142
DY-1-15 537.0 5869 0.75 1489 554 006 250 150 192 321 020 1074 13 626 653 475 563 108
DY-1-16 5400 5801 081 1612 567 002 199 073 206 341 017 1098 10 668 702 456 624 136
DY-1-17 5450 5710 078 1611 636 003 249 067 197 353 015 1074 11 670 709 459 609 140
DY-1-18 550.5 60.00 0.79 1606 534 002 210 074 227 341 016 908 1.1 656 688 483 606 128
DY-1-19 5520 5997 082 1557 6.60 003 213 083 187 330 022 853 1.1 671 706 436 624 138
DY-1-20 5530 59.12 070 1432 545 002 219 079 178 299 015 1248 1.1 664 696 417 600 133
DY-1-21 571.0 5996 0.70 1515 537 003 207 093 261 257 017 1040 12 644 65.1 51.7 581 10.7
DY-1-22 5795 5935 0.80 1548 539 002 203 138 250 293 022 956 12 625 638 524 576 101
DY-1-23 585.5 5896 0.75 1535 577 003 218 121 246 280 019 1021 12 635 646 517 577 105
DY-1-24 591.5 5735 074 1524 6.10 006 239 128 215 313 021 1130 12 635 658 490 577 112
DY-1-25 5945 5842 074 1552 598 005 252 125 196 332 022 989 12 644 674 474 581 120
DY-1-26 656.0 5555 074 1515 6.18 012 234 287 165 286 033 1217 13 640 655 455 578 110
DY-1-27 7145 53.77 069 1666 467 008 248 299 154 282 025 1402 1.1 672 682 457 582 125
DY-1-28 7695 5486 079 1660 523 014 291 230 204 311 021 1177 13 622 634 542 540 98

DY-1-29 800.0 5307 074 1624 576 014 309 264 165 313 025 1328 13 648 66.7 486 555 117
DY-1-30 856.0 5479 056 1447 565 011 234 447 166 274 029 1282 13 632 646 449 565 105

DY-1-31 948.6 4597 061 1240 635 018 267 880 130 262 064 1804 15 635 662 386 556 114
DY-1-32 10000 5062 065 1424 532 011 285 708 160 279 023 1447 14 632 650 453 541 10.7
DY-1-33 1031.0  51.38 069 1509 542 009 289 548 158 323 022 1367 13 634 662 459 552 114
DY-1-34 1080.5 5422 072 1635 6.15 009 303 259 208 345 022 1093 14 607 627 549 538 94
DY-1-35 11243 5358 072 1536 6.26 012 231 378 158 357 028 1222 12 629 665 445 587 115
DY-1-36 11575 4969 0.77 1500 642 010 237 617 156 379 032 1332 13 619 663 441 583 114
DY-1-37 11762 5700 076 1595 6.53 006 268 161 168 365 020 979 12 635 671 469 578 119
DY-1-38 1202.5 57.14 073 1469 574 009 242 343 190 255 022 1104 13 620 624 489 550 93
DY-1-39 12480 5822 084 1728 442 009 196 202 133 407 026 946 09 663 710 418 625 141
DY-1-40 12809 4924 064 1386 439 010 109 817 146 335 031 1736 10 622 66.1 379 627 113
DY-1-41 13223 6182 083 1651 440 007 167 193 169 359 024 721 10 636 666 455 606 116
DY-1-42 13785 6068 0.79 1539 343 002 146 170 226 308 0.13 1104 10 610 626 500 576 93

DY-1-43 1496.3 5571 084 1902 415 004 192 145 141 475 017 1053 08 662 718 443 637 145
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Table 1 Major element compositions (in wt.%) of mudstones from the Shahai and Fuxin formations in Fuxin Basin (Continued)
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Borehole Sample Depth/ SO, TiO, AlLOs Fe,Ospp MNnO MgO CaO  Na,0O KO P,0s LOI ICV CIA ClA,,. WIP MIAg T/°C
code m
DY-1-44 15638 5518 069 1346 544 014 322 504 122 386 024 1146 14 621 686 399 541 127
DY-1-45 1578.0 5220 059 11.99 496 013 306 753 089 346 042 1476 14 642 715 332 546 144
DY-1-46 1612.0 5946 064 1271 392 008 336 406 084 397 010 1082 13 642 731 340 534 152
DY-1-47 16733 5424 106 1899 432 003 300 176 240 506 027 884 1.1 613 663 588 557 114
DY-1-48 17053 5135 076 1415 7.4 007 436 363 270 384 022 1176 20 520 547 655 450 49
DY-1-49 1761.0 5463 090 1542 6.75 005 328 165 234 513 023 957 15 565 632 552 532 97
DY-1-50 18216 5599 064 13.17 458 004 504 259 195 479 013 1106 19 531 598 555 426 78

FY-1 FY-1-1 2285 5242 061 1322 7.15 012 362 706 202 259 020 1097 18 583 592 526 492 75
FY-1-2 2555 6341 054 1376 540 006 215 224 262 272 015 686 15 556 56.2 564 515 58
FY-1-3 3015 60.08 051 1362 504 011 195 472 272 255 019 843 15 538 537 586 502 44
FY-1-4 370.5 5880 066 1478 505 012 178 439 228 270 014 928 13 586 590 528 549 74
FY-1-5 5955 6728 070 1572 4.68 006 138 135 333 298 015 234 1.1 592 60.1 601 572 79
FY-1-6 7015 6131 072 1572 535 005 159 136 205 271 012 901 1.1 649 658 470 610 111
FY-1-7 7435 61.28 064 1457 5064 008 146 212 236 277 014 891 13 583 590 521 567 73
FY-1-8 789.5 6196 075 1579 523 005 154 149 226 318 013 759 1.1 623 641 49.7 60.0 102
FY-1-9 8285 5289 066 14.15 6.19 009 186 135 168 257 014 1842 12 649 662 421 602 114
FY-1-10 862.5 5801 067 1452 595 009 189 331 198 272 016 1066 13 605 614 485 568 87
FY-1-11 910.5 4700 060 1155 11.64 050 157 713 127 222 031 1616 16 637 654 342 652 109
FY-1-12 940.0 5742 076 1528 557 005 1838 137 164 289 012 1273 1.1 655 674 430 607 120
FY-1-13 9715 5846 0.72 1536 533 006 170 132 180 288 015 1219 1.1 654 67.1 439 613 1.9
FY-1-14 1000.0 5770 0.71 1500 653 006 179 088 180 29 012 1212 1.1 66.7 693 421 631 13.1
FY-1-15 10600 5968 072 1499 506 011 165 220 221 295 014 998 12 589 599 516 561 79
FY-1-16 1080.0 5931 0.77 1566 6.11 008 240 175 199 299 020 872 13 629 644 498 570 104
FY-1-17 13195 5496 060 1345 539 010 295 475 188 286 022 1276 15 591 610 489 511 84
FY-1-18 1365.5 5551 070 1492 589 010 240 325 156 300 024 1240 12 640 662 441 576 114
FY-1-19 14200 5536 072 1459 650 010 239 319 153 285 022 1221 13 642 662 433 580 114
FY-1-20 1488.5 4981 068 1387 645 007 167 622 142 304 021 1654 12 635 666 390 616 1.6
FY-1-21 15400 5082 060 1291 529 017 225 807 164 258 020 1512 14 612 628 429 549 94
FY-1-22 16055 5758 074 1602 658 013 247 237 157 312 021 919 12 652 673 455 589 120
FY-1-23 1660.0 5640 0.69 1561 646 009 203 189 204 284 023 1137 12 626 635 49.7 583 99
FY-1-24 17265 4655 049 1087 4.80 010 838 855 133 251 016 1624 29 605 635 534 335 98
FY-1-25 1760.0 4565 047 1003 489 011 823 976 1.14 242 015 1713 30 61.1 648 494 332 10.6
FY-1-26 1840.0 4796 056 1226 521 011 420 649 286 340 018 1632 22 483 504 656 406 25
FY-1-27 19080 5538 062 14.11 487 008 280 353 389 360 015 1082 19 463 472 779 429 08
FY-1-28 1926.0 4840 061 1260 5.11 012 497 669 268 325 012 1544 22 505 524 654 396 36
FY-1-29 1944.0 46.66 0.50 1055 4.60 012 631 1003 267 320 015 1491 29 463 486 670 33.1 1.5
FY-1-30 19800 4587 045 1025 444 013 620 1211 279 247 013 1499 30 464 470 682 323 06

Fe,0;, Total Fe expressed as Fe,O5; LOI, Loss on ignition; ICV, Index of Compositional Variability (Cox et al. 1995); CIA, Chemical Index of Alteration (Nesbitt and
Young 1982); ClA., Corrected CIA (Panahi et al. 2000); WIP, Weathering Index of Parker (Parker 1970); MIA(o), Mafic Index of Alteration for Oxidative weathering
environments (Babechuk et al. 2014); T, Land surface temperature (in °C, Yang et al. 2014)

Na,O (0.84%—2.70%, average 1.88%) are higher than 1%.
Whereas the average contents of TiO, (0.56%—1.06%,
average 0.74%), P,Os5 (0.02%—0.64%, average 0.21%) and  TiO,, Al,O; and K,O contents are lower than the
MnO (0.02%-0.18%, average 0.08%) are all below 1%.

The distributions of major elements from the FY-1

borehole are presented in Fig. 2b. Most of the SiO,,

PAAS, the Fe,O3; and MnO contents are similar to the
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Fig. 2 PAAS-normalized major element patterns for mudstones from the Shahai and Fuxin formations, Fuxin Basin, Liaoning Province,
northeastern China. a - borehole DY-1; b - borehole FY-1. PAAS values used here are from Taylor and McLennan (1985)
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PAAS. Nevertheless, the variation of MgO, CaO, Na,O
and P,Os5 contents are relatively large, among them, the
variation range of CaO content is the most obvious.
According to Table 1, the order of major element aver-
age contents is as follows: SiO, >Al,O3 >Fe,O3 >
CaO > MgO > K,0 > Na,O > TiO, >P,05 >MnO. The
contents of SiO, (45.65%—67.28%, average 55.13%) and
Al,O3 (10.03%-16.02%, average 13.86%) are relatively
high. The average contents of Fe,Os; (4.44%—11.64%,
average 5.75%), CaO (0.88%—12.11%, average 4.36%),
MgO (1.38%-8.38%, average 2.92%), K,O (2.22%-—
3.60%, average 2.85%) and Na,O (1.14%—3.89%, average
2.10%) are higher than 1%. While the average contents
of TiO, (0.45%—0.77%, average 0.64%), P,Os5 (0.12%—
0.31%, average 0.17%) and MnO (0.05%—0.50%, average
0.11%) are all less than 1%.

4.2 Rare earth elements

The results of rare earth element (REE) analysis are
given in Table 2 and are shown as chondrite-normalized
patterns (Boynton 1984) in Fig. 3.

The chondrite-normalized REE patterns (Fig. 3a) are
characterized by enriched LREE (light rare earth
element; LREE =La+ Ce + Pr+ Nd + Sm + Eu) and de-
pleted HREE (heavy rare earth element; HREE = Gd +
Tb + Dy + Ho + Er + Tm + Yb + Lu). The LREE distribu-
tion curves are relatively steep, while the curves of
the HREE are relatively flat. These curves show an
obvious “V” shape at Eu, indicating negative Eu
anomalies. According to Table 2, the YREE (total rare
earth elements; YREE =LREE + HREE) content of
mudstones from the DY-1 borehole vary from
115.14-265.76 ppm, with a mean of 189.41 ppm. The
LREE contents vary from 106.49-242.74 ppm, with an
average of 173.69 ppm, and account for 91.70% of the
YREE contents, while HREE contents vary from 8.65—

26.81 ppm, with a mean of 15.72 ppm, and account
for 8.30%. 8Eu (8Eu=(Eu / Euy) / [(Sm / Smy) x (Gd
/ Gdn)]M?) values in the DY-1 borehole core vary
from 0.36-0.80, with an average of 0.65.

The chondrite-normalized REE patterns of the mud-
stones in FY-1 borehole (Fig. 3b) are also character-
ized by relatively enriched LREE and depleted HREE,
and negative Eu anomalies. The YREE contents (Table
2) in the FY-1 borehole vary from 121.01-219.66
ppm, with an average of 178.23 ppm. The LREE con-
tents vary from 111.17-203.55 ppm, with a mean of
163.05 ppm, and account for 91.48% of the XREE con-
tents, while HREE contents vary from 9.84-18.06
ppm, with a mean of 15.18 ppm, accounting for
8.52%. 8Eu values range from 0.59-0.75, with an aver-
age of 0.66.

4.3 Weathering proxies and palaeotemperature

The geological weathering parameters CIA, WIP and
MIA o), and the land surface temperature for the Shahai
and Fuxin formations are given in Table 1.

In the DY-1 borehole, CIA varies from 52.0-69.0, with
an average of 63.8; WIP varies from 33.2-65.5, with an
average of 47.0; and MIA ) varies from 42.6-63.7, with
an average of 57.4. The land surface temperatures range
from 4.9-16.1 °C, with an average of 11.9 °C. CIA values
in the FY-1 borehole vary from 46.3—-66.7, with an aver-
age of 59.3; WIP varies from 34.2-77.9, with an average of
51.5; and MIA ) varies from 32.3-65.2, with a mean of
52.6. In the FY-1 borehole, the land surface temperatures
vary between 0.6-13.1 °C, with an average of 8.4 °C.

5 Discussion

5.1 Sedimentary provenance

The REE and immobile trace elements are widely used
to discriminate the composition of parent rocks (Cullers
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Fig. 3 Chondrite-normalized rare earth element patterns for mudstones from the Shahai and Fuxin formations in Fuxin Basin. a - borehole DY-1;
b - borehole FY-1. Chondrite normalization values are from Boynton (1984). Mudstones from the two boreholes have similar REE distribution
patterns which show LREE enrichment, negative Eu anomaly and flat HREE distribution
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2000; Paikaray et al. 2008; Saha et al. 2010; Armstrong-
Altrin et al. 2013; Qiu et al. 2015). Previous studies have
used the concentrations of Cr and Ni in siliciclastic sedi-
ments as an indicator of source rocks (Garver et al.
1996; Armstrong-Altrin et al. 2018; Herndndez-Hinojosa
et al. 2018; Ramos-Vazquez and Armstrong-Altrin
2019). Garver et al. (1996) proposed that high Cr and Ni
abundance (Cr > 150 ppm and Ni > 100 ppm) are indica-
tive of ultramafic source rocks. In addition, the Al,O3/
TiO, ratio in terrigenous sediments can be used to re-
flect the properties of the provenance source (Girty et al.
1996; Hayashi et al. 1997; Armstrong-Altrin et al. 2017).
Hayashi et al. (1997) demonstrated that the Al,O3/TiO,
ratios from 3 to 8 indicate mafic igneous rocks, ratios of
8-21 indicate intermediate igneous rocks, while ratios
between 21 and 70 indicate felsic igneous rocks. The
REE patterns and the size of the Eu anomalies in sedi-
ments have been used to infer source rock characteris-
tics (Cullers 1994; Saha et al. 2018). Felsic igneous rocks
usually contain high LREE/HREE ratios and negative Eu
anomalies, whereas mafic igneous rocks contain low
LREE/HREE ratios and tend to lack Eu anomalies
(Cullers 1994, 2000).

In this study, the low Cr (38.50-143.00 ppm, average
9340 ppm) and Ni (22.00-98.30 ppm, average 48.65
ppm) values from the DY-1 borehole and low Cr
(58.80—130.00 ppm, average 91.10 ppm) and Ni (29.30-
58.80 ppm, average 43.05ppm) values from the FY-1
borehole illustrate an absence of sediments derived from
ultramafic source rocks (Table 2). In the Al,O5-TiO,
plot, most of the studied mudstone samples fall near the
intermediate and felsic igneous rock fields (Fig. 4a).
According to the La/Sc-Th/Co diagram proposed by
Cullers (2002), the mudstone samples of the two
boreholes mainly reveal silicic rocks as probable

provenance (Fig. 4b). The mudstone samples were
also plotted into the V-Ni-Thx10 plot of Bracciali
et al. (2007), which shows that samples mainly fall
close to the felsic rocks field while some samples shift
toward the mafic rocks field (Fig. 4c). Therefore, this
plot reveals the dominance of felsic source rocks and
some input of mafic source rocks.

REE values in the DY-1 and FY-1 boreholes suggest rela-
tively stable geochemical properties in the sedimentary
process, and similar REE patterns indicate sediments from
the same type of provenance (Boynton 1984; Taylor and
McLennan 1985; Cullers et al. 1987; Wang et al. 2014a).
REE patterns (Fig. 3a and b) of mudstone samples from the
Shahai and Fuxin formations show the similar distribution
curves with the enrichment of LREE and depletion of
HREE. All 8Eu values are <1 (Table 2), and the REE
patterns (Fig. 3) suggest an obvious “V” shape at Eu, which
indicates that the existence of obviously negative Eu anom-
alies. Results of REE analysis show that mudstones of the
Shahai and Fuxin formations were dominated by sediments
derived from the felsic igneous rocks. Furthermore, the
REE patterns of the probable source rocks located nearer
to the southwest areas of Fuxin Basin were compared with
the REE patterns of the mudstones in the DY-1 and FY-1
boreholes (Fig. 5). The Neoarchean granitic complex in
western Liaoning Province is mainly composed of porphyr-
aceous granodiorite and quartz diorite, with a small
amount of fine-grained biotite diorite and veined granite,
and has the characteristics of input and mixing of mafic
magma (Zhang et al. 2016). In this study, the REE patterns
of mudstone samples are similar to those of the Neoarch-
ean granitic complex with a negative Eu anomaly.

To summarize, the Cr and Ni abundance, Al,O3-TiO,,
La/Sc-Th/Co and V-Ni-Thx10 plots and REE pattern
comparison reveal that the mudstones in DY-1 and FY-1
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Thx10

boreholes are dominated by sediments derived from the
same type of provenance, comprising mainly felsic igne-
ous rocks and a certain amount of intermediate and
basic igneous rocks (the Neoarchean granitic complex).

5.2 Evaluating influence factors of chemical weathering
indices

In recent years, various investigations of chemical weather-
ing indices and especially the CIA, have been successfully
used to quantify the chemical weathering degree of proven-
ance area and thus constrain deep-time palaeoclimatic vari-
ation (e.g., Paikaray et al. 2008; Yang and Du 2017; Cao
et al. 2019; Chaudhuri et al. 2020). Xu and Shao (2018) pro-
posed that the influences of sedimentary differentiation

through grain size differences, sediment recycling, further
weathering in sedimentary regions, pedogenesis and potas-
sium metasomatism should be taken into account before
estimating the chemical weathering intensity in the proven-
ance area.

Owing to the sedimentary differentiation of transport
and deposition, clay minerals are seldom preserved in
sandstones, and as a result CIA values calculated from
sandstones tend to be very low compared with those cal-
culated from mudstones. Therefore, there is no compar-
ability between the CIA values calculated from
sandstone and mudstone. In order to exclude the influ-
ence of sedimentary differentiation, all selected samples
are mudstones rather than sandstones, and the
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calculated CIA values are compared with the CIA stand-
ard values of mudstones as proposed by Fedo et al.
(1995).

Sediment recycling and further weathering of mud-
stone in the sedimentary area superimpose the signals
of chemical weathering degree, which leads to results
calculated by CIA not accurately reflecting the chem-
ical weathering degree of the provenance. Palaeosols
indicate that rocks have undergone pedogenesis and
leaching to the accompaniment of the loss of Ca, Na
and K elements in sedimentary areas, which results in
relatively high CIA values. In addition, biological ac-
tivity and organic acids secreted by plant roots during
pedogenesis also accelerate the chemical weathering
of palaeosols (Wilson 2004; Skiba 2007; Egli et al.
2008). Seat earths, a type of palaeosol found at the
floor of coal seams, represent a period of sedimentary
discontinuity (Shao et al. 2005) and cannot reflect the
chemical weathering degree of provenance areas only
by simple analysis of CIA. Consequently, the samples
with high ICV values >1 belong to the first-cycle of
deposition, which should be selected to exclude sedi-
ment recycling and further weathering in the sedi-
mentary areas before CIA calculations are undertaken.
In this study, the samples far away from the coal
seams do not belong to seat earths, having the least
influence from further weathering and pedogenesis in
the sedimentary area. The ICV values of most sam-
ples are > 1, except for samples 13 (0.9), 39 (0.9) and
43 (0.8) from the DY-1 borehole (Table 1), indicating
that these samples belong to the first-cycle deposition

under the tectonically active settings, which were se-
lected to calculate CIA.

Potassium metasomatism brings in new potassium ele-
ments during diagenesis, resulting in artificially low CIA
calculation values. The A-CN-K [Al,O3-(CaO* + Na,O)-
K,O] triangle diagram (Fig. 6; Fedo et al. 1995) or CIA ;.
formula proposed by Panahi et al. (2000) can be used to
judge and correct potassium metasomatism. The CIA.,,.
formula using molecular proportions is as follows:

CIACD“_ = [Aleg/(AlgOg, -+ CaO* + NazO + K2O£orn)] x 100
K3Ocorr. = [m x Al,O3 + m x (CaO”™ + NayO)]/(1-m)
m = K2O/(A1203 + CaO* + NaZO + KQO)

where CaO* only represents the CaO from the silicate
fraction, as defined in CIA; KyOco,. suggests K,O con-
tent in mudstone without potassium metasomatism;
m = K,0 / (Al,O3 + CaO* + Na,O + K,0) for the parent
sample. The “m” point (Fig. 6) is the intersection
point between the extended line approximately paral-
leling to A-CN axis and CN-K axis, representing the
proportion of K,O in parent rocks. The weathering
trends of some of the mudstones change toward the
K,O apex (Fig. 6), which indicates that these samples
underwent a certain degree of potassium metasoma-
tism. The corrected CIA values according to the
CIA o, formula, are increased significantly, which is
given in Table 1 in detail. In this study, the CIA_,,.
values in the DY-1 borehole vary from 54.7-74.7,
with an average of 67.2. The CIA,,. values in the
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FY-1 borehole vary from 47.0-69.3, with an average
of 60.8.

5.3 Characteristics of chemical weathering, land surface
temperature and palaeoclimate change

Through correlation of the analyses by CIAc, WIP
and MIA o), it is concluded that CIA,, is negatively
correlated with WIP, while it has a positive corre-
lation with MIAoy (Fig. 7). The ClA o, WIP and
MIA o) values of the Shahai and Fuxin formations
have obvious changes vertically through the geological
succession (Fig. 8 and Table 1). To simplify discus-
sion and interpretation of the results, we subdivided
the change trends into four stages. In Stage A, during
the first and second members of the Shahai Forma-
tion, ClA.,y. and MIA) values, and land surface
temperature were relatively low and showed charac-
teristic high fluctuations, while WIP values were rela-
tively high and experienced high amplitude
fluctuations. These results suggest a low degree of
chemical weathering and frequent changes under rela-
tively low temperature and dry climate conditions.
During Stage B in the third member of the Shahai
Formation, CIA.yr, MIA) and land surface
temperature values increased noticeably but main-
tained high amplitude fluctuations, while the WIP
values decreased but still fluctuated unsteadily. This
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fluctuating degrees of chemical weathering and
palaeoclimate. In Stage C, during the fourth member
of Shahai Formation, CIA.,,, MIAs), land surface
temperature and WIP values tended to be relatively
stable after a transition period, which represents a
stable and moderate degree of chemical weathering,
and relatively warm and humid palaeoclimate. During
Stage D in the Fuxin Formation, relative decreases in
CIAcorrs MIA (o), and land surface temperature values
are evidenced, but an increase in WIP shows that the
chemical weathering intensity had a downward trend.
Comparing CIA o, WIP and MIA values, the
change trend of WIP is contrary to that of CIA.,.
and MIA) (Fig. 7), nevertheless, these chemical
weathering indices reflect the same change trends of
chemical weathering.

5.4 Interpretation of chemical weathering fluctuations

The compositions of sediments are closely related to the
signature of the source area (Cullers 1994, 2000). It is
necessary to show that samples have a unified protolith
in order to describe palaeoclimate characteristics based
on variations of chemical weathering (Cao et al. 2019).
In this study, the mudstone samples of the Shahai and
Fuxin formations originated from the same type of prov-
enance close to the Fuxin Basin, which results in the

stage was a transitional period that indicates similar chemical weathering degrees between provenance
A . .
100+ Ka; Gi; Ch 1001 Ka;Gl;Ch
90 90 ® DY-1
80 % Sm 80 Sm 3 11 @ FY-1
704 T = _7/_ 70 —— g
60 - 60 T
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Fig. 6 A-CN-K ternary diagrams (Fedo et al, 1995) for mudstones from the Shahai and Fuxin formations, Fuxin Basin, Liaoning Province,
northeastern China. Red circle - borehole DY-1; Blue circle - borehole FY-1. The CIA scales are shown at the left side of each diagram for
comparison. Ideal weathering trends are given by solid lines @ and (b), where solid line @) is parallel to the A-CN; Solid line (©) is the K-
metasomatism trend that resulted from the diagenetic K addition to the samples. Dotted line (@) is the reverse extension line of solid line @.
Solid line (©) shows premetasomatized CIA value. Dotted line (f) represents CIA value after K-metasomatism. Ideal compositions of minerals
labelled: PI, plagioclase; Ks, K-feldspar; I, illite; Sm, smectite; Ka, kaolinite; Gi, gibbsite; Ch, chlorite
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and sedimentary areas. Therefore, chemical weathering
characteristics in provenance area can approximately re-
flect the chemical weathering change in the sedimentary
area. Through the analysis of CIA,,, WIP and MIA ), it
is concluded that the trends of these chemical weathering
indices are highly consistent and can be divided into four
stages in vertical direction (Fig. 9).

Weissert and Lini (1991) provided the data on car-
bonate carbon isotopes in the Early Cretaceous, which
shows the global climate became relatively cold dur-
ing the middle and late Aptian. Wan et al. (2017)
proposed that the palynoflora in northeastern China
was dominated by herbaceous and coniferous forests
during the early Liaoxi regional stage (late Aptian),
indicating relatively low temperature and humidity
(Fig. 9). The weakening trend of chemical weathering
in Stage A could represent a response to relatively
global climate cooling during the late Aptian.

Volcanic eruptions occurred frequently in western
Liaoning Provence during the Early Cretaceous,

occurring in four separate intervals respectively at
132+ 1Ma, 126 +1 Ma, 122 +2Ma and 115+ 2 Ma (Ji
2004; Cai et al. 2010). Of these, the fourth period of
volcanic activity (~115+2 Ma) occurred during the
late Aptian. Volcanic eruptions released large quan-
tities of CO, into the atmosphere, aggravating the
greenhouse effect (Kerr 1998; Larson and Erba 1999;
Jenkyns 2003; Yevenes et al. 2019). Furthermore, this
triggered the acceleration of the hydrological cycle,
involving greater evaporation and precipitation, and
consequently intensified chemical weathering and
transport rates of nutrients from continents into lakes
and oceans where it increased productivity in the sur-
face waters (Jenkyns 1999, 2003; Erba 2004; Leckie
et al. 2002). Ultimately, nutrients are flushed through
rivers into lakes and oceans, where decaying organic
matter on the surface water consumes oxygen in the
descent process, which in turn leads to the anoxia of
the water (Weissert 1989). In such a context, black
shale can be formed in lakes and oceans with the
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Fig. 8 Chemical weathering trends indicated by chemical weathering indices ClA,, WIP and MIAo, of mudstones from the Shahai and Fuxin
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strengthening of the anoxic zone in bottom waters.
An Ocean Anoxic Event occurred during the late
Aptian-early Albian (OAElb: ~113-109 Ma; Leckie
et al. 2002), which correlates with the increasing
(Stage B, latest Aptian) and intense chemical weather-
ing (Stage C, early Albian) in the Fuxin Basin. Ele-
vated weathering levels and high temperatures during
Stage C in particular would have produced high nu-
trient levels that were flushed into lakes and ultim-
ately into oceans through the hydrological cycle,
contributing to anoxia and black shales in lake and
marine systems.

6 Conclusions

The purpose of this study is to characterize and recon-
struct the chemical weathering degree in the Fuxin con-
tinental basin during the Early Cretaceous, and to
further constrain palaeoclimate conditions by analysing
chemical weathering proxies for this time interval. Mud-
stone samples of Fuxin Basin provide an opportunity to
reconstruct chemical weathering changes.

Cr and Ni abundance, Al,O3-TiO,, La/Sc-Th/Co and
V-Ni-Thx10 plots, as well as rare earth elements analysis
indicate that the mudstones in DY-1 and FY-1 boreholes
originated from the same type of provenance consisting
mainly of felsic igneous rocks.

The trends of chemical weathering reflected by CIA-
corrs WIP and MIA o) permit the identification of four
stages vertically through the geological succession. In
Stage A during the early part of the late Aptian, weak
chemical weathering correlates with relatively cool global
climates supported by palynofloras that are dominated
by herbaceous and coniferous forests in northeastern
China during the early Liaoxi regional stage. Stage B
during the latest Aptian was a transitional period and
chemical weathering and land surface temperature in-
creased but maintained high amplitude fluctuations. By
contrast, conditions in Stage C during the early Albian
were stable and showed enhanced chemical weathering
and warm, humid climates. This stage correlates with
Ocean Anoxic Event 1b, inferring that enhanced chem-
ical weathering at this time produced high nutrient
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Fig. 9 Average variation trends of chemical weathering, land surface temperature and palaeoclimate across the Shahai and Fuxin formations,
which can be divided vertically into stages A, B, C and D. Green shading represents the location of OAE1b. Chemical weathering trend (orange
line) was indicated by chemical weathering indices ClAco, WIP and MIA, of mudstones from the Shahai and Fuxin formations. Land surface
temperature (red line) was calculated by the linear relationship of CIA-temperature provided by Yang et al. (2014). The change trend of
palaeoclimate (green line) inferred from palynological data is from Wan et al. (2017). |, Il, Ill and IV represent the first, second, third and fourth

levels that were flushed into lakes and marine systems,
triggering anoxia and deposition of black shales. Finally,
in Stage D during the middle and late Albian, conditions
returned to low chemical weathering rates and lower
land surface temperatures.

Of these stages, only the early Albian was character-
ized by intensified chemical weathering, high tempera-
tures and high humidity which were associated with the
flux of high nutrients into lakes and ultimately oceans,
contributing to eutrophication and anoxia in lacustrine
and marine systems.
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